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Abstract 

The increase of CO2 level in atmosphere becomes one of the driving forces for research on functional materials. 

Capturing and utilizing of CO2 are more important than ever, both to reduce CO2 emission and to increase the eco-

nomic value of CO2 derivatives. In this study, synthesis of metal-organic frameworks (MOFs) was conducted by 

combining Zn2+ metal nodes and 2-methylimidazolate ligand to form zeolitic imidazolate frameworks (ZIF-8) mate-

rials. ZIF-8 was synthesised with the addition of sodium chloride to modulate the crystal morphology during the 

in-situ synthesis, using either water or methanol as the solvent. According to the refinement of the X-ray diffrac-

tion pattern, the ZIF-8 materials were successfully prepared and have unit cell parameters that are reasonably 

close to the available standard. The formation of ZIF-8 is also confirmed by IR spectroscopy, which reveals the 

stretching vibration mode of Zn−N from the coordination between Zn2+ and 2-methylimidazolate ligand. The crys-

tal morphology exhibits different shape, as observed in SEM and TEM studies, with the dominant shape being a 

rhombic dodecahedron. The interaction between ZIF-8 and CO2 was investigated via ex-situ IR spectroscopy, com-

bined with several computational techniques such as density functional theory and molecular dynamics, to eluci-

date the nature of the CO2 binding sites. 
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1. Introduction 

The presence of carbon dioxide (CO2) in at-

mosphere can be challenging when its concen-

tration is far beyond the acceptable threshold 

[1,2]. Capturing and utilizing CO2 therefore be-

come important strategy to reduce the emission 

of CO2 in atmosphere [3,4]. Transforming CO2 

into some valuable chemical is one of the main 

goals of capturing CO2. Functional materials 
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have been reported which act as catalyst to 

transform CO2 [5–7]. However, utilizing CO2 

may require an effective strategy to capture CO2 

gas. One of which is using functional materials 

which can bind selectively towards CO2 but it is 

expected to release CO2 easily. To this end, 

functional materials, such as metal-organic 

frameworks (MOFs), have emerged to become 

an effective and selective adsorbent to capture 

as well as act as catalyst to transform CO2 gas 

[8–10]. 

https://creativecommons.org/licenses/by-sa/4.0
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MOFs as functional materials consist of 

metal nodes or cluster and organic linkers to 

give a periodic structure or framework which 

has a defined size of cages or pores [11,12]. 

MOFs can be finetuned to modify the crystal 

properties such as the morphology and the 

functional sites that are present inside the 

MOFs pore. Therefore, the use of MOFs for CO2 

capture is possible by modifying the nature of 

the MOFs framework [13]. Several MOFs have 

been reported as material to capture CO2, such 

as MIL-96 [14], MIL-102 [15], ZIF-100 [16], 

Zn2(ndc)2(dpni) [17], Zn2(cnc)2(dpt) [18], MIL-53 

[19], PCN-5 [20], and ZIF-20 [21]. 

An example of MOFs is zeolitic imidazolate 

framework-8 (ZIF-8). ZIF-8 consists of Zn2+ ion 

as the metal nodes connected with four 2-

methylimidazolate ligands forming a tetrahe-

dral geometry which then form a 3D periodic 

structure. ZIF-8 has large sodalite cages which 

are accessible for the diffusion of CO2 mole-

cules. ZIF-8 has been reported to have relative-

ly high stability compared to other MOFs, 

therefore it might be suitable for application 

where humidity is high. Modification of ZIF-8 

is also possible by inducing different type of 

metal ions doping to give mixed-metal ZIF such 

as ZIF-8 containing, Ni, Fe, Cu, Co and Cd [22–

24]. Further modification of ZIF-8 is also possi-

ble by introducing different organic linkers, 

such as 2-aminobenzimidazole and 2-

ethylimidazole [25,26]. 

