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Abstract 

Inducing defect in metal-organic frameworks (MOFs) is one of the strategies to modify the structure and properties of 
this functional material. Defect may occur in a pristine MOF due to missing organic linkers, metal centres and/or other 
structural behaviours. In this study, the structure of defects in multicomponent MOFs especially heterometallic MOFs 
of zeolitic imidazolate framework (ZIF-8(Zn/Cd)) was examined to unveil the possible preference defect formation due 
to missing 2-methylimidazolate (MeIm) and metal centres of Cd2+ and Zn2+. Assuming defect formation due to the 
reaction between ZIF-8(Zn/Cd) and water, MeIm linker removal is energetically lower than removing metal centres of 
either Cd2+ or Zn2+. But, the MeIm linker is easier to be removed when it is connected to Cd2+ (Cd-MeIm-Cd) than when 
it is connected to Zn2+ (Zn-MeIm-Zn). Defect in ZIF-8(Zn/Cd) affects the band gap energy to give slightly lower value 
than it in pristine ZIF-8(Zn/Cd). Non-covalent interaction (NCI) and interaction region indicator (IRI) analyses were 
also performed to indicate possible intermolecular forces such as van der Waals and attractive forces present in non-
defective and defective ZIF-8(Zn/Cd). The presence of defects in mixed-metal ZIF-8(Zn/Cd) was also tested for its 
potential use on CO2 adsorption. The interaction energy of CO2 inside defective ZIF-8(Zn/Cd) indicates an exothermic 
behaviour where CO2 molecule has a preference to be adsorbed inside the framework. This is especially when the 
capping agents at the defective ZIF-8(Zn/Cd) sites are removed to give open metal sites. This study provides insight 
how defects in multicomponent MOFs might presence affecting the structural and properties changes. 
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1. Introduction 

Carbon capture technology is one of the 
crucial strategies to overcome the environmental 
thread due to the raising of CO2 concentration in 
the atmosphere. One of the promising approaches 
is using functional materials which are effective 
and selective to capture CO2 molecules. Several 
examples of functional materials for carbon 
capture are inorganic materials such as carbon-
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based materials, zeolite and zeo-type materials, 
metal oxide, hybrid inorganic and organic 
materials, etc. [135]. Further strategies to 
improve the affinity of functional materials are 
performed by inducing possible defect within the 
structure of functional materials [6,7]. 

Metal-organic frameworks (MOFs) possess an 
unprecedented diversity that can be fine-tuned to 
promote new functionalities. Both non-defective 
and defective MOFs may provide different 
properties and/or behaviour in response to the 
structural changes [8,9]. Many reports have 
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shown that different kinds of defects may occur 
including missing linker, missing metal, and 
rotational defects within the structure [10,11]. 
Previous experimental works and computational 
studies concluded that defect structure can be 
identified within certain order of details and their 
impacts towards some applications [12314]. 
Creating defect sites usually requires additional 
precursor during MOF synthesis such as 
modulator and mineralizer (acid or base) or 
through post-synthetic modification of the parent 
non-defective MOFs. In the latter case, the non-
defective MOFs can be reacted or exposed to other 
chemicals that have probability to create defect by 
leaching the organic linkers or metal ions [15]. For 
example, defect in ZIF-8 can be created by 
exposing the crystal to water solvent [16]. In many 
studies, defects have been associated with the loss 
of some components of MOFs which may create an 
unbalanced charge within the structure. 
Therefore, capping agents are usually presence in 
the defect sites from the result of possible 
decomposition of solvent molecules or from 
modulators to promote a neutral charge [17,18]. 

Several examples of defects studies were 
conducted in UiO-66, ZIF-8, and MIL-53 [19323]. 
In UiO-66, the defect structures due to missing 
linker and missing metals have been reported on 
their impact on the electronic properties. The 
presence of defect is predicted to change the 
electronic properties where the band gap is 
changing from the initial non-defective UiO-66 
[24]. Another example is for ZIF-8 material, where 
the defect sites can be easily promoted by the 
presence of water. MIL-53(Fe) has also been 
studied in term of its defect and its impact toward 
photocatalytic activity [22]. In those studies, 
defect was studied on a MOF with single type of 
metal ions. 

Tunability in MOFs structure provide an 
opportunity to make multicomponent MOFs 
where a single MOF structure may contain multi 
type of organic linker and/or different type of 
metal centres [25,26]. This modification has been 
reported to enhance several characteristic or 
properties of the initial MOFs [27]. Additionally, 
there is a possibility that the characteristic of a 
multicomponent MOFs can be further enhanced 
by incorporating defect within the structure. In 
our approach, we investigate the formation of 
defects and its effect in electronic properties for a 
multicomponent MOF, especially for 
heterometallic MOF. In this MOF type, the 
inorganic part of the structure consists of multiple 
type of metal centres which then coordinatively 
interact with the same organic linker to give a 
common framework structure. In defective 
heterometallic MOFs, there are several aspects 
that we want to investigate, such as: (1) The 
formation of defect due to missing organic linker 

and metal ions might be affected by the type of 
either metal centres or organic linkers; (2) The 
electronic properties of mixed-metal MOFs have 
been known to be different in some reports, 
therefore there is a possibility to further fine-
tuned those properties by inducing defects in 
mixed-metal MOFs; (3) The presence of defects in 
mixed-metal MOFs may provide additional space 
in the structure which can be studied in term of 
intermolecular forces by using non-covalent 
interaction approach. Furthermore, the defect 
sites may provide additional binding sites for CO2 
molecule. 

