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A B S T R A C T

Mg-MOF-74 is a highly efficient adsorbent for CO2. We use molecular simulations to study the effects of disorder 
in Mg-MOF-74 on the selective adsorption, structure, and dynamics of a CO2-CH4 mixture. Positional disorder is 
introduced in the adsorbent by separating individual Mg-MOF-74 crystallites via inserting intercrystalline space 
between them. Rotating a crystallite with respect to others by different extents provides the orientational dis
order (OD). Disorder is observed to enhance the adsorption selectivity of CO2 over CH4. The additional 
adsorption sites available by exposing crystallite surfaces may provide added selectivity for CO2. Disorder is 
found to affect both the translational as well as rotational motion of CO2 in Mg-MOF-74. This behavior follows a 
systematic pattern dictated by the interplay of the pore geometry of Mg-MOF-74 and Mg2+ − CO2 interactions. 
Our results provide a guide on how to tailor Mg-MOF-74 adsorption behavior with desired properties by pur
poseful introduction of disorder.

1. Introduction

Gas mixture separation is one of the most ubiquitous processes 
relevant for environmental protection, energy production and for 
several industrial applications [1,2]. The removal and separation of 
several hazardous gases such as CO2, N2O, H2S, CH4, NH3 etc., is of 
significant relevance for efficient energy production and environmental 
safety [2–14]. Of particular importance is the separation of CO2 and CH4 
gas mixtures, present in natural and biogases [15,16]. Both CO2 and CH4 
are the unsought components in the environment, therefore their 
removal from natural and biogas is crucial [15–21]. The presence of CO2 
in a humid environment leads to a formation of acidic solution which 
may in turn cause corrosion of pipes and plugging problems in industry 
[22]. Furthermore, separation of CO2 from CH4 also favors overall in
crease in calorific energy of CH4, with more energetically dense product 
[23]. There is a considerable demand for natural gas, light hydrocarbons 
relevant for heat production, or fuel cells. Further, there may come a 
time when we need to separate CO2 and CH4 from Direct Air Capture as 
CH4 levels also continue to rise from varied anthropogenic sources.

There are several separation methods reported in literature. 
D’Alessandro et al. reported a comprehensive study summarizing 
various technologies for CO2 capture [24]. Among these the most 

common separation technique used in large scale industries is aqueous 
amine scrubbing. This method is inefficient in both energetic and eco
nomic terms and has potential harmful ramifications [25,26]. Therefore, 
development of alternative energy efficient separation methods is 
essential. In this context, adsorption-based techniques have become 
highly desirable, particularly in industrial facilities where energy usage 
and operating costs need to be kept to a minimum [1,27]. With tech
nological growth in recent years, more efficient and environmentally 
benign methods of CO2 adsorption using solid adsorbents have been 
developed. The most common potential solid adsorbents investigated for 
decades include silicalites [28–33], zeolites [34–40], and more recently, 
carbon-based materials [41–45] or metal-organic frameworks (MOFs) 
[46–59]. For zeolites and activated carbon regeneration, cost is a 
limiting factor. Commercially available polymeric membranes also have 
a drawback due to low selectivity and permeability, with low thermal 
and chemical stability [60].

A newer class of crystalline nanomaterials known as MOFs have 
become the focus of much interest in recent years [61–63]. MOFs 
comprise metal nodes connected via organic ligands [64]. MOFs are 
structurally very diverse and extremely tunable. Their structure can be 
easily modified by altering the building blocks. This leads to a highly 
diverse, customized variety of topology and pore structures. 
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Furthermore, MOFs have a large surface area and pore volumes, making 
them a great candidate for wide applications, including gas separation 
[65–74]. This also implies that using the combination of its organic 
linkers and metal ions MOF properties can be tuned for the relevant 
application.