The synthesis of MOFs can be further modu-

lated by adding some chemicals which are not 

the main backbone of the MOF structure. Sev-

eral examples of modulating agents are surfac-

tant (cetyltrimethylammonium bromide), tri-

ethylamine, pyridine, polyvinylpyrrolidone, in-

organic salts etc. [27–31]. In this report, the 

synthesis of ZIF-8 crystals was studied by the 

addition of inorganic salt particularly sodium 

chloride (NaCl) using different solvents such as 

methanol and water-based system. The use of 

different solvents in the presence of inorganic 

salt has not been thoroughly studied in the pre-

vious studies in term of ZIF-8 synthesis. Fur-

thermore, the use of two different solvents of 

either water or methanol was assessed to ex-

amine the effect of solvent on the crystal mor-

phology and possible interaction with CO2 mol-

ecule. Therefore, it is expected that the pres-

ence of NaCl inside the ZIF-8 sodalite cage will 

provide more binding sites for the attachment 

of CO2 molecules. Additionally, characteriza-

tions using density functional theory (DFT) as 

well as molecular dynamics were conducted to 

unravel the nature of CO2 interaction with ZIF-

8 modulated NaCl in the presence of either wa-

ter or methanol solvent. Therefore, a thorough 

study on the effect of solvent and inorganic salt 

during interaction with CO2 is provided to give 

an in-depth study of host-guest system in ZIF-8 

material. 

 

2. Materials and Methods 

2.1 Materials 

The chemicals of Zn(NO3)2.6H2O (Sigma Al-

drich, 98%), 2-methylimidazole (Sigma Aldrich 

99%), sodium chloride (Merck), methanol, dis-

tilled water, and acetone were used without 

further purification. 

 

2.2 Synthesis of ZIF-8 

A typical synthesis of ZIF-8 was conducted 

using the specific ratio of Zn(NO3)2.6H2O  and 

2-methylimidazole. Pristine ZIF-8 was synthe-

sised by dissolving 0.148 g of Zn(NO3)2.6H2O in 

2 mL of distilled water to give solution 1. The 

organic linker of 2-methylimidazole (2.463 g) 

was dissolved in 18 mL distilled water to give 

solution 2. Solution 1 and 2 were mixed in a 

glass vial and stirred for 10 min at room tem-

perature. The mixture was left at room temper-

ature for 24 h. The precipitates of ZIF-8 crys-

tals were vacuum filtered using a sinter funnel. 

The solid products were dried in an oven at 60 

°C for 12 h. The same pristine ZIF-8 crystals 

were also made by using methanol as the sol-

vent. The crystals were then characterized by 

powder X-ray diffraction method at 2θ of 5–50° 

using Cu-K ( = 1.54060 Å) radiation. Scan-

ning electron microscope and transmission 

electron microscope were also used to identify 

the crystal morphology. Fourier transform IR 

spectroscopy was also used to examine the sol-

id ZIF-8 product. 

 

2.3 Synthesis of NaCl@ZIF-8 

The same method to synthesis ZIF-8 is used 

for making NaCl@ZIF-8. In a typical synthesis, 

Zn(NO3)2.6H2O and 2-methylimidazole were 

mixed in a glass vial with the addition of either 

H2O or methanol as the solvent. Into the mix-

ture, NaCl were added with the following 

quantities of  0.25, 0.50, 1.00, and 1.50 mmol 

for water solvent and 0.3, 0.7, 1.0, and 2.0 

mmol for methanol solvent. 

 

2.4 Ex-situ IR Spectroscopy Study of CO2 Ad-

sorption 

The pristine ZIF-8 was washed several 

times and heated at 60 °C for 12 h to reduce 

the solvent contents inside the ZIF-8 pore. The 
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ZIF-8 sample (2.2 mg) was then placed in a 20 

mL glass vial. The glass vial was tightly closed 

while CO2 gas was injected through a syringe 

with a flow rate of maximum 100 mL/min for 5 

min. This is to ensure that the CO2 concentra-

tion was saturated inside the glass vial. After 

the adsorption experiment, the sample was an-

alyzed using an ex-situ IR spectroscopy. The 

same treatment was also performed for ZIF-8 

doped with NaCl. 

 

2.5 Computational Methods 

Density Functional Theory (DFT) studies 

were conducted by using Orca 5.0.3 [32]. The 

calculations were performed to unveil the inter-

actions between ZIF-8 and NaCl as well as the 

presence of solvent and CO2. Following our pre-

vious work, the ZIF-8 structure was simplified 

from the periodic structure to give a cluster of 

Zn2+ ion connected to four 2-methylimidazolate 

ligands [33]. The 2-methylimidazolate ligands 

were capped with hydrogen as shown in Figure 

1(a). To maintain the tetrahedral geometry of 

ZIF-8 cluster, the capping atoms of hydrogen 

were constrained during all calculations. The 

calculations were conducted using the general-

ized gradient approximation with Perdew-

Burke-Ernherzof functional [34]. The conver-

gence criteria were set to the default of Orca 

5.0.3 with a tight SCF. Basis set of def2-tzvp 

was used for all atoms. Dispersion correction 

scheme of D3BJ was used to accommodate pos-

sible weak interactions [35]. Additional calcula-

tion at the periodic ZIF-8 structure (Figure 

1(b)) was also performed using the GFN2-xTB 

method implemented in the DFTB+ package to 

follow the CO2 molecular dynamics within the 

ZIF-8 cage [36,37]. A periodic ZIF-8 containing 

six molecules of either water or methanol as 

solvent was built with the addition of NaCl and 

H2O. The temperature was maintained at 298 

K by using Nose Hoover thermostat. The 

timestep of the integration motion was set at 

0.5 fs. A total of 10 ps simulation time was 

used and the trajectory was kept every 10 fs. 