To understand defects in heterometallic 
MOFs, a zeolitic imidazolate framework (ZIF-8) 
has been chosen as the study case. ZIF-8 material 
consists of metal ions, such as: Zn2+, Cd2+, Co2+, 
which interact with 2-methylimidazolate (MeIm) 
linker to form a 3-dimensional structure with 
cubic structure giving a sodalite topology (see 
Figure 1(a)) [28330]. The metal ion is coordinated 
with four MeIm linkers to give a tetrahedral 
geometry mimicking the structure of [SiO4]n in 
zeolite. The presence of mixed-metal in ZIF-8 and 
the impact into the structure have been reported, 
such as: ZIF-8(Zn/Cd) [31] and ZIF-8(Zn/Co) 
[28,32]. However, reports about defects in mixed-
metal ZIF-8 are still scarce. In this study, the 
structural characteristic of non-defective and 
defective ZIF-8(Zn/Cd) is investigated to obtain an 
insight how defects due to water-induced reaction 
may occur and affect structural and electronic 
parameters. In addition, the potential use of the 
defective ZIF-8(Zn/Cd) was also tested for CO2 
adsorption. 

 

2. Computational Methods 

The structure of ZIF-8 has a cubic system 
with the lattice dimensions of a = b = c = 18.1206 
Å and a = b = c = 16.9910 Å for ZIF-8(Cd) and ZIF-
8(Zn), respectively [29,30]. However, to minimize 
the number of defect structures in ZIF-8, the 
structure was transformed to give a smaller 
representation of atom in non-orthorhombic 
primitive cell as shown in Figure 1(b) with the 
unit cell of a = b = c = 15.6929 Å and ñ = ò = ÷ = 
109.471ð [33]. Starting from ZIF-8(Cd), mixed-
metal ZIF-8(Zn/Cd) was constructed by replacing 
3 Cd2+ ions with 3 Zn2+ ions to give Cd3Zn3-ZIF-
8(Zn/Cd). Two possible configurations for ZIF-
8(Zn/Cd) were chosen to give the location of either 
Cd2+ or Zn2+ with trimer (T) or disperse (D) 
structure. In T structure, the location of the same 
metal ions is adjacent to each other, while the 
location of the same metal ion type in D structure 
for example Cd2+ is alternating to Zn2+ ion (Figure 
S1a and S1b in the Supporting Information). The 
defect structure of both missing linker and 
missing metal ion were constructed from T and D 
structure accommodating different 
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crystallographic sites of either metal ion or MeIm 
linker. For example, in missing linker defect, 
there are 8 different structures annotated as 1DL, 
2DL, 1TL, 2TL, 3TL, 4TL, 5TL and 6TL (D =  
disperse, T = trimer, L = missing linker) (see 
Figure S2-S5 in the Supporting Information). The 
1DL and 2DL are differentiated from the removal 
of an MeIm linker which has two different 
crystallographic positions. The first is the MeIm 
in plane with the (111) lattice plane, while the 
second structure (2DL) is when MeIm linker is 
slightly tilting from the (111) lattice plane (see 
Figure S2 Supporting Information). The same is 
also applied for other TL structures. For missing 
metal defect structures, there are 6 structures 
annotated as 1DM, 2DM, 1TM, 2TM, 3TM, and 
4TM (see Figure S6-S8 Supporting Information). 

DFT calculations were performed with the 
Quickstep module implemented in the CP2K code 

[34]. All structures were optimized by relaxing 
both the atomic coordinates and the unit cell size 
while the angle between unit cell axis is kept fix. 
The calculation was performed using Perdew-
Becke-Ernzerhof (PBE) with the addition of 
Grimme D3 correction to account for possible 
weak interactions [35,36]. The basis set of TZVP-
MOLOPT was used for C, N, O, and H atoms while 
DZVP-MOLOPT was used for Cd and Zn. The 
Goedecker-Teter-Hutter (GTH) pseudopotential 
was used to treat the core electrons. An energy 
cutoff of 600 Ry was used in all calculations. The 
SCF convergence was set to 1×1026 Hartree. The 
optimization was completed when the maximum 
force is less than 4.5×1024 Ha.Bohr21. The 
contribution of spin effect was also checked for 
several configurations of both non-defective and 
defective structures. The results show no 
significant different for the electronic energy and 

Figure 1. A cubic structure of ZIF-8 (a) and simplified non-orthorombic primitive cell of ZIF-8 (b). Reaction 
schemes for missing MeIm (c) and metal centre (d) are also given. M(metal), N, C, O, and H are coloured 
as green, cyan, red, and pink, respectively. 
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the band gap energy when DFT calculations were 
performed with spin effect and without the spin 
contribution. The electronic energy, band gap 
energy, and total DOS profile of DFT calculation 
with and without spin contribution are given in 
Table S1, Figure S9-S11 (Supporting 
Information). 