Mg-MOF-74 exhibits high selectivity of adsorption for CO2 contain
ing gas mixtures, with wide combinations, such as CO2/H2O/N2, CO2/ 
H2O, CH4/CO2 and also for other gas mixtures like CH4/N2, CH4/NH3, 
CH4/H2S, etc. [75–77]. According to the DFT study reported by Park 
et al. the ratio of coordinated unsaturated metal sites (CUS) to open 
metal sites (OMS) in MOFs leads to high affinity and capacity of CO2 
owing to its strong interaction with OMS [78]. The strong electrical field 
arises from the electronic density of the Mg2+ ions. This leads to a for
mation of strong coordination bond between the CO2 electrons and 
empty orbitals of Mg ions. Further, Mg-MOF-74 also exhibits significant 
potential for thermal and moisture stability [79 – 83]. This is primarily 
due to its robust metal-ligand coordination and crystalline framework. 
Studies have shown that while exposure to water can induce dissociation 
reactions at the metal centers, leading to structural degradation, these 
effects can be mitigated by modifying the framework or employing 
stabilizing techniques. For example, enhancing hydrothermal stability 
has allowed the material to maintain its CO₂ adsorption capacity even 
after multiple cycles of adsorption and desorption, highlighting its 
resilience under operational conditions. While single component mem
branes have been used for biogas separations, mixed matrix membranes 
comprising of particles dispersed in organic polymer matrix have been 
found to provide better performance [84]. In some cases, metal-organic 
framework can provide the dispersed phase. For example, incorporating 
MOF-5 in a MMM showed a marked increase in selectivity for CH4 [85]. 
Incorporating a MOF into an MMM can lead to disorder and hence it is 
important to study the effects of disorder in a MOF adsorbent on the 
adsorption and selectivity of gas mixtures.

For decades, molecular simulations have been performed on ideal 
crystals and only fewer studies have addressed the influence of struc
tural disorder/defects. According to the study reported by Thornton 
et al. on UiO-66 MOF system, the presence of defects at high pressure 
favors CO2 adsorption/uptake, but at the expense of mechanical 
strength [86]. Sarkisov et al. explored the role of defects in IRMOF-1 for 
Ar adsorption [87]. No significant impact on the adsorption isotherms 
was observed for up to 20 % missing linkers. Additionally, a review by 
Basdogan et al. highlighted the need of simulation studies in con
straining the role of defects [88]. Recently, Vellamarthodika and Gau
tam performed grand canonical Monte Carlo (GCMC) simulations to 
study the importance of intercrystalline spacing and orientational dis
order (OD) in ZSM-22 adsorbate for SO2 absorption [89]. An enhance
ment in adsorption capacity with intercrystalline spacing and OD was 
observed. In our previously reported molecular dynamics (MD) study, 
we explored the role of intercrystalline spacing combined with corre
lation between structure and dynamics of pure CO2 confined in Mg- 
MOF-74 system [90]. With the introduction of intercrystalline spacing 
strong adsorption sites are observed around the pore periphery, in 
addition to the weakly adsorbing sites at the pore center of Mg-MOF-74. 
This behavior is correlated with the strong electrostatic interaction be
tween CO2 electrons and OMS, as reported by Park et al. [78]. Due to the 
presence of these electrostatic interactions between Mg2+ ions of Mg- 
MOF-74 and CO2, in the gas mixture of CO2 and CH4, greater selec
tivity for CO2 in the presence of an apolar molecule like CH4 is expected. 
In the earlier study, we observed that presence of intercrystalline space 
adds new adsorption sites at the surfaces of crystallites, where electro
static interactions are dominant [90]. The intercrystalline space added 
induces a hierarchical porosity that is beneficial for adsorption. In the 
current work, we explore the influence of intercrystalline spacing/gap 
(IG) and the systematic variation of induced orientational disorder (OD) 
in Mg-MOF-74 on the gas mixture of CO2 and CH4. Our objectives are to 
1.) investigate if the disorder introduced in the system – both positional 
as well as orientational – can enhance the adsorption selectivity of Mg- 

MOF-74 for a CO2 – CH4 mixture; 2.) investigate the role of OD on the 
structural distribution and dynamical properties of the CO2 and CH4 
molecules in the mixed gas system; and 3.) investigate how the presence 
of CO2 affects the behavior of CH4 molecules in Mg-MOF-74 system and 
vice versa. The introduction of disorder in Mg-MOF-74 is found to 
enhance the adsorption selectivity of CO2 from a CO2 – CH4 mixture and 
affect the behavior of both the fluids. These results have important im
plications for the separation industry. To the best of our knowledge, such 
a systematic study exploring the role of OD combined with intercrys
talline spacing has not been reported.