The last 1500 frames of the trajectory file were 

used to analyse ZIF-8 structure.  

 

3. Results and Discussion 

3.1 Synthesis and Characterization of ZIF-8 

Synthesis of pristine ZIF-8 has been suc-

cessfully conducted when either water or meth-

anol were used as the primary solvent. Accord-

ing to the powder X-ray diffraction pattern, the 

water-based solvent of pristine ZIF-8 shows 

several main peaks similar to the reported lit-

erature as shown in Figure 2 [38]. The same X-

ray diffraction pattern was also observed for 

ZIF-8 synthesised using methanol as the sol-

vent. Analysis using the Le Bail fit method re-

sulted in lattice parameter of a = 16.9758 Å 

and a = 16.9869 Å for ZIF-8 made with water 

and methanol, respectively. All powder X-ray 

diffraction data were refined with cubic crystal 

system and a space group of I−43m following 

Figure 1. Zn(2-MeIM)4 cluster (a) and periodic structure of ZIF-8 shown from (100) facet. Zn, C, N and 

H are coloured grey, black, cyan and pink, respectively. 
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Figure 2. Powder X-ray diffraction pattern of pristine ZIF-8 synthesised with water (a) and methanol 

(f). Modulated ZIF-8 with NaCl is also shown for water (b-e) and methanol (g-j). 
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the reported structure with CCDC number of 

602542. Looking at the different solvents, the 

crystallinity of ZIF-8 made with water solvent 

has generally lower intensity especially at 2θ of 

~7.3°. This is corresponding to the {110} lattice 

planes of the ZIF-8 crystals with d110-spacing of 

12.003 Å and 12.013 Å for crystals with water 

and methanol-based solvent, respectively. The 

significant occurrence of {110} planes predict 

the dominance crystal surface morphology with 

this {110} facet. Different observation is ob-

served for 2θ of ~8.49° indicating the {200} lat-

No Samples a-lattice Space group Rw 

1 ZIF-8-H2O 16.9758(2)  6.43 

2 ZIF-8-MeOH 16.9869(6)  6.54 

3 ZIF-8-MeOH-NaCl-0.3 16.9913(5)  9.26 

4 ZIF-8-MeOH-NaCl-0.7 17.0088(5)  12.89 

5 ZIF-8-MeOH-NaCl-1.0 16.9967(4)  11.56 

6 ZIF-8-MeOH-NaCl-2.0 16.9918(4)  9.96 

7 ZIF-8-H2O-NaCl-0.25 17.0229(2)  7.22 

8 ZIF-8-H2O-NaCl-0.5 17.000(1)  9.35 

9 ZIF-8-H2O-NaCl-1.0 17.0211(2)  7.64 

10 ZIF-8-H2O-NaCl-1.5 17.0215(2)  6.10 

Table 1. The lattice parameter of ZIF-8 synthesised using water and methanol as well as in the pres-

ence of NaCl. 

Figure 3. The optimized geometries of NaCl@ZIF-8 cluster (a), NaCl@ZIF-8 cluster interacting with 

H2O (b) and methanol (c), and periodic structure of ZIF-8 containing NaCl with H2O (d) and methanol 

(e) clusters. 
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tice planes. The relative intensity of {200} 

planes in ZIF-8 made with water is higher than 

it in ZIF-8 synthesised with methanol. The d200 

spacing is calculated to be 8.487 Å and 8.493 Å 

for ZIF-8 crystals made with water and metha-

nol, respectively. This d200 spacing is actually 

the half of the unit cell dimension of a with lat-

tice planes family of {100}. This {100} planes 

are corresponding to the eight crystal surfaces 

of cubic system. Therefore, the nature of the 

crystal shape can be predicted based on the 

powder X-ray diffraction pattern for ZIF-8 syn-

thesised using water (Figure 2(a)) and metha-

nol (Figure 2(f)). 