Single point energy calculation was 
performed to obtain the reaction energy of defect 
formation. The reaction energy (Ereaction) for 
missing MeIm linker (Figure 1(c)) was calculated 
with the following equation (1): 

 

( ) ( )reaction defect MeIm MOF water
E E E E E= + 2 2  (1) 
 

Edefect is the defective energy of ZIF-8(Zn/Cd) due 
to missing MeIm, EMeIm is energy of MeIm ligand, 
EMOF is the energy of pristine ZIF-8(Zn/Cd) and 
Ewater is energy of water molecule. The reaction 
energy for missing metal centre (Figure 1d) is 
calculated using the following equation (2): 

 

( )( ) ( )
2

reaction defect MOF waterM OH
E E E E E= + 2 2  (2) 

 

where, EM(OH)2 is the energy of either Zn(OH)2 or 
Cd(OH)2. 

Several selected structures of non-defective (T 
and D) and defective configuration were selected 
to unveil the structural behaviour through ab 
initio molecular dynamics (AIMD). The structural 
dynamics were studied with NVT at temperature 
of 298 K and 500 K. The time step was set to 0.5 
fs. A Nose Hoover thermostat was used to control 
the temperature with a time constant of 50 fs. The 
trajectory files were stored to gain the atomic 
coordinates. The equilibrium phase was collected 
for the first 2.5 ps followed by the production 
phase for further 7.5 ps. 

Selected defective structures of ZIF-8(Zn/Cd) 
were chosen to study the interaction with CO2 
molecule. A CO2 molecule was located close to the 
defect sites of either missing linker or metal ion. 
Geometry optimization was performed with the 
same methods as calculating the defect structure 
through periodic DFT calculation. The energy of 
interaction between CO2 and defective ZIF-
8(Zn/Cd) was calculated as well as the charge 
density difference. Additionally, non-covalent 
interaction (NCI) and interaction region indicator 
(IRI) analyses were performed for selected 
structures to investigate possible interaction due 
to covalent bond or weak interaction [37]. 

 

3. Results and Discussion 

3.1 Structure of Defective ZIF-8(Zn/Cd) 
The presence of multi metals centres within 

ZIF-8 affect the structural parameters especially 
the lattice dimensions. In ZIF-8(Cd) and ZIF-

8(Zn), the a-, b- and c- lattice dimensions are 
15.837 Å and 14.842 Å in average, respectively. 
The change of the lattice dimension occurs when 
several metal centers in the parent ZIF-8 were 
replaced by different metal ion types to give 
mixed-metal ZIF-8(Zn/Cd). As seen in Figure S1 
(Supporting Information), D and T represent 
mixed-metal ZIF-8 containing the same amount of 
Cd2+ and Zn2+ ions within the unit cell but differ 
in the arrangement to give a disperse and trimer 
structure, respectively. The unit cell is slightly 
lower than it in the initial ZIF-8(Cd) or higher 
than it in ZIF-8(Zn). In the D structure, the unit 
cell of a, b and c is 15.322, 15.335, and 15.318 Å, 
respectively, indicating approximately the same 
value along the axis. This is probably due to the 
alternate arrangement of Cd2+ and Zn2+ within the 
unit cell (see Figure S1 Supporting Information). 
However, when the location of Cd2+ and Zn2+ was 
changed to give a trimer configuration, the b-
lattice diverges from a- and c-lattice as seen in 
Figure 2(a) and Table S2. The calculated unit cells 
of ZIF-8(Cd), ZIF-8(Zn), and ZIF-8(Zn/Cd) have 
been compared to the available experimental 
results as given in Table S3 of the Supporting 
Information [38]. The unit cell reduction from ZIF-
8(Cd) to ZIF-8(Zn) is calculated to be 6.3% which 
is reasonably close with the reported experimental 
unit cell where the unit cell difference between 
ZIF-8(Cd) and ZIF-8(Zn) is 5.4%. In addition, the 
calculated unit cell of D and T structures has 3.2 
to 3.3% difference relative to the unit cell of ZIF-
8(Cd). This corresponds to the available 
experimental unit cell of ZIF-8(Zn/Cd) where the 
ratio between Zn2+ and Cd2+ is equal to give 
percent difference of 2.9% relative to the 
experimental unit cell of ZIF-8(Cd) (Table S3 
Supporting Information). 

