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Abstract 

The defect structures in multicomponent metal-organic frameworks (MOFs), specifically mixed-metal (Zn/Cd)-MOF-5, 

were investigated by examining the removal of a benzenedicarboxylate (bdc2-) linker. The defect formation, induced by 

the reaction with water, was studied, and the reaction energy was calculated to be relatively low, ranging from 0.24 eV 

to 0.60 eV. The removal of a bdc2- linker is energetically favourable when it is initially coordinated to both Zn2+ and 

Cd2+ ions. The electronic properties of defective (Zn/Cd)-MOF-5 were analyzed in terms of bandgap energy and density 

of states profile. The removal of the bdc2- linker slightly reduced the bandgap energy and affected the electronic states 

of both carbon and oxygen atoms. To evaluate the impact of defects, interactions with various gas molecules, including 

H2O, CO2, CO, H2S, and NO2, were studied. The defective (Zn/Cd)-MOF-5 showed a strong preference for H2O 

molecules, while CO2 exhibited the lowest binding preference among the gases studied. 
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1. Introduction  

Metal-organic frameworks (MOFs) belong to 

the extensive family of coordination polymers, 

where interactions between metal clusters or 

metal oxides and organic linkers dictate the 

formation of diverse frameworks [1,2]. The 

intrinsic properties of MOFs are crucial for 

designing nanoporous materials for targeted 

applications. Various synthetic approaches, such 

as incorporating multiple components into a 

pristine MOF or introducing structural defects, 

have been explored [3,4]. Consequently, MOFs 

have been intensively studied for applications 

including gas adsorption, gas separation, 

catalysis, and drug delivery [5–11]. 
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The diversity in MOF synthesis allows for the 

creation of multi-component MOFs, where a 

single MOF structure may incorporate multiple 

types of metal ions or organic linkers [12,13]. This 

approach can provide additional binding sites for 

guest molecules [14]. Several advantages of multi-

component MOFs have been reported, such as 

increased stability and improved electronic 

properties compared to single-component MOFs. 

Specifically, mixed-metal MOFs, which contain 

multiple types of metal ions, offer enhanced 

opportunities to modify electronic properties and 

provide additional active sites for gas adsorption 

and catalysis [15–17]. 

Mixed-metal MOFs have been reported for 

various well-known MOFs, such as: UiO-66, ZIFs, 

and MILs [18–21]. The presence of different metal 

ions can alter the coordination behavior of the 

metal cluster or node due to different electronic 
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configuration [22]. Therefore, the interaction 

between metal ions and organic linkers may vary 

in bond length, potentially distorting the 

structure. Additionally, the oxidation states of 

metal ions affect bonding, leading to either 

saturated or unsaturated metal sites. Therefore, 

incorporating specific metal ions within the MOF 

structure can be tailored for targeted applications, 

where these ions act as active sites while 

maintaining the chemical and physical stability of 

the pristine MOFs. 

To enhance the activity of MOF materials, 

defects are typically introduced during synthesis 

using various competing agents for the original 

ligands or through post-synthetic reactions such 

as etching [23–26]. Various types of defects, 

including missing linkers, missing metals, and 

structural defects like rotational defects, are well-

studied in MOF materials [27,28]. The presence of 

defects provides additional binding sites due to 

possible unsaturated metal coordination in 

missing linker defects or an extra pore dimension 

due to missing metal cluster, which may be 

beneficial for guest molecule interactions [29–33]. 

Defect formation can also occur in 

multicomponent MOFs, especially mixed-metal 

MOFs, by inducing missing linker approaches. In 

this case, defective mixed-metal MOFs may offer 

unsaturated metal sites from different types of 

metal ions present in the mixed-metal structure. 

Designing MOF materials containing defects 

is crucial for applications in gas separation and 

capture, particularly for CO2. The increase in CO2 

levels in the atmosphere due to industrial 

activities is a concern for both human health and 

the environment [34]. Additionally, various 

chemical industries release different gas 

molecules such as CO, H2S, and NO2, especially 

from flue gases. Besides these gases, water vapor 

may also be released from flue gas as part of a 

mixture with other hazardous gases. Therefore, 

the use of defective mixed-metal MOFs is 

essential for gas separation and capture due to the 

presence of unsaturated metal sites from various 

metal ions. 