The presence of NaCl as the doping agent 

has less effect to the structural arrangement of 

ZIF-8 structure. The powder X-ray diffraction 

patterns indicates no additional crystal phase 

since all the peaks are able to be assigned as 

ZIF-8 crystal phase. In addition, there is no sig-

nificant shift of the d-spacing due to the pres-

ence of NaCl. However, slightly difference of 

lattice parameter is observed compared to the 

pristine ZIF-8. The summary of the lattice pa-

rameter obtained from the Le bail fit method is 

given in Table 1. 

The presence of NaCl inside the ZIF-8 struc-

ture resulted in small deviation of a-lattice pa-

rameter as given in Table 1. However, this de-

viation is relatively small compared to the re-

ported lattice parameter. ZIF-8 has been re-

ported to be synthesized in N,N-

dimethylformamide solvent to give single crys-

tal form with lattice parameter of 16.9910 Å 

[38]. This value is relatively similar to the lat-

tice parameter of ZIF-8 doped with NaCl. 

Therefore, NaCl is predicted to be inserted in-

side the ZIF-8 pore without occurring ion ex-

change with Zn2+ ions.  

DFT calculations were performed to unveil 

the possible interaction between NaCl and ZIF-

8. The ZIF-8 structure was modelled by cutting 

the periodic structure to give a cluster model of 

Zn(2-MeIM)4 as shown in Figure 3(a-c). The 

NaCl was positioned relatively close to the Zn2+ 

ions and allowed to relax. To confirm the na-

ture of NaCl inside ZIF-8 pore, periodic struc-

ture calculation was performed by implement-

ing GFN2-xTB method. By using this method, 

it is possible to calculate the optimized struc-

ture for the whole unit cell of ZIF-8 containing 

NaCl and solvent molecule as shown in Figure 

3(d-e). 

The presence of methanol in the ZIF-8 cages 

slightly affect the unit cell dimensions with the 

value of a = 16.9869 Å. This value is 0.06% big-

ger than the unit cell in water-based solvent. 

This slightly big unit cell can be explained due 

to the nature of larger molecular size of metha-

nol than water molecule. In Figure 3(e), the in-

teraction between methanol and ZIF-8 is mod-

elled. It shows that the location of methanol 

molecule is distributed in larger space than 

water solvent (Figure 3(d)). The interaction be-

tween methanol molecules occupy relatively 

large ZIF-8 cages due to the hydrogen bonding 

between two methanol molecules, where the 

methyl group (CH3−OH) points in different ori-

entations. An isolated model of methanol clus-

ter in the presence of NaCl is given in Figure 

S1. In this case, the presence of NaCl is also af-

fecting the methanol–methanol interaction. 

Consequently, the calculated unit cell provides 

slightly larger unit cell than it in water based 

solvent. 

The position of NaCl is relatively close to 

the methyl group of the 2-methylimidazolate 

ligand with approximate distance of 2.754 Å as 

seen in Figure 3(a). Therefore, the presence of 

NaCl is also affecting the unit cell slightly com-

pared to the pristine ZIF-8 either in methanol 

or water solvents. In this position, Cl− has the 

closest distance to the Zn2+ ion with a distance 

of 3.968 Å indicating possible intermolecular 

interaction between Cl− and Zn2+ in the form of 

electrostatic interaction. From the X-ray dif-

fraction pattern in Figure 2, the structure of 

ZIF-8 seems to be less affected by the presence 

of NaCl inside the pore, therefore there is a 

possibility that NaCl resides within ZIF-8 pore 

through possible intermolecular interaction. To 

confirm this intermolecular interaction, inde-

pendent gradient model (IGM) was used to 

check the type of intermolecular that might 

present. As shown in Figure S2, the interaction 

between NaCl and ZIF-8 cluster is dominated 

by van der Walls interaction as well as attract-

ing interaction such as electrostatic attraction. 

Looking at the Na+, Cl− and Zn2+ radii, the ion-

ic radius of Na+ (116 pm) and Cl− (181 pm) are 

bigger than it in Zn2+ ion with 88 pm. Due to 

large ionic radius difference, the possibility of 

Na+ to replace Zn2+ in the ZIF-8 frameworks is 

low. The presence of solvent molecule is also 

predicted to be relatively close to the Na+ and 

Cl− ions as shown in Figure 3(b) and 3(c). As 

expected, water molecule will have close inter-

action with Na+ ion through O atom with ap-

proximate distance of 2.278 Å. The same be-

haviour is also observed for the methanol sol-

vent where the O and H of CH3−OH are rela-

tively close to the Na+ and Cl− with a distance 

of 2.246 Å and 2.291 Å, respectively. 