We provide all details about the simulations including building of 
models, force-fields and the simulation packages used in section 2. In 
section 3 we report the main results on adsorption, structure, and dy
namics of CO2-CH4 mixture in Mg-MOF-74. Trends observed in these 
results are explained and discussed in the light of literature in section 4. 
Finally, we summarize the main findings in section 5.

2. Simulation Details

2.1. Models

To model Mg-MOF-74 structure, we used the coordinates optimized 
by Yazaydin et al. [91]. A .cif file of this structure is available on internet 
[92]. Mg-MOF-74 has a trigonal structure with cell parameters a =
2.6136 nm; b = 2.6136 nm; c = 0.6942 nm; α = β = 90◦ and γ = 120◦. 
The unit cell vector c was aligned with the Cartesian direction Z while 
the a-b plane was coincident with the Cartesian X-Y plane. A unit cell 
was replicated initially (3 × 3) × 2 times in the Cartesian plane X-Y and 
direction Z, respectively. This resulted in a strip-like cell with small 
width along Z – direction. In what follows, this strip-like cell is referred 
to as a crystallite. Three of these crystallites were placed side by side 
along Z - direction to get a supercell. The resulting supercell consists of 3 
× 3 × 6 unit cells, as shown in Fig. 1. Disorder was introduced in this 
supercell by insertion of intercrystalline space separating the three 
crystallites and systematically rotating the middle crystallite with 
respect to the others about an axis of rotation passing through the center 
of the crystallite and along the Z – direction (crystallographic direction 
c). This means that the rotation axis is perpendicular to the a-b plane of 
the crystallites and hence the rotation does not change their a-b plane 
meaning they remain parallel. As a result, 8 different model supercells 
differing in the degree and type of disorder were obtained. The model 
with no intercrystalline spacing or rotation added represents an ideal 
crystal of Mg-MOF-74 and is denoted NG (no gap). All other models have 
an intercrystalline gap (IG) of 5 Å inserted between the crystallites and 
are therefore referred to as IG models. These 7 IG models differ from 
each other by the angle with which the middle crystallite is rotated and 
are referred to as IG_OD-n where n is the angle of rotation of the crys
tallite (= 0, 5, 10, 15, 20, 25, and 30). Examples of the progression from 
0 to 30o are schematized in Fig. 1. Parameters of the simulation cells 
corresponding to different models are also included in Table 1. Note that 
the number of atoms in all models adsorbents remains the same. Intro
duction of the intercrystalline space gives rise to a hierarchical porosity 
in the IG models, which is beneficial for an enhanced adsorption [90]. 
We further note that the porosity in the crystallites and the added inter- 
crystalline space have different geometries. While the pores in the 
crystallites are cylindrical with a width of about 1 nm and thus effec
tively one-dimensional, the inter-crystalline space can be considered as a 
two-dimensional slit-like pore (although of a narrower width of 0.5 nm), 
with an effectively wider distribution of adsorption sites. This change in 
dimensionality of the pores has important consequences for the behavior 
of adsorbed species [93]. It is important to note that the thickness of the 
crystallite layer can affect the trend of adsorption quantitatively, but not 
qualitatively. While it would be useful and interesting to study the ef
fects of crystallite thickness on the adsorption amounts, we believe the 
overall trends observed here on the effects of introducing positional and 
orientational disorder will remain valid irrespective of the crystallite 
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thickness. For computational affordability therefore, we chose to study 
crystallites made up of 2 unit cells in the crystallographic c direction. 
While three crystallites are needed to study the orientational disorder, 
the effect of inserting intercrystalline space without introducing orien
tational disorder can be studied using one crystallite. Therefore, in 
addition to all the models mentioned above, we also simulated a thicker 
crystallite with inter-crystalline space. This was made by inserting inter- 
crystalline space only along the Z-direction (in X-Y plane) of width 0.5 
nm to the NG model. This model represents a crystallite that is 3 times 
thicker than those in the IG models and is referred as LCG (large crys
tallite with inter-crystalline gaps). LCG differs from IG_OD0 only in the 
width of the crystallite and inter-crytalline space. Therefore investiga
tion of this model is limited only to sorption and structural properties.