This first-principles computational study 

investigates the structural and gas adsorption 

properties of defective, mixed-metal (Zn/Cd)-

MOF-5, presenting a novel approach by focusing 

on the synergistic effects of heterometallic nodes 

and missing linker defects. The principal novelty 

lies in providing the first detailed analysis of how 

Zn2+ and Cd2+ ions cooperatively stabilize defects 

and modulate electronic properties, offering a 

comprehensive evaluation of their combined 

impact on flue gas molecule selectivity. The MOF-

5 framework was strategically selected for this 

foundational study over more complex systems 

like UiO-66 or MIL-101 due to its prototypical and 

well-defined paddle-wheel [Zn₄O] cluster, which 

provides a simple, highly symmetric environment 

ideal for isolating the effects of metal substitution. 

The isoelectronic with distinct nature of Zn²⁺ and 

Cd²⁺ (differing in ionic radius and 

electronegativity) allows for an investigation into 

how these fundamental properties influence 

lattice strain, defect formation, and resultant gas 

interaction. Although cadmium is used here as a 

computational model due to its favorable 

comparative properties with zinc, its known 

toxicity limits its practical application. The 

insights gained from this study, however, are 

intended to establish general design principles for 

mixed-metal MOFs that can be applied to more 

environmentally benign metal pairs. By 

employing periodic density functional theory for 

the defect study and cluster models for gas 

interaction energetics, this work establishes a 

foundational understanding for the targeted 

design of multicomponent defective MOFs for gas 

separation applications. 

 

2. Computational Methods 

The initial structure of MOF-5 was derived 

from experimental X-ray diffraction data, with 

lattice parameters of a = b = c = 25.6690 Å [35]. 

The primitive cubic structure was used for the 

calculation. Due to the large number of atoms in a 

unit cell, all calculations were performed on a 

single unit cell of MOF-5. The initial structure 

was first geometry-optimized to obtain the 

equilibrium structure of (Zn)-MOF-5 (Figure 1a). 

From this optimized structure, the mixed-metal 

(Zn/Cd)-MOF-5 structures, labelled as 1MM and 

2MM, were developed, as shown in Figures 1b and 

1c, respectively. 

Defect structures were generated from the 

optimized mixed-metal Zn/Cd-MOF-5 structure to 

model defects caused by missing organic linkers. 

Nine possible configurations of defective Zn/Cd-

MOF-5 were modelled based on the 1MM and 

2MM structures. From the optimized mixed-metal 

(Zn/Cd)-MOF-5 (1MM) (Figure 1b), four missing 

linker structures were annotated as structures A, 

B, C, and D. Additionally, using the optimized 

structure in Figure 1c (2MM), five different 

missing linkers were modelled, annotated as 

structures E, F, G, H, and I. The differences 

between these missing linker structures arise 

from the arrangement of capping agents, which 

include hydroxide (OH-) and water molecules 

(H2O). 

DFT calculations were performed with the 

Quickstep module implemented in the CP2K code 

[36]. All structures were optimized by relaxing 

both the atomic coordinates and the unit cell size 

while the angle between unit cell axes 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. The basis set of TZVP-
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MOLOPT was used for C, 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 1×10-6 Hartree. The 

optimization was completed when the maximum 

force is less than 4.5×10-4 Ha.Bohr-1. All the DFT 

calculations were conducted by considering the 

spin contribution affect. 

Single point energy calculation was 

performed to obtain the reaction energy of defect 

formation as well as the electronic properties. The 

reaction energy (Ereaction) for missing bdc2- linker 

was calculated according to the equation (1). 

 

Ereaction = (Edefect + Eligand) - (EMOF + Ewater)  (1) 

 

Edefect is the defective energy of Zn/Cd-MOF-5 due 

to missing bdc2- ligand, Eligand is energy of H2bdc 

Figure 1. The optimised structure of MOF-5 (a), and mixed-metal (Zn/Cd)-MOF-5 of 1MM (b) and 2MM 

(c). The unit cell parameter (d) and volume (e) of defective (Zn/Cd)-MOF-5 are also shown. The illustration 

of reaction between mixed-metal (Zn/Cd)-MOF-5 and water to give missing linker defect is shown in 

image (f). Zn, Cd, C, O and H are coloured with green, blue, black, red and pink colour, respectively. 
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expansion is expected due to the slightly larger 

ionic radius of Cd2+ compared to Zn2+, resulting in 

a slight unit cell expansion in the mixed-metal 

MOF-5.  