Defective ZIF-8(Zn/Cd) due to missing linker 
also affect the lattice parameters. In 1DL to 6TL, 
the a-, b- and c-lattice parameters are diverging 
due to missing a linker in between of metal ions 
(Figure 2(a)). Although there is no indirect 
correlation between the size of each lattice 
parameter and the defect location, the volume is 
certainly lower than it in non-defective ZIF-
8(Zn/Cd) structure. This is as expected since the 
organic linker is the backbone of ZIF-8 structure. 
Several reports show that missing linker may lead 
to deformation of MOF structure [39]. An example 
of diverse lattice parameters is given for 1TL 
structure where the position of missing linker is 
in between of b- and c-axes in the structure (see 
Figure S3 Supporting Information). The defect 
sites undergo arrangement during the geometry 
optimization which leads to the smaller unit cell 
dimension (15.093 Å in average) than the initial T 
structure (15.309 Å in average). The unit cell 
dimension is also affected when defect due to 
missing metal ions is present. Generally, the 
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structural changes are not rigorous as in missing 
linker given that the a-, b- and c- lattices are less 
diverging, and the volume is relatively higher 
than it in missing linker (Figure 2(a)). 

The structural parameter such as the bond 
distance is observed both via static DFT and 
structural trajectory from the AIMD calculations 
at temperature of 298 K and 500 K. In Figure 2(b), 

it is shown that Cd2N distance is approximately 
the same in the entire range of defective ZIF-
8(Zn/Cd) with an average bond distance of 2.228 
Å. The same observation is also for Zn2N bond to 
give a length of 2.009 Å in average. From the 
AIMD trajectory at 298 K (Figure 2(c)), both Cd2N 
and Zn2N are still at around 2.2 Å and 2.0 Å, 
respectively for both non-defective and defective 

Figure 2. The lattice dimensions of defective mixed-metal ZIF-8(Zn/Cd) (a) and bond distance parameters 
in ZIF-8(Zn/Cd) from static DFT (b). Bond distance parameters of ZIF-8(Zn/Cd) from the AIMD trajectory 
are given in (c) and (d) at 298 K and 500 K, respectively. Angle parameters of N-M-N from AIMD trajectory 
is also shown in (e) and (f) at 298 K and 500 K, respectively. 
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ZIF-8(Zn/Cd). This indicates that the interaction 
between metal ions (Cd2+ or Zn2+) and MeIm 
linkers is generally relative stable although defect 
is present. 

The angle formed due to coordinative 
interaction between metal ions and ligand might 
provide insight why the unit cell of defective 
structure is diverging. From the AIMD calculation 
at 298 K shown in Figure 2(e), the N2Zn2N and 
N2Cd2N angle in missing metal ion is oscillating 
from 90.411ð to 132.777ð to maintain the 
tetrahedral geometry of M(MeIm)4 structure. 
However, the averaged value of this angle is 
109.403ð showing the tetrahedral nature. 

The AIMD calculation was also conducted at 
relatively higher temperature of 500 K as shown 
in Figure 2(d) and 2(f). The bond distance of Cd2N 
was averaged at 2.2 Å for non-defective and 
defective structures. This is the same as AIMD 
calculation at 298 K with average Cd2N distance 
of 2.2 Å. The bond distance of Zn2N is calculated 
to be 2.0 Å which is still the same with AIMD 
calculation at 298 K. This indicates that non-
defective and defective ZIF-8(Zn/Cd) is predicted 
to be relatively stable at 500 K. The structure of 
ZIF-8 is reported experimentally to be stable at 
relatively high temperature. The structure is 
stable up to 350 °C under flowing air and 500 °C 
under nitrogen according to the thermal 
gravimetric analyses [40]. Another study also 
shows that the removal of guest molecules occurs 
between 100 °C to 200 °C and it remain stable 
until 425 °C under air flowing and 500 °C under 
nitrogen flow [41]. In our study, the AIMD 
trajectory predicts the stability of non-defective 
and defective structures. 

The defect structure due to missing metal ion 
is occupied by two hydrogen atoms which are 
bonded to two neighbouring MeIm linkers. The 
structure is stabilized by the presence of hydrogen 

bonding between N2H and N atom from 
neighbouring MeIm as seen in Figure S12. The 
dynamics of hydrogen atom between two 
neighbouring imidazolate is examined through 
AIMD at temperatures of 298 K and 500 K as 
shown in Figure S12 (Supporting Information) 
indicating two possible average distances to 
nitrogen. The hydrogen is initially close to N1 
with a distance of ~1.1 Å and moved away to a 
distance of ~1.6 Å, which is in close proximity to 
N2 with a distance of ~1.1 Å. In this case, the 
hydrogen is moving alternatingly in between two 
nitrogen atoms. 

In missing MeIm defect, the linker is replaced 
by a water molecule attached to one end of metal 
ion and a hydroxide attached to the other end of 
metal ion. The distance of Zn2O or Cd2O is 
relatively similar to the distance of Zn2N or 
Cd2N, respectively. In various configuration of 
missing linker, the average Zn2O length is 2.005 
Å which correlates to the Zn2N bond distance of 
2.009 Å in non-defective ZIF-8(Zn/Cd). The same 
also occurs for Cd2O to give a bond distance of 
2.232 Å which is the same as Cd2N in non-
defective ZIF-8(Zn/Cd). 