In the current study, we kept the MOF framework as well as the CO2 
molecules rigid. Methane is further modelled in the united atom 
formalism as a single structureless entity. This is in accordance to our 

previously reported study. We noted that the effects of framework 
flexibility on the diffusion of guest molecules in MOF reported in the 
literature are not clear and contradictory [65,76–78]. Additionally, 
simulating flexible system can be computationally demanding and 
expensive. Intramolecular interactions while being expensive are not 
expected to result in great differences at long time behavior, with the 
time scales that we are probing.

2.2. Grand canonical Monte Carlo Simulations for selective adsorption of 
an equimolar CH4 - CO2 mixture

Selective adsorption of an equimolar mixture of CH4 and CO2 in the 
eight models of Mg-MOF-74 described above was studied using grand 
canonical Monte Carlo (GCMC) simulations package DL_Monte [94]. 
These simulations employed a starting configuration with one of each 
adsorbate molecule (CO2 and CH4) placed in the simulation cell 

Fig. 1. (a) Simulation cell IG_OD_0 made up of 3 × 3 × 6 unit cells with intercrystalline spacing of 5 Å inserted in the Z-direction separating the three crystallites; 
without orientational disorder (OD), shown in the X-Y (left) and Y-Z (right) planes. The simulation cell boundary is marked with the black outline. (b) IG_OD-10 
represents the simulation cell with intercrystalline gap and OD of 10◦ introduced by rotating the central crystallite. For ease of locating the intercrystalline space 
and avoid crowding, the intercrystalline space is marked in this panel alone, while the corresponding regions in other panels can be easily identified. (c) Simulation 
cell IG_OD-20, with 5 Å of intercrystalline spacing and OD of 20◦. (d) Simulation cell IG_OD-30, with 5 Å of intercrystalline spacing and OD is induced by rotating the 
center crystallite by 30◦. All the figures shown here are for loading of 510 CO2 and 60 CH4 molecules. Colour representation of atoms: Blue – Mg, Green – Carbon, Red 
– Hydrogen and Grey – Oxygen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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consisting of the Mg-MOF-74 models shown in Fig. 1. GCMC simulations 
were then carried out with a 0.5 atm (= 50.66 kPa) partial pressure of 
each component and temperature fixed at 298 K. As the simulation 
progressed, the adsorbate molecules could be inserted / deleted, trans
lated or rotated with respective probabilities of 0.5, 0.25 and 0.25. The 
insertion (Pi) and deletion (Pd) of the adsorbate molecules followed the 
following selection rules. 

Pi = min{1(βVP)exp( − βΔU)/(N + 1) } (1) 

Pd = min{1(N/βVP)exp( − βΔU) } (2) 

where V is the simulation cell volume, P is the partial pressure of the gas, 
U represents the potential energy, N is the number of molecules and β =
kBT. In these simulations, the number of adsorbed molecules appropriate 
for the temperature and pressure conditions is obtained. These numbers 
exhibited fluctuations and systematic drifts for up to 5 million steps, 
after which they stabilized with fluctuations under reasonable limits, 
suggesting achievement of equilibrium. A total of 7 million Monte Carlo 
steps were carried out for each system. After discarding the first 5 
million steps for equilibration, the average number of molecules of each 
species was calculated by averaging over configurations obtained in the 
remaining 2 million steps. The force field parameters are a combination 
of Dreiding and UFF [95]. CO2 molecules are modelled using TraPPE 
force field and CH4 molecules are modelled using united atom (UA) 
formalism [96,97]. To calculate the cross-terms the Lorentz–Berthelot 
mixing rules were used. The set of potential parameters are detailed in 
the supplementary materials file in Table S1. Agreement between 
experimental studies of CO2 adsorption isotherms in Mg-MOF-74 and 
molecular simulations using this force-field has been shown previously 
by Yazayadin et al., Krishna, and Dietzel et al. [91,98,99].

2.3. Molecular dynamics simulations for quantifying structure, molecular 
orientation, translational and rotational dynamics

To investigate the structural and dynamical properties of the fluid 
mixture in Mg-MOF-74, classical molecular dynamics simulations were 
performed using the general-purpose software DL-POLY-v4.09 [100]. 
Mg-MOF-74, CO2 and CH4 are treated individually as non-vibrating rigid 
bodies. GCMC simulations yield an average number of 510 CO2 and 60 
CH4 molecules adsorbed in the NG system at the conditions of temper
ature and pressure investigated. While IG models could adsorb a larger 

number of molecules, in MD simulations, the number of molecules in all 
models was kept the same for a fair comparison of dynamical properties. 
By doing this, we ensured that any change/contrast observed in the 
distribution of molecules with OD is solely a function of OD and not 
related to the variation in the number of molecules. Computational ef
ficiency and the simulation stability was also considered.