The reaction energy is calculated based on the 

difference between the electronic energy of the 

product which is the defective MOF-5 and the 

reactant which is the pristine mixed-metal 

(Zn/Cd)-MOF-5 as illustrated in Figure 1f. The 

optimised structure of mixed-metal MOF-5 was 

used to develop defective mixed-metal MOF-5 due 

to missing linkers. The defect structure of missing 

linker (Zn/Cd)-MOF-5 was generated due to the 

interaction with water molecules. Therefore, at 

the defect sites, the capping agent is derived from 

both water molecule and hydroxide to compensate 

the overall neutral charge of the defective (Zn/Cd)-

MOF-5. In this case, the position of capping H2O 

molecule and hydroxide (OH-) is alternated to give 

9 possible structures of A, B, C, D, E, F, G, H and 

I. The defective (Zn/Cd)-MOF-5 indicates diverse 

unit cell dimension relative to the pristine MOF-5 

as shown in Figure 1d. The structure of A, B, C 

and D provide similar behaviour where a- and c- 

lattice direction show relatively similar value. 

However, the b-lattice dimension has lower unit 

cell dimension due to the location of defect in line 

with the b-lattice direction. The same observation 

also occurs for the E, F, G, H and I structure where 

the b-lattice dimension diverges in comparison 

with the a-, and c-lattice dimension. 

The reaction energy has been calculated to 

range between 0.24 eV and 0.60 eV, suggesting 

that the formation of missing linker defects is 

relatively easy in the presence of water (Figure 2). 

In Figures 2a-d, the defect structures are based on 

the 1MM structure, with alternating positions of 

H2O and OH-. The reaction energy range is 

relatively narrow, between 0.24 and 0.33 eV, 

indicating that the capping agents H2O and OH- 

can attach to either Cd2+ or Zn2+. However, the 

distance between the oxygen atoms of H2O or OH- 

and the metal ions differs. The average distance 

to Zn2+ is 1.987 Å, while the average distance to 

Cd2+ is 2.183 Å across all nine structures shown in 

Figure 2. 

The missing linker defect structures E, F, G, 

H, and I are derived from the 2MM structure. 

However, structures H and I have a different 

configuration where the bdc2- linker is initially 

attached to all Cd2+ ions. The reaction energies for 

structures E, F, and G are very similar, ranging 

between 0.35 and 0.36 eV. The location of capping 

agents does not significantly affect the structural 

stability. Slight differences in reaction energy are 

observed for structures H and I, with values of 

0.58 and 0.60 eV, respectively. This difference is 

due to the initial attachment of the bdc2- linker to 

Cd2+ ions. This observation suggests that the 

initial attachment of the bdc2- ligand plays a 

ligand, EMOF is the energy of pristine (Zn/Cd)-

MOF-5, and Ewater is energy of water molecule. 

The missing linker defect is assumed due to the 

reaction between mixed-metal (Zn/Cd)-MOF-5 

and water molecules as illustrated in Figure 1f. 

The interaction between defective (Zn/Cd)-

MOF-5 and gas molecules was conducted by using 

a cluster model of defective (Zn/Cd)-MOF-5. Two 

cluster models were chosen by showing 

unsaturated metal sites of Zn2+ and Cd2+ after 

removing a bdc2- linker. The binding energy (E) 

was calculated with equation (2). 

 

E = E(MOF+gas) – E(MOF) – E(gas)   (2) 

 

where the E(MOF+gas) is the electronic energy of the 

host-guest structure, while E(MOF) and E(gas) are 

the electronic energy of the defective (Zn/Cd)-

MOF-5 and the gas molecule, respectively. The 

binding energy was calculated by considering the 

basis set superposition error using the 

Counterpoise method. The DFT calculation of the 

cluster model was performed with ORCA5.0 

software utilising the B3LYP method, basis set of 

def2-TZVP for all atoms and VERYTIGHTSCF 

criteria [37]. Dispersion correction with Becke-

Johnson damping (D3BJ) was utilised during all 

calculations. 

 

3. Results and Discussion 

3.1  Structure of Pristine and Mixed-metal MOF-

5 

The structure of MOF-5 was calculated using 

the periodic DFT method, yielding unit cell 

parameters of a = b = c = 26.1193 Å and a unit cell 

volume of 17819.154 Å3. These values are 

reasonably close to the experimental unit cell 

dimensions of a = b = c = 25.6690 Å [35]. All DFT 

calculations adhered strictly to convergence 

criteria, ensuring the maximum force on each 

atom was below 4.5×10-4 Ha.Bohr-1. The bandgap 

energy of pristine MOF-5 was calculated to be 3.63 

eV, which aligns well with the reported values of 

3.4 - 4.0 eV [38]. 