 

3.2 Energetic and Electronic Properties of 
Defective Mixed-metal ZIF-8(Zn/Cd) 

The defect energy has been evaluated 
according to the reaction scheme shown in Figure 
1. The energetic consideration might be used as a 
predictive tool for various defect structures from 
many possible configurations. In Figure 3, the 
energy of various defect structures was compared 
relative to the lowest energy state occurring for 
1TL structure (highlighted with the green 
rectangular). The non-defective D and T 
structures have been compared in term of its 
relative stability. In this study, the ZIF-8(Zn/Cd) 
with T configuration is relatively more stable than 

Figure 3. The energy and band gap of defective ZIF-8(Cd/Zn) are shown in (a) where the energy values are 
relative to the lowest energy configuration of 1TL shown with the green point. Total DOS of non-defective 
and defective are also given in (b). 
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D configuration with small energy difference (�E) 
of 0.01 eV between the two structures as shown in 
Table S4 in the Supporting Information. However, 
both D and T structures were used to generate 
possible defect structures due to missing metal ion 
or organic linker. The defect due to missing linker 
has relatively lower energy than it in the defect 
due to missing metal. The relative energy for 
missing linker defect is in the range of 0 kJ/mol to 
18.19 kJ/mol, while the energy for missing metal 
defect is in the range of 124.13 kJ/mol to 143.41 
kJ/mol. This behaviour can be explained due to 
the number of connectivity between metal ion and 
MeIm linker. In missing linker, a MeIm linker will 
be detached from two nearest metal ions and 
replaced by water and hydroxide. However, the 
number of connectivity in missing metal is higher 
which is four from coordination with four MeIm 
linkers. 

Looking at the relative stability, a MeIm 
linker seem to be removed easily when it is 
adjacent to Cd2+ ion such as in 1TL and 2TL, 
where the MeIm is positioned in the middle 
(Cd2MeIm2Cd). However, when the missing 
MeIm is located in between of Zn2+ ion 
(Zn2MeIm2Zn), the relative energy is slightly 
higher such as in 5TL and 6TL. The same is also 
observed for missing metal. 1DM, 1TM, and 2TM 
are defect structure with missing Cd2+ ion having 
relative energies of 124.13 kJ/mol, 126.24 kJ/mol, 
and 125.12 kJ/mol, respectively. These energies 
are lower than defect due to missing Zn2+ ion in 
2DM, 3TM, and 4TM structures with the energies 
of 137.81 kJ/mol, 142.16 kJ/mol, and 143.41 
kJ/mol, respectively. The preference of defect 
formation can be associated with the structural 
behaviour especially the bond distance of Cd2N 

Figure 4. Electronic density of defect structure due to missing linker (a) and missing metal ion (c). Electron 
localization function (ELF) maps are also shown for missing linker (b) and missing metal ion (d) defect 
structure.  An isosurface of 0.08 a.u. is applied for the electron density maps. 
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MOFs Cd Zn Ht Oa Hm Ob Ht Cd Zn 

1DL 0.827667 - 0.367279 -0.79014 0.388953 -0.78087 0.367299 - 0.736578 

2DL 0.827415 - 0.366047 -0.79547 0.388785 -0.77852 0.364127 - 0.740137 

1TL 0.830061 - 0.365083 -0.78571 0.380948 -0.79676 0.362522 0.827786 - 

2TL 0.831853 - 0.364551 -0.79121 0.381885 -0.79689 0.363276 0.829179 - 

3TL 0.834235 - 0.366164 -0.79491 0.398657 -0.79643 0.363542 - 0.739584 

4TL 0.832878 - 0.367749 -0.79112 0.391547 -0.78229 0.367333 - 0.731534 

5TL - 0.738108 0.370265 -0.78263 0.399212 -0.78904 0.367808 - 0.743468 

6TL - 0.739747 0.366565 -0.77674 0.395898 -0.78324 0.369732 - 0.7361 

and Zn2N. The bond distance of Cd2N is relatively 
longer with 2.228 Å compared to it in Zn2N 
distance of 2.009 Å (Figure 2(b)). Therefore, the 
relative energy to remove Cd2+ ion is lower than 
removing Zn2+ ion. The same for removing MeIm 
linker attached to Cd2+ ion is relatively less energy 
than removing MeIm attached to Zn2+ ion. 