The interaction between NaCl and periodic 

structure of ZIF-8 was also conducted in the 

presence of solvent cluster of either H2O or 
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methanol as shown in Figure 3(d-e). The Na+ 

and Cl− were place inside the pore together 

with six solvent molecules of water or methanol 

and allowed to relax. Similar with the DFT cal-

culation of Zn(2-MeIM)4 cluster, the Cl− is rela-

tively close to the Zn2+ sites with a distance of 

4.609 Å and 4.621 Å when water and methanol 

were used as the solvent, respectively. The be-

haviour of water molecules indicates an ex-

pected interaction where hydrogen bonding be-

tween water molecules are presence to give wa-

ter cluster that is close to the Na+ and Cl−. Wa-

ter molecules are predicted to interact with 2-

methylimidazolate ligand with an average dis-

tance of 3.237 Å to C atom. The same observa-

tion is also shown for methanol cluster, where 

the O atom (−OH) is relatively close to the Na+ 

ions in addition to the interaction between 

methanol and 2-methylimidazolate ligand. 

Characterization based on the IR spectrosco-

py was conducted to check the formation of 

ZIF-8 crystal. In Figure 4, the IR spectra of ini-

tial reagents, pristine ZIF-8 and ZIF-8 doped 

with NaCl are shown. The IR spectrum of 

Zn(NO3)2.6H2O and 2-methylimidazolate shows 

characteristic peaks that are combined into 

ZIF-8 crystals. A new peak at 421 cm−1 appears 

due to the interaction between Zn2+ ion and N 

of 2-methylimidazolate ligand to give Zn−N 

stretching vibration. This shows the formation 

of coordination interaction between Zn2+ and 

four 2-methylimidazolate ligands. The small 

peak at around 3200 cm−1 might indicates the 

vibration from N−H of the 2-methylimidazol 

ligand. However, this peak disappears when 

the proton of the 2-methylimidazole is replaced 

by Zn2+ ion to give ZIF-8. The contribution from 

the 2-methylimidazolate ligand vibration is sig-

nificant in the fingerprint region. The peak at 

1577 cm−1 might indicate the stretching vibra-

tion of C=N while the peak at around 1145 

cm−1 shows possible stretching vibration from 

the weaker bond of C−N. The 2-

methylimidazolate ligand also has stretching 

vibration from the aromatic ring that can be 

identified from 1307 cm−1 to 1457 cm−1. In addi-

tion, the stretching vibration from Csp3−H of 

the methyl group in 2-methylimidazolate can 

be observed at higher wavenumber of 2926 

cm−1. At wavenumber of approximately 3200 

cm−1 to 3500 cm−1, a slightly wide peak can be 

observed which can be identified as possible vi-

bration from solvent molecules due to O−H vi-

bration of either water or methanol clusters. 

The same observation present in both ZIF-8 

synthesised using water and methanol. 

To confirm the formation of ZIF-8 modulat-

ed with NaCl, we have performed frequency 

analysis on the model of ZIF-8 cluster capped 

with NaCl as shown in Figure 3(a). The calcu-

lation shows that various vibration due to the 

presence of 2-methylimidazolate ligand occur 

which is approximately similar to the experi-

mental results. A characteristic of Zn–N vibra-

tion can be observed at 375 cm−1 form the DFT 

calculation based on PBE functional. This indi-

cates that the calculated spectra have reasona-

bly close to the experimental data confirming 

the formation of polymeric Zn−N bond to give 

ZIF-8 crystals. 

The crystal morphology of ZIF-8 doped with 

NaCl has been characterized using both SEM 

and TEM for selected samples. In Figure 5, the 

SEM images of ZIF-8 and ZIF-8 doped with 

NaCl are given. All the SEM images show a 

scale bar of 1 m for the ease of comparing. As 

seen for pristine ZIF-8 made with either water 

or methanol, the crystal shape is relatively ho-

mogenous with approximately spherical shape. 

And it is also shown in the SEM image of both 

Figure 4. IR spectra of ZIF-8 synthesised in water (left) and methanol (right). 
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Figure 5. SEM images of pristine ZIF-8 synthesised in water (a) and methanol (f). ZIF-8 crystal doped 

with NaCl synthesised using water (b-e) and methanol (g-j) were also shown. Scale bar in the SEM im-

ages is 1 m for all images. 
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materials that the average particle size is 

about 300 nm and 74.2 nm for ZIF-8 made with 

water and methanol, respectively (see Figure 

S3 and S4 for the particle size distribution). 