The structure of mixed-metal Zn/Cd-MOF-5 

was derived from pristine MOF-5, as shown in 

Figure 1. This mixed-metal structure was 

developed by positioning Zn2+ and Cd2+ ions in a 

1:1 ratio, resulting in 16 Zn2+ ions and 16 Cd2+ 

ions, creating a variety of missing linkers for the 

defect structure. The mixed-metal Zn/Cd-MOF-5 

(1MM) in Figure 1b exhibits unit cell parameters 

of a = 26.6803 Å, b = 26.8478 Å, and c = 26.6802 

Å, which are on average 2.35% larger than those 

of pristine MOF-5. A similar increase was 

observed in the second mixed-metal configuration 

of 2MM (Figure 1c), with unit cell dimensions of a 

= 26.7637 Å, b = 26.6678 Å, and c = 26.7658 Å, 

averaging 2.34% larger than pristine MOF-5. This 
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crucial role in the formation of missing linker 

defects. The bdc2- linker is more easily removed 

when it initially bonds to both Cd2+ and Zn2+. 

However, when the bdc2- linker bonds only to Cd2+ 

ions, the reaction energy is higher, making it more 

difficult to remove the linker from the MOF 

structure. 

The calculated reaction energies for the 

formation of a missing linker defect in (Zn/Cd)-

MOF-5 range from 0.24 eV to 0.60 eV (23.1 to 57.9 

kJ/mol). While direct experimental measurements 

of these energies are challenging, our computed 

values can be contextualized with defect studies 

in other MOF systems. For instance, in a mixed-

metal Zn/Cd-ZIF-8 framework, the energy cost 

associated with the removal of a metal ion was 

found to be lower for Cd²⁺ than for Zn²⁺, indicating 

weaker Cd–N bonding compared to Zn–N [39]. 

This provides a valuable parallel to this work; 

although this study focuses on linker removal 

rather than metal removal, the inherent 

difference in metal-linker bond strength (Zn–O vs. 

Cd–O) is a consistent factor influencing defect 

stability in mixed-metal systems. In our case, the 

higher reaction energies for structures H and I 

(0.58 and 0.60 eV), where the removed linker was 

initially bound exclusively to Cd²⁺ ions, suggest 

that disrupting the Cd–O bond in this specific 

coordination environment requires more energy, 

highlighting the complex interplay between local 

metal coordination and defect thermodynamics. 

The presence of capping agents acts as 

charge-balancing species for the entire structure. 

According to the reaction energy, the location of 

either H2O or OH- may attach to Cd2+ or Zn2+ ions 

without significantly affecting the reaction 

energy. Since H2O and OH- are in close proximity, 

there is bond elongation of the O–H bond in the 

H2O capping agent. In Figure 3, the location of the 

water molecule is highlighted with black circles. 

The hydrogen atom of the H2O molecule, which is 

close to the OH- capping, is slightly distorted from 

the H2O molecule. The O–H distance is calculated 

to be 1.140 Å for structure A, for example. This O–

H bond distance is slightly longer than the O–H 

bond distance in a water molecule, which is about 

0.971 Å for structure A. The elongation of the O–

H bond in the H2O capping is due to possible 

intermolecular interaction with the OH- capping 

agent, potentially forming hydrogen bonds. 

Therefore, there is a possibility of deprotonation 

of the H2O molecule as the capping agent. 

The critical role of capping agents in 

stabilizing defects is universally observed. A study 

on defective MOF-801 demonstrated that the 

defect formation energy is highly sensitive to the 

nature of the capping species, with energies 

ranging from highly unfavourable (+256.2 kJ/mol 

for OH⁻ capping) to thermodynamically 

spontaneous (-91.3 kJ/mol for Cl⁻ + H₂O capping) 

[40]. Our models, which employ a combination of 

H₂O and OH⁻ as capping agents, yield defect 

energies in a moderate, accessible range (23.1–

57.9 kJ/mol or 0.24 – 0.60 eV). This aligns with the 

MOF-801 results, confirming that the specific 

charge-balancing species present during defect 

formation (in this case, derived from aqueous 

conditions) are crucial for determining the 

thermodynamic feasibility of defect incorporation. 