The defects can be used also to fine tune the 
band gap energy which is beneficial for material 
with photo-induced applications. The band gap 
energy of mixed-metal ZIF-8(Zn/Cd) is slightly 
lower than bandgap energy of ZIF-8(Zn) with 
calculated bandgap value of 4.86 eV and 
experimental value of 4.96 eV [42]. Given in 
Figure 3(a), the band gap energy range is from 
3.92 3 4.39 eV which is slightly lower than the 
non-defective ZIF-8(Zn/Cd) of D and T with 4.50 
eV and 4.51 eV, respectively. Generally, the band 
gap energy is low when defect occurs due to 
missing metal ion and MeIm linker. The density 
of states (DOS) of various defect configuration 
provide insight into the electronic states present 
at the valence and conductance band. Non-
defective D and T structure have electronic states 
around 0 eV (valence band) which is the same for 
the defect structure due to missing MeIm linker 
(Figure 3(b)). This electronic state is dominated by 
the p orbital of carbon and nitrogen atoms as 
shown in the partial DOS (see Figure S13-S14 
Supporting Information). However, the electronic 
states at the valence band are slightly shifted 
toward negative energy for the structure with 
missing metal ion. In this case, the valence band 
is mostly dominated by p orbital (see also Figure 
S15 Supporting Information). Significant change 
of the electronic states occurs in the conductance 
band in which new electronic states emerge for the 
missing linker defect structures. This state is 
dominated by the presence of orbital p of N and C 
atoms according to the partial DOS (see Figure 
S16 Supporting Information). Different pattern is 
observed for missing metal ion structure, where 
the conductance band is slightly shifted toward 
lower energy with approximately the same 

pattern as occur in non-defective D and T 
structure. Generally, the electronic states shifted 
to lower energy where the highest peak of the 
valence band is slightly lower than the Fermi 
energy level (0 eV) indicating less metallic 
structure. 

The electronic density of defective ZIF-
8(Cd/Zn) provides further insight to explain the 
energetic trend of the defect structure. In Figure 
4(a) and 4(c), the electronic density is examined at 
the same isosurface level of 0.08 a.u. It can be 
observed that the electron density is slightly 
overlap in the Zn-N bond as highlighted with the 
green arrow (see Figure 4(a) and 4(c)). However, 
the electronic distribution is slightly apart for 
Cd2N bond as shown with the light brown arrows. 
This might indicate that the interaction between 
Cd and N of MeIm is less stable than Zn2N. This 
is in relation with the defect energy in which the 
MeIm linker is easier to leave when it is connected 
to Cd2+ ion. The same also for missing metal ion, 
removing Cd2+ ion requires less energy than 
removing Zn2+ ion. Looking at the ELF maps 
(Figure 4(b) and 4(d)), it is shown a gap between 
Cd and N (light brown arrow) as well as for Zn and 
N (green arrow) indicating non-covalent nature 
which is more likely an ionic character. As 
comparison, the ELF maps for MeIm linker show 
an overlap indicating more covalent bond. 

Looking at the missing MeIm structure 
(Figure 4(a)), the electronic density between Zn 
and O atom is slightly apart indicating possible 
weak coordinating behaviour. Interestingly, the 
hydrogen atom of water molecule interacts with 
hydroxyl group in a way that hydrogen is possibly 
to interchange in between two O atoms. This is 
confirmed by the ELF map, that there is still 
overlap region between H and two O atoms. The 
dissociation of OH bond from the capping H2O 
molecule is possible since the water molecule is 
located in proximity to the capping 2OH group 
attached to the next metal ions. The behaviour of 
H2O molecule is visualised in Figure S17 
(Supporting Information) for all structures. We 

Table 1. The net atomic charge of selected atoms in defective ZIF-8(Zn/Cd) due to missing linker. Ht is 
hydrogen at terminal position, Hm is hydrogen of H2O molecule close to 2OH capping. 
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have identified that the hydrogen atom from H2O 
molecule is slightly distorted with O2H bond 
distance of 1.199 +. This is slightly longer than 
typical O2H bond in H2O of ~0.97 +. This 
behaviour can be explained due to the hydrogen 
atom is relatively close to the more partial 
negative charge of oxygen from the 2OH capping. 
To confirm the difference of the atomic charge, we 
have calculated net atomic charge based on the 
DDEC6 method as shown in Table 1. In Table 1, 
the order of the atom represents the relative 
position of atom in the crystal structure. The 
hydrogen atom is represented as Ht which is in 
terminal position without any significant 
influence from the adjacent oxygen atom, while 
Hm is originally hydrogen from the H2O molecule 
that is in close proximity to the 2OH group of the 
next metal ions. From Table 1, it is shown that the 
O atoms either from the H2O molecule or the 2OH 
group have negatively charge with an average 
charge of 20.78825e. The hydrogen located at the 
terminal (Ht) and in proximity to the 2OH group 
(Hm) has slightly different charge. The Hm atom 
has an average charge of 0.390736e which is more 
positive than Ht with an average charge of 
0.366209e. Therefore, we predict that the 
attraction of partial negative charge of O atoms 
affects the Hm atom. In missing metal defect, the 
metal ion is replaced by two hydrogen atoms 
attached to N atom of two MeIm linkers. The N2H 
bond can be identified to be more covalent in 
nature due to overlap in electronic density and 
ELF map (see Figure 4(d)). 