For completeness we also performed MD simulations on NG and 
IG_OD-0 systems with pure CO2 and CH4 molecules. No significant 
change in the behavior of pure CO2 and CH4 molecules is observed when 
compared to the mixed CO2 and CH4 systems. This implies that CO2 
molecules may not have much influence on CH4 molecules and vice – 
versa.

For these simulations, the dangling bonds at the crystallite surfaces 
have not been saturated. This is consistent with the previously reported 
studies by Dhiman et al. [90] and Gautam and Cole [101] that showed 
the CO2 molecules are preferentially adsorbed at the periphery of pores 
of Mg-MOF-74 system. Therefore the dangling bonds are not expected to 
substantially affect the behavior of the adsorbate molecules.

NVT ensemble is used to perform simulations for 6 ns, trajectories 
saved after every 0.2 ps. The system is considered equilibrated when the 
energy and temperature fluctuations are below 5 %, which happened 
after 1 ns of simulation run. Therefore, the initial 1 ns is taken as 
equilibration time, while the remaining 5 ns as production run.

The obtained trajectories are unwrapped using the visual molecular 
dynamics (VMD) software tool. The long-range interactions are calcu
lated using 3D Ewald sum. Periodic boundary conditions are applied 
along all the directions. TraPPE-force field convention with 14 Å cut off 
for all long-range Lennard-Jones interactions is used. A 1 fs integration 
step is used for all the simulations.

3. Results

3.1. Selective Adsorption of CO2 in Mg-MOF-74 and the effect of disorder

Although the volume of the simulation cells for different structures 
studied here is different, the total number of atoms, and hence the 
adsorbent mass remains the same. As adsorption amounts are often 
compared normalized to the adsorbent mass, the variation of the abso
lute number of adsorbed molecules in adsorbents with the same mass 
would be the same except for a constant normalizing factor. We have 
therefore presented the un-normalized absolute adsorption in Figs. 2 (a) 
and (b). To highlight the effects of the inter-crystalline space, we have 
shown the number of each species adsorbed in the entire simulation cell, 
within the inter-crystalline space, and within the crystallites alone 
(discounting those that are adsorbed in the inter-crystalline space). 
Introduction of inter-crystalline space results in a redistribution of 
molecules between the crystallites and the additional inter-crystalline 
space. To obtain an estimate of the adsorption selectivity, in Fig. 2c 
we show the ratio of the number of adsorbed CO2 to that of CH4 mole
cules. Because the set partial pressures of the two adsorbates are equal, 
the mixture is equimolar and hence this ratio is identical to the 
adsorption selectivity. The number of adsorbed molecules obtained from 
the simulations had rather small uncertainties. However, the relative 
error involved in the estimate of the number of CH4 molecules is sig
nificant because of very small amount of CH4 adsorbed in the presence of 
a large amount of CO2 and results in a large relative error in the esti
mates of selectivity. Nevertheless, it can be inferred beyond uncertainty 
that incorporating disorder in Mg-MOF-74 enhances the adsorption 
selectivity of CO2 over CH4. In the NG model, a selectivity of ~9 is ob
tained. This selectivity is enhanced significantly on the insertion of 
intercrystalline space (LCG and 0◦ rotation) and increases by almost a 
factor of two with respect to NG on the introduction of OD (5◦ rotation) 
when adsorption in the entire simulation cell is considered. If adsorption 
in the individual crystallites alone is considered, the selectivity remains 
the same within uncertainty for all systems. The enhancement in the 
selectivity is therefore a result of the enhancement in the inter- 

Table 1 
Properties of the different adsorbent structures studied and details of the cor
responding simulation cell.

Adsorbent Type of 
Disorder1

Rotation angle of the 
middle crystallite (degrees)

Simulation cell 
parameters2 (nm)

NG No disorder 0 a = 7.84; b = 7.84; c 
= 4