Figure 2. The optimised structures and reaction 

energy of missing linker defect (Zn/Cd)-MOF-5. 
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MOFs Bandgap energy (eV) 

1MM 3.61 

2MM 3.59 

A 3.57 

B 3.56 

C 3.57 

D 3.55 

E 3.55 

F 3.58 

G 3.58 

H 3.55 

I 3.55 

 3.2  Electronic Properties of Defective Mixed-

Metal MOF-5 

The electronic band structure of MOFs is a 

critical determinant of their functionality in 

applications such as photocatalysis and chemical 

sensing. Pristine MOF-5 is a wide bandgap 

semiconductor of 3.63 eV from our calculation 

which is aligning with reported values of 3.4 - 4.0 

eV [38], which restricts its photoactivity to the UV 

region of the electromagnetic spectrum and limits 

its practical use under solar illumination. In this 

study, the introduction of a second metal (Cd) into 

the MOF-5 framework resulted in only a minimal 

reduction of the bandgap, with the mixed-metal 

1MM and 2MM structures exhibiting bandgaps of 

3.61 eV and 3.59 eV, respectively. While this 

change is small, it signifies a crucial electronic 

perturbation at the metal-oxide node due to the 

different electronegativity and orbital energy of 

Cd²⁺ compared to Zn²⁺. This confirms that 

heterometallic incorporation can fine-tune the 

electronic landscape of the MOF, even within an 

isostructural framework. 

A more pronounced and consistent trend is 

observed upon the introduction of missing linker 

defects. As listed in Table 1, all nine defective 

structures exhibit a further reduction in bandgap, 

ranging from 3.55 eV to 3.58 eV. Although these 

reductions may appear modest (a narrowing of ~ 

0.03-0.06 eV from the mixed-metal parent 

structures), their significance is also pronounced 

in photocatalysis and chemical sensing. For 

photocatalytic applications, even a small 

reduction in bandgap energy can have a 

substantial impact on efficiency. A shift from 3.61 

eV to 3.55 eV corresponds to a change in the 

absorption edge from ~343 nm to ~349 nm. More 

importantly than this slight redshift, the defect 

states may significantly improve the separation 

and lifetime of photogenerated electron-hole 

pairs. 

The electronic states of missing linker defects 

provide valuable information regarding bandgap 

energy, hybridization, and the contribution from 

each atomic orbital in the structure. As shown in 

Figure 3, the partial density of states (DOS) for 

hydrogen, which is dominated by the s orbital, has 

a small contribution to the overall electronic 

states compared to other atoms. The electronic 

state density of hydrogen indicates interaction 

with carbon, as evidenced by the similar patterns 

or possible overlapping states, which is expected 

for the covalent C–H bond in the bdc2- linker. The 

most dominant contributions to the electronic 

structure come from carbon and oxygen in the 

bdc2- linker at the edges of the valence and 

conduction bands. At the edge of the valence band, 

the electronic states of oxygen are much broader 

than those of carbon, as the oxygen atom is 

connected to the metal ions (Cd2+ or Zn2+) as well 

as being part of the bdc2- linker. 

The contribution of metal ions, either Cd2+ or 

Zn2+, is mostly below the edge of the valence band. 

The electronic states of Cd2+ and Zn2+ are 

particularly high at lower energies, specifically 

below -4 eV. This behaviour corresponds to the 

electronic states of oxygen at energies less than -4 

eV, indicating possible hybridization due to the 

interaction between metal ions and the oxygen of 

bdc2- ligand (Cd2+–O and Zn2+–O). At the edge of 

the valence band, the contribution of metal ions to 

the decrease in bandgap energy is minimal, as 

there is no significant difference in the electronic 

states. The decrease in bandgap energy due to the 

missing linker can be explained by the slight 

differences in the electronic states of carbon at the 

edge of the valence band. In the 1MM and 2MM 

structures, the electronic states of carbon at the 

valence band are slightly higher in energy 

compared to the electronic states of carbon in the 

missing linker defects. This is expected since the 

absence of the bdc2- linker affects the electronic 

states of primarily carbon and oxygen atoms. 