 

3.3 Non-covalent Interaction (NCI) and 
Interaction Region Indicator (IRI) 

The presence of defects in MOFs may provide 
new features, such as extra porosity, which leads 
to the addition of intermolecular forces that may 
presence in the structure. In non-defective mixed-
metal ZIF-8(Zn/Cd), intermolecular forces such as 
weak van der Waals interaction are available 
occupying the space in between of MeIm linkers. 
This can be identified through non-covalent 
interaction analysis as given in Figure 5(a). The 
weak van der Waals is illustrated as the green 
isosurface (red arrow) indicating sign (»,Ã) close to 
0 a.u as seen in the reduced density gradient 
(RDG) curve and it dominates the intermolecular 
forces in non-defective ZIF-8(Zn/Cd). Several 
studies show that this type of intermolecular 
forces is most likely present in many other MOFs 
due to its nature as framework structure 
containing diverse types of organic linker.  

The nature of coordination behaviour 
between metal ions (Cd2+ or Zn2+) and MeIm linker 
also reveals through NCI analysis. Both non-
defective and defective ZIF-8(Zn/Cd) contain 
relatively strong attractive force between metal 
ions and N of imidazolate as indicated by blue 

colour (red arrow) in Figure 5(b) and it presents 
approximately at 20.08 < sign (»,Ã) < 20.05 a.u. 
This attractive force is supporting the results from 
ELF and electron density map given in Figure 4. 
Following the ELF map, the bonding 
characteristic of metal ions and MeIm is probably 
more ionic character implying strong attractive 
force. However, the interaction strength may 
differ for Cd2+ and Zn2+ according to the electron 
density map. 

Defects due to either missing linker or metal 
ion also show intermolecular forces at the defect 
sites. In Figure 5(c), missing metal ion defect gives 
extra van der Waals force due to the interaction 
between MeIm linkers. As previously mentioned, 
two hydrogen atoms are present to replace metal 
ion and connected to two MeIm linkers via N 
atom. These hydrogen atoms are stabilized by 
hydrogen bonding towards N atom of neighbour 
MeIm linker. This hydrogen bond can be 
identified with blue colour in the isosurface map 
as given with green arrow in the snippet of Figure 
5(c). Hydrogen bond behaves as strong attractive 
force with 20.08 < sign (»,Ã) < 20.05 a.u in the 
RDG curve. In term of missing linker defect, water 
and hydroxide molecule interact through 
attractive forces with metal ions as indicated by 
the blue isosurface (Figure 5(d)) occupying the 
defect sites. This is in relation with the ELF maps, 
that the bonding character is likely ionic in 
nature. Additionally, one of the hydrogen atoms in 
water interact relatively strong with two oxygen 
from both the original water molecule and 
hydroxide as shown with the yellow arrow in 
Figure 5(d). 

Additional analysis was performed using 
interaction region indicator (IRI). The IRI 
analysis can recognize where significant 
interactions such as covalent bond and weak 
interaction have formed. In Figure 5, the 
interaction mode is clearly identified whether the 
covalent bond or intermolecular interaction are 
present in the structures. The non-defective 
structure of D and T (Figure 5(a) and (b)) shows 
the covalent bond region domain which is mainly 
from the MeIm ligand as indicated by the blue 
isosurface. However, weak interactions are also 
present as indicated by the green isosurface. This 
is mainly from the intramolecular interaction 
between nearby MeIm ligands. 

The IRI analysis of defective ZIF-8(Zn/Cd) 
due to missing metal ion and MeIm linker is given 
in Figure 5(c) and 5(d), respectively. A strong 
interaction in the form of covalent bond can be 
found from the MeIm ligand with the blue 
isosurface. However, the defect sites in missing 
metal ion (Figure 5(c)) is dominated by weak 
interaction in the form of possible van der Waals 
interaction. In missing MeIm defect, the weak 
interaction is also present in between nearby 
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Figure 5. Noncovalent interaction maps (left) and interaction region indicator (IRI) analysis (right) showing 
possible location of intermolecular forces that might presence in non-defective structure of D (a) and T (b), 
and defect due to missing metal ion (c) and missing linker (d). Snippets of a structure section is also given 
for the NCI isosurface. Reduced density gradient (RDG) curves are given for each structure. Isosurface map 
was given with an isovalue of 0.4 a.u. for the NCI analysis and 0.8 a.u. for the IRI analysis. 
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Figure 6. The optimized structure of defective ZIF-8(Zn/Cd) containing CO2 with the electron density 
difference for 1DM (a,b), 1TL (c,d), and activated 1TL (e,f). 
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MeIm ligand. Since the metal ions are capped 
with H2O and OH, the strong interaction is also 
observed in the defect sites. This IRI analysis 
confirm the non-covalent interaction (NCI) 
analysis and the electron density profile that the 
defect sites in mixed-metal ZIF-8(Zn/Cd) contain 
weak interaction to provide additional empty 
space for interaction with guest molecules such as 
CO2 gas. 