When pristine ZIF-8 was added with NaCl dur-

ing the in-situ synthesis, the particle size re-

mains relatively the same for ZIF-8 doped with 

NaCl under water solvent as shown in Figure 

5(b-e). The particle size still indicates approxi-

mately 300 nm in diameter with spherical 

shape. However, several ZIF-8 particles can be 

identified to have relatively clear crystal facet 

as shown in the yellow rectangular in Figure 

5(b).  

ZIF-8 doped with NaCl under methanol sol-

vent shows different behaviour compared with 

water-based synthesis. Although the particle 

size of pristine ZIF-8 under methanol is small-

er than ZIF-8 under water solvent, increasing 

the content of NaCl raises the particle size to 

213 nm in average for ZIF-8 modulated with 

0.3 mmol NaCl (Figure 5(g)). The particle size 

is generally increasing when more NaCl is add-

ed during the in-situ synthesis. In addition, the 

crystal shape of ZIF-8 become apparent when 

methanol solvent was used during the synthe-

sis. In Figure 5(h-j), the yellow rectangular 

shows ZIF-8 particle which have clear crystal 

facet showing possible {110} crystal facets. 

Comparing with available literatures, the crys-

tal shape of ZIF-8 under methanol solvent 

shows a rhombic dodecahedron shape where 

the dominant crystal facets occur for the family 

of {110} facets. This is also corresponding to the 

X-ray diffraction pattern where the lattice 

planes of {110} family have relatively high in-

tensity as shown in Figure 2.  

To confirm the nature of ZIF-8 crystals, 

TEM images are provided in Figure 6 showing 

different particle size and crystal shape. Pris-

tine ZIF-8 made with water solvent exhibits 

relatively big crystal with crystal size of ap-

proximately 100 nm to 200 nm. This crystal 

size is relatively bigger than ZIF-8 obtained 

from methanol solvent with size of ~50 nm. 

This is reasonably similar with the observation 

from the SEM images. The presence of NaCl 

during the in-situ synthesis of ZIF-8 affects the 

crystal size for ZIF-8 made with methanol sol-

vent but less when water was used during the 

synthesis. ZIF-8 doped with NaCl under meth-

anol solvent has larger crystal size of approxi-

mately ~200 nm than without doping with 

NaCl. 

The difference in crystal size can be predict-

ed due to the nature of interaction between 

methanol or water molecule and ZIF-8 struc-

ture. As shown in Figure 3(b) and 3(c), the wa-

ter molecule has relatively strong interaction 

with NaCl but less with the 2-

methylimidazolate ligand with the closest ap-

proximate distance of 6.491 Å. However, meth-

anol molecule is predicted to have the same in-

teraction with NaCl but has closer interaction 

to the 2-methylimidazolate ligand with the 

closest distance is approximately 3.259 Å. 

Therefore, the presence of methanol with larg-

er molecular dimension than water molecule 

affects the nucleation and crystal growth pro-

cess by hindering the interaction between Zn2+ 

and 2-methylimidazolate ligand. The rate of 

nucleation is predicted to be lower when meth-

anol is present to give relatively bigger crystal 

size. 

Figure 6. TEM images of pristine ZIF-8 synthe-

sised with water (a,b) and methanol (c,d) as 

well as ZIF-8 doped with NaCl under water 

(e,f) and methanol (g,h) solvent. 
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The crystal facets revealed from the TEM 

images indicate a characteristic surface of cubic 

structure of ZIF-8 crystals. In pristine ZIF-8 

made with water solvent, the characteristic of 

possible truncated cubic shape is shown in Fig-

ure 6(b). The truncated cubic indicates domi-

nant crystal facet of {001}, {110} and {111} fami-

ly. The crystal facets of pristine ZIF-8 with 

methanol solvent are less observed due to the 

small size of crystals. Possible different crystal 

shape is observed when ZIF-8 is modulated 

with NaCl in methanol solvent to give a rhom-

bic dodecahedron crystal shape as shown in 

Figure 6(h). In this crystal, the dominant crys-

tal facet is indicated to be {110} family. This is 

corresponding to the X-ray diffraction pattern 

where lattice family of {110} has relatively sig-

nificant intensities in all patterns. 