 

3.3  Interaction of Defective Mixed-Metal MOFs 

with Gas Molecule 

To investigate the interaction between 

defective mixed-metal (Zn/Cd)-MOF-5 and gas 

molecules, we utilized a cluster model derived 

from the optimized structures of mixed-metal 

MOF-5, specifically the 1MM and 2MM 

configurations (see Figure 1). The capping agents 

OH- and H2O were removed to simulate the 

activated form of defective (Zn/Cd)-MOF-5, 

exposing unsaturated Zn2+ and Cd2+ ions as active 

sites. The interactions between defective (Zn/Cd)-

MOF-5 (1MM) and various gas molecules were 

examined, as depicted in Figure 4. Initially, the 

gas molecules were positioned centrally between 

the Zn2+ and Cd2+ active sites. Calculations 

revealed that the interaction between the 

Table 1. The bandgap energy of pristine mixed-

metal(Zn2/Cd)-MOF-5 and missing linker defect 

in (ZnCd)-MOF-5. 
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defective 1MM structure and H₂O was the most 

favorable, with the lowest interaction energy of -

24.25 kcal/mol. The water molecule preferentially 

interacted with the Zn2+ ion at a distance of 2.229 

Å, slightly shorter than the 2.840 Å distance to the 

Cd2+ ion. 

The second lowest interaction energy was 

observed for the H₂S molecule, with an energy of -

21.49 kcal/mol. The H₂S molecule is positioned 

near the Cd2+ sites at a distance of 2.673 Å, which 

is longer than the distances between H₂O and Zn2+ 

or Cd2+ ions. Following H₂S, CO interacts with the 

1MM structure, showing a preferred interaction 

energy of -11.81 kcal/mol, where the C atom 

interacts closely with the Zn2+ ion at a distance of 

2.247 Å. In the case of CO, the carbon atom is 

closer to the Zn2+ ion than the oxygen atom. This 

can be attributed to the smaller ionic radius of 

Zn2+ compared to Cd2+, resulting in a greater 

electron attraction to the partially positive C atom 

of the CO molecule. The next lowest interaction 

energy is observed for the NO₂ molecule at -9.91 

kcal/mol, followed by CO₂ at -7.68 kcal/mol. The 

trend in interaction energies indicates that 

favorable interactions generally occur with polar 

molecules such as H₂O, H₂S, CO, and NO₂.  
The interactions of various gas molecules 

with the defective 2MM structure were also 

investigated, as shown in Figure 5. Similar to the 

1MM structure, the lowest interaction energy was 

Figure 3. The total DOS (a) as well as partial DOS for each atom (b-f) for non-defective and defective 

(Zn/Cd)-MOF-5. 
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observed for the H₂O molecule, with an energy of 

-24.80 kcal/mol, which is 0.55 kcal/mol lower than 

the interaction with the 1MM structure. However, 

the distances between H₂O and the two Cd²⁺ ions 

are 2.614 Å and 2.626 Å, respectively, which are 

longer than the distances in the 1MM structure 

(2.229 Å for Zn²⁺ and 2.840 Å for Cd²⁺). The next 

lowest interaction energy was for H₂S, with an 

energy of -23.55 kcal/mol, which is 2.06 kcal/mol 

more stable than in the 1MM structure. The 

distance between S and Zn²⁺ is slightly shorter at 

2.663 Å compared to 2.673 Å in the 1MM 

structure. The interaction energies of NO₂ and CO 

in the 2MM structure are in the opposite order 

compared to the 1MM structure. In the 2MM 

structure, NO₂ has a more stable interaction 

energy of -12.00 kcal/mol, compared to -10.82 

kcal/mol for CO. The stability of NO₂ may be due 

to the relatively symmetrical distances to both 

Cd2+ ions (2.698 Å and 2.697 Å). In the 1MM 

structure, the distances between NO₂ and the 

Cd2+ and Zn2+ ions are 2.684 Å and 2.439 Å, 

respectively. The interaction energy of CO₂ is the 

highest among the tested gases in the 2MM 

structure, with an energy of -10.42 kcal/mol. 

Comparing the interactions of CO₂ between the 

1MM and 2MM structures, the CO₂ molecule is 

approximately equidistant from both unsaturated 

Zn2+ and Cd2+ ions in the 2MM structure, with 

distances of 2.712 Å and 2.713 Å, respectively. 

This equal distance suggests a possible uniform 

electron density in both regions. 

The calculated interaction energies for CO₂ in 

our defective mixed-metal MOF-5 systems range 

from -7.68 to -10.42 kcal/mol. To contextualize 

these values, we compare them with literature 

data for CO₂ adsorption in various MOFs. Our 

results align well with the characteristic range for 

physisorption in MOFs without highly charged, 

strong Lewis acid metal sites. For instance, the 

values for other typical MOFs like MOF-808 and 

Y-CU-10 fall between -0.76 and -1.23 eV 

(approximately -17.5 to -28.4 kcal/mol) [41]. 