 

3.4 Interaction with CO2 

The use of multicomponent MOFs 
particularly mixed-metal MOFs has been reported 
in several studies. However, the adsorption of CO2 
in defective mixed-metal MOFs is still scarce. In 
this study, selected defective ZIF-8(Zn/Cd) 
structures have been tested for their interaction 
with CO2. According to the energy profile in 
Figure 3, defective structures of 1TL and 1DM 
have the lowest relative energy than the other 
structures. These structures were selected for the 
interaction with CO2. In Figure 6, the optimized 
structures of adsorbed CO2 inside ZIF-8(Zn/Cd) 
are shown with the charge density profile. The 
adsorption energy shows that CO2 inside 1DM has 
the lowest interaction energy of 226.2 kJ/mol, 
while CO2 inside 1TL has interaction energy of 
224.1 kJ/mol. This indicates that CO2 has 
preferential to be adsorbed in defective ZIF-
8(Zn/Cd) either missing linker or metal ions. 
Comparing the adsorption energy with pristine 
ZIF-8(Zn/Cd) shows small differences where CO2 
adsorbed in D and T has interaction energy of 
223.9 kJ/mol and 224.3 kJ/mol, respectively. This 
value is relatively close to the reported value from 
DFT calculations of pristine ZIF-8(Zn) material 
with 220.96 kJ/mol (25.01 kcal/mol) [43] and 
224.6 kJ/mol [44]. 

The CO2 molecule in the optimized structure 
is located approximately at the middle of the ZIF-
8 pore (Figure 6(a,c)). In 1DM configuration, the 
CO2 molecule resides approximately in the middle 
of the pore. Since a Cd2+ ion is missing in 1DM 
structure, the nature of the defect sites is still 
bulky due to the presence of four closest MeIm (see 
the black circle in Figure 6(a)). Therefore, CO2 
molecule might have less interaction with the 
defect sites in 1DM structure. The CO2 molecule 
has the closest distance to MeIm linker at 
approximately 3 Å towards three MeIm around it. 
This results in less charge density difference 
compared to 1TL structure. In 1TL structure, the 
CO2 molecule has the closest distance to the defect 
sites where H2O and OH2 reside. CO2 has a 
distance of 2.347 Å to the H of H2O or OH2, while 
the distance to the MeIm linkers is approximately 
3 Å toward two closest MeIm linkers. The 
orientation of CO2 molecule resulted in charge 
accumulation and depletion around the CO2 and 

neighbouring MeIm linkers. In general, the 
presence of defect sites in mixed-metal ZIF-
8(Zn/Cd) shows small differences in term of 
adsorption energy. This might occur due to the 
metal ion sites of either Cd2+ or Zn2+ are already 
occupied by the capping agent, therefore less open 
metal sites are available for additional binding 
sites of CO2 molecules. 

To confirm the adsorption energy of CO2 in an 
activated structure, the capping agent of H2O and 
OH2 in 1TL structure were removed and replaced 
with a CO2 molecule as shown in Figure 6(e). 
When Cd2+ ions are more exposed to the CO2 
molecule, the adsorption energy of CO2 decreases 
to 255.4 kJ/mol. This value is almost two times 
less than adsorption energy of CO2 when the 
capping agents are still attached to the Cd2+ ions. 
Therefore, the presence of open metal sites in 
defective ZIF-8(Zn/Cd) is greatly reducing the 
adsorption energy compared to both pristine and 
defective ZIF-8(Zn/Cd) with the capping agents. 
The CO2 molecule is located relatively close to 
both Cd2+ ions with a distance of 3.203 and 2.882 
Å. In this configuration, CO2 molecule also 
relatively close to the MeIm linker. This resulted 
in charge accumulation and depletion at the CO2 
and defective sites (Figure 6(f)). 

 

4. Conclusion 

Defects in heterometallic MOF of ZIF-
8(Zn/Cd) have been thoroughly investigated with 
the help of first-principle calculations. The results 
show that defect due to missing MeIm linker has 
relatively lower energy than defect due to missing 
metal ions of either Zn2+ or Cd2+. Furthermore, the 
MeIm linker is relatively easier to be removed 
when this linker is connected to the Cd2+ ion 
rather than to Zn2+ ion. For defect structures due 
to missing metal ions, the relative energy is lower 
when Cd2+ ion is missing from the structure than 
when Zn2+ ion is absence. This behaviour is 
confirmed by the electron density profile where 
the region of Cd2N has less electron density 
distribution than it in Zn2N bond. The presence of 
defect was also examined in term of non-covalent 
interaction and interaction region indicator. 
Missing MeIm and metal ions result in various 
intermolecular interactions such as a weaker van 
der Waals or stronger possible attractive 
interactions. In term of electronic properties, it is 
shown that missing linker or metal ions exhibits 
lower bandgap energy in the range of 3.92 3 4.39 
eV than in pristine ZIF-8 (Zn/Cd). Additionally, 
the presence of defect in ZIF-8(Zn/Cd) was tested 
for its potential used on capturing CO2 molecules. 
The presence of open metal sites in missing linker 
defect provides additional binding sites for CO2 as 
indicated by the low adsorption energy. This study 
provides in-depth understanding on the nature of 
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defect structure in heterometallic MOFs where an 
organic linker has a preferential to be removed 
following the type of metal ions in its adjacent. An 
extra space or binding sites in defective 
heterometallic MOFs may be beneficial for 
application where host-guest system is dominant. 
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