 

3.2 Study of Interaction between ZIF-8 and CO2 

The interaction between CO2 and ZIF-8 

structure has been assessed both using experi-

mental and computational approaches. In this 

study, ZIF-8 materials were interacted with 

CO2 and characterized using an ex-situ ap-

proach with IR spectroscopy. Using an ex-situ 

IR spectroscopy provides prediction in term of 

the interaction mode that may occur inside the 

ZIF-8 structure, although it has less infor-

mation compared to in-situ IR spectroscopy 

such as using diffuse reflectance IR spectrosco-

py [39]. The surface area of ZIF-8 material has 

been reported in previous report indicating rel-

atively large surface area compared to other in-

organic materials [40–42]. The presence of 

NaCl and solvent molecule in this study might 

affect the surface area, however the interaction 

between CO2 and ZIF-8 is still able to be exam-

ined using ex-situ IR spectroscopy. In Figure 7, 

the ex-situ IR spectra are provided for pristine 

ZIF-8 and ZIF-8 modified with NaCl either in 

water or methanol solvent. 

In general, the IR spectra of ZIF-8 after CO2 

adsorption has no significant difference com-

pared with ZIF-8 prior to CO2 adsorption. How-

ever, possible additional peak occurs for ZIF-8 

made in water where a peak at 3623 cm−1 pre-

sents indicating possible interaction with CO2. 

This peak is not presence in ZIF-8 before CO2 

adsorption as shown in Figure 4(a). This peak 

can be predicted due to the combination of 

bending (v2) and symmetric stretch (v3) vibra-

tion modes of CO2 [43]. This peak seems less 

appearance for ZIF-8 made with methanol sol-

vent in Figure 4(b). Another possible observa-

tion is at ~645 cm−1 indicating possible bending 

mode (v2) of CO2 molecule. In addition, peak at 

2325 cm−1 may also indicate an asymmetric 

stretch vibration mode of CO2. The presence of 

possible solvent molecules either water or 

methanol may hinder the analysis of CO2 inter-

action to ZIF-8. Therefore, further study was 

conducted using computational approach. 

To evaluate the molecular interaction be-

tween CO2 and ZIF-8, a combination of DFT 

calculation of ZIF-8 cluster and molecular dy-

namics of periodic ZIF-8 structure containing 

either water or methanol solvent was per-

formed as shown in Figure 8. According to the 

DFT calculation, the NaCl location is relatively 

close to the Zn2+ ion with a distance of 3.846 Å 

and 3.934 Å in the presence of water (Figure 

8(a)) and methanol (Figure 8(d)), respectively. 

Both structures have a preference location of 

CO2 molecule to interact with NaCl. CO2 mole-

cule is relatively close to the Na+ ion with a dis-

Figure 7. IR spectra of pristine ZIF-8 and ZIF-8 modified with NaCl using H2O (a) and methanol (b) 

solvent after interaction with CO2 gas. 
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tance of 2.390 and 2.412 Å in the presence of 

water and methanol, respectively indicating 

possible stronger intermolecular interaction. 

Therefore, it results in a low adsorption energy 

of −0.486 eV and −0.405 eV, for water and 

methanol solvent based reaction, respectively. 

The adsorption energy suggests that CO2 mole-

cule has lower adsorption energy when water is 

used as the solvent. Additional calculation 

based on the DFT approach were also conduct-

ed where the position of CO2 molecule is rela-

tively far from the NaCl and resulted in energy 

Figure 8. Interaction of CO2 and ZIF-8 cluster modulated by NaCl in the presence of water (a) and 

methanol (d) based on DFT calculation. Radial distribution function and trajectory path of CO2 inside 

the periodic ZIF-8 structure were also shown in the presence of water (b, c) and methanol (e, f) solvent. 
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that is relatively higher than when CO2 is close 

to the NaCl. This shows that NaCl modulates 

the properties of ZIF-8 to give additional bind-

ing sites for CO2 molecules. 

Molecular dynamics studies based on the 

GFN2-xTB method were performed for periodic 

ZIF-8 structure containing 6 molecules of sol-

vent, NaCl and a CO2 molecule as shown in 

Figure 8(b,c,e and f). According to the molecu-

lar dynamics simulation, the distance of Zn–N 

maintains about 1.9 – 2.0 Å which is corre-

sponding to the reported value (Figure 8(b,e)). 

This indicates that during the molecular dy-

namics simulation, the integrity of the ZIF-8 

structure is maintained. Looking at the effect 

of water and methanol towards CO2 dynamics, 

the radial distribution function (RDF) shows an 

expected behaviour where the radius interac-

tion between Na+ ion and O atom from either 

methanol and CO2 is relatively similar. The 

Na−O interaction has high probability at the 

distance of approximately 2.1 Å. This is in cor-

relation with the result from DFT calculation 

where Na+ ion is relatively close to the O atom. 