Notably, our calculated energies are less 

negative than those reported for MOFs with 

highly unsaturated, strong Lewis acid metal sites, 

such as Mg-MOF-74, where values can reach -49.9 

kJ/mol (approximately -11.93 kcal/mol) [42] or -

Figure 4. The optimised structures of defective mixed-metal MOF-5 (1MM) in the presence of H2O (a), 

H2S (b), CO (c), NO2 (d), and CO2 (e). Zn, Cd, C, O and H are assigned as cyan, green, black, red and pink, 

respectively. 
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0.98 eV (approximately -22.6 kcal/mol) [43], which 

is indicative of stronger chemisorption. This 

comparison underscores a key characteristic of 

this system where the defective (Zn/Cd)-MOF-5 

provides moderate-affinity binding sites suitable 

for reversible CO₂ capture. The weaker binding, 

compared to specialized frameworks like MOF-74, 

is often advantageous for adsorbent regenerability 

and energy-efficient cycling, as it requires less 

energy for CO₂ release. Therefore, the interaction 

strength observed in these models positions 

defective mixed-metal MOF-5 as a promising 

candidate for applications where a balance 

between adsorption capacity and low regeneration 

cost is important. 

The interaction between polar gas molecules 

(H₂S, NO₂, H₂O, CO) and defective MOF-5 

exhibits more negative adsorption energies 

compared to non-polar molecules such as CO₂. 
This suggests that prolonged exposure of MOF-5 

to polar gases could lead to structural instability 

in the framework. Previous studies have reported 

that polar gas molecules induce structural 

collapse in various MOFs due to their stronger 

interactions with the inorganic nodes, which 

disrupt the coordination bonds critical to the 

framework integrity [44–46]. In contrast, CO₂ 
demonstrates the least negative binding energy 

among the tested gases, indicative of weaker 

intermolecular interactions with the MOF-5 

framework. This weaker interaction may reduce 

framework degradation and enhance 

recyclability, making CO₂ a more viable candidate 

for gas capture applications in defective MOF-5 

systems. 

Among the studied gas molecules, H₂O 

exhibits the most favorable interaction energy 

with both 1MM and 2MM structures. The 

exceptionally strong adsorption of water 

molecules (-24.25 to -24.80 kcal/mol) on the 

defective mixed-metal MOF-5 has profound 

implications for its stability and practical 

application, particularly in humid environments. 

This strong interaction energy, which is 

Figure 5. The optimised structures of defective mixed-metal (Zn/Cd)-MOF-5 (2MM) in the presence of H2O 

(a), H2S (b), NO2 (c), CO (d), and CO2 (e). Zn, Cd, C, O and H are assigned as cyan, green, black, red and 

pink, respectively. 
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characteristic of a robust chemisorption process, 

suggests that water is not merely physisorbed but 

forms a strong coordinative bond with the 

unsaturated metal sites created by the missing 

linker defects. This finding raises a concern 

regarding the hydrostability of the framework. It 

is well-established that pristine Zn-MOF-5 is 

susceptible to structural degradation in the 

presence of water, a process often initiated by the 

displacement of the organic linker (bdc²⁻) by H₂O 

molecules, which attack the Zn-O clusters [47–49]. 

Our results indicate that the introduction of 

defects exacerbates this vulnerability. The 

unsaturated Zn²⁺ and Cd²⁺ sites in the defective 

structures act as primary targets for water 

molecules, providing a low-energy pathway for 

water to infiltrate and attack the inorganic node.  

To evaluate this phenomenon, we conducted a 

visual study of weak interactions between H₂O 

and the 1MM or 2MM structures, as shown in 

Figures 6a and 6b. We used the independent 

gradient model based on the Hirshfeld method 

(IGMH) to differentiate between possible weak 

and strong interactions [50]. In Figure 6, the blue 

Figure 6. The interaction of H2O with 2MM(a) and 1MM (b) as well as CO2 with 2MM (c) and 1MM (d). 

The isosurface map in different orientation is shown together with the IGMH plot. 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4), 2025, 746 

Copyright © 2025, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

region where sign(λ₂)ρ < 0.02 au indicates possible 

strong interactions between the components 

under study. The green region, with -0.02 < 

sign(λ₂)ρ < 0.02, indicates possible weak 

interactions, such as van der Waals attractions. 

In Figure 6a, the interaction of H₂O with the 

2MM structure results in an interaction energy of 

-24.80 kcal/mol, with a combination of strong and 

weak interactions as shown in the isosurface map. 