The effect of different solvent can be shown 

from the RDF diagram. In water solvent, six 

water molecules does not hinder the possible 

interaction between Na+ or Cl− and CO2 mole-

cule. The RDF shows that various Na+ to O or 

Cl− to O distance is relatively small in distance 

at the range of 2–4 Å when water is presence as 

the solvent. However, the presence of methanol 

seems hinder the possible interaction between 

Na+ or Cl− and CO2 molecule. In the RDF dia-

gram, the probability of interaction become less 

as indicated by longer distance more than 3 Å 

(Figure 8(e)). Additional confirmation was con-

ducted by analysing the trajectory path of CO2, 

Na+ and Cl− during the molecular dynamics 

simulation. In Figure 8(c and f), the trajectory 

of Na+ and Cl− is shown with yellow and green 

colour indicating the mobility of these ions in-

side the ZIF-8 structure. Their location is iden-

tified to be close each other to balance their to-

tal ionic charge. The trajectory of CO2 is shown 

with the light cyan colour showing the move-

ment of CO2 molecule inside the ZIF-8 cage. 

The location of CO2 is relatively different when 

water or methanol is present. When six mole-

cules of water are inside the cage, the CO2 tra-

jectory path seems relatively close to the Na+ 

and Cl− ions. However, when six methanol mol-

ecules are presents, there is a gap in trajectory 

path between CO2 and Na+ or Cl− ions as shown 

in Figure 8(f). This can be explained due to the 

difference in molecular size of the solvent. 

Methanol has relatively larger molecular size 

than water molecule. Therefore, methanol pro-

vides a well separate region between CO2 and 

NaCl. This is in relation to the DFT calculation 

that the adsorption energy of CO2 is lower 

when water is presence inside the ZIF-8 cage 

compared to when methanol is used. 

 

4. Conclusion 

The synthesis of ZIF-8 has been conducted 

in the presence of NaCl as modulation agent. 

The synthesis was performed using different 

solvents of either water or methanol solvent. 

The ZIF-8 materials show no significant struc-

tural changes as identified with X-ray diffrac-

tion pattern when NaCl is present during the 

in-situ synthesis. The ZIF-8 material modulat-

ed with NaCl shows an average lattice parame-

ter which is reasonably close to the reported 

ZIF-8 lattice dimension. Due to small differ-

ence in lattice parameters in all ZIF-8 modu-

lated with NaCl, it is predicted that NaCl re-

sides inside the ZIF-8 cage without possible ion 

exchange with Zn2+. Further DFT calculation 

prove the preferable location of NaCl close to 

the ZIF-8 tetrahedral cluster. The formation of 

ZIF-8 structure was confirmed by IR spectra 

due to the presence of stretching vibration 

mode of Zn−N at 421 cm−1. The crystal mor-

phology of ZIF-8 modulated with NaCl seem to 

have different nature, where synthesis using 

methanol as the solvent gives crystal shape of 

truncated cubic as well as rhombic dodecahe-

dron. ZIF-8 synthesised with water shows a 

relatively spherical crystal or particle shape. 

The effect of solvent molecules has been exam-

ined for the adsorption of CO2 gas. A combina-

tion of ex-situ IR spectroscopy and modelling 

predict possible molecular vibrations as well as 

binding mode of CO2 molecules. It is generally 

concluded that the presence of NaCl provides 

additional binding sites for CO2 molecules. 

This study gives a deeper understanding of the 

nature of ZIF-8 synthesis in the presence of 

NaCl with various solvents and its potential for 

gas capture. 
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Supporting Information for DOI: 10.9767/bcrec.20033 

Figure S1. Methanol cluster inside ZIF-8 cages in the presence of NaCl. The ZIF-8 structure is omitted 

to give better view of the methanol cluster. Na, Cl, C, O and H are coloured yellow, green, black, red, 

and pink, respectively. . 

An Experimental and Computational Study of Zeolitic Imidazolate Framework (ZIF-8) Synthesis Mod-

ulated with Sodium Chloride and Its Interaction with CO2  

Figure S2. Interaction between NaCl and ZIF-8 shown as an isosurface structure (a) and independent 

gradient maps (b) indicating possible intermolecular interactions.  
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Figure S3. Distribution of particle size of pristine ZIF-8 and ZIF-8 modulated with NaCl in water sol-

vent  
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Figure S4. Distribution of particle size of pristine ZIF-8 and ZIF-8 modulated with NaCl in methanol 

solvent  