The green isosurface dominates, indicating van 

der Waals interactions. However, a closer look at 

the isosurface maps and the IGMH plot reveals 

possible strong attractions, indicated by the blue 

region. This strong interaction is likely due to the 

interaction between the oxygen of the H₂O 

molecule and the Cd²⁺ ions. Since the distances 

between H₂O and the two Cd²⁺ ions are relatively 

similar, the distribution of the strong attraction 

region is also similar. 

In contrast, Figure 6b shows a different 

behavior for H₂O in the 1MM structure, where the 

strong attraction region is larger when the oxygen 

atom of H₂O interacts with the Zn²⁺ ion. This 

strong attraction explains the shorter distance of 

H₂O to Zn2+ (2.229 Å) compared to Cd2+ (2.840 Å). 

The presence of strong attractions in both the 

1MM and 2MM structures may explain why the 

water molecule has a greater tendency to interact 

with defective (Zn/Cd)-MOF-5. 

The interaction modes between CO₂ and both 

the 2MM and 1MM structures are shown in 

Figures 6c and 6d, respectively. CO₂ exhibits the 

highest (least negative) interaction energy among 

the small molecules studied. As shown in the 

isosurface map, weak interactions, likely van der 

Waals interactions, dominate, as indicated by the 

-0.02 < sign(λ₂)ρ < 0.02 range in the IGMH plot. 

This may explain why CO₂ has a lower preference 

for interaction compared to H₂O, H₂S, NO₂, and 

CO. Additionally, the non-polar nature of CO₂ is 

more apparent compared to the other gas 

molecules in this study. However, CO₂ interacting 

with the 1MM structure (Figure 6d) shows an 

indication of strong attraction with a small blue 

region, due to the close interaction between the 

oxygen of CO₂ and the Zn2+ ion at 2.439 Å. 

The single-molecule adsorption energies 

reported here provide fundamental insight into 

the intrinsic affinity of the defective sites for 

various gases. Building on these results, future 

work may involve Grand Canonical Monte Carlo 

(GCMC) simulations to predict multicomponent 

adsorption isotherms and selectivity, such as for 

CO₂/H₂O mixtures, which is essential for 

evaluating the practical potential of these 

defective mixed-metal MOFs in industrial gas 

separation processes. The computational insights 

presented here also provide a strong foundation 

for subsequent experimental validation. Future 

work may focus on the synthesis of these mixed-

metal and defective MOF-5 variants, guided by 

the structural parameters and stability trends 

predicted in this study.  

 

4. Conclusion 

The formation of missing linker defects in 

(Zn/Cd)-MOF-5 has been thoroughly investigated 

in terms of structural characteristics, electronic 

properties, and interactions with various small 

gas molecules. The absence of one bdc²⁻ linker 

slightly affects the unit cell dimensions, 

particularly in the direction of the bdc²⁻ removal 

along the b-lattice. The electronic properties of the 

missing linker defect were assessed based on 

bandgap energy and DOS profiles. The bandgap 

energy slightly decreases when a bdc²⁻ linker is 

removed from (Zn/Cd)-MOF-5, as indicated by 

minor differences in the electronic states of C and 

O at the edges of both the valence and conduction 

bands. The reaction energy of the missing linker 

defect is positive, indicating it is relatively 

unfavorable, with values ranging from 0.24 to 0.60 

eV. The preferred location for bdc²⁻ linker removal 

is generally where Zn²⁺ and Cd²⁺ ions are initially 

attached. However, the reaction energy is 

relatively high when the bdc²⁻ linker is initially 

attached to both Cd²⁺ ions. The potential 

application of defective (Zn/Cd)-MOF-5 for gas 

adsorption was studied for various gas molecules, 

including CO₂, H₂S, H₂O, CO, and NO₂. In 

general, the interactions are favorable, with 

negative binding energies for all gas molecules, 

and H₂O showing the most negative value. The 

interaction energy of CO₂ is the least negative 

compared to other gas molecules, indicating a 

possible pathway for gas separation. The 

preferred interaction modes were studied using 

the independent gradient model based on 

Hirshfeld partitioning, indicating possible strong 

or weak interactions between gas molecules and 

defect structures. Favorable gas molecule 

interactions are indicated by the presence of 

strong attractions combined with weak 

interactions, such as van der Waals forces. This 

study provides an in-depth analysis of the 

structure, electronic properties, and gas 

adsorption applications in the development of 

defective mixed-metal MOFs. 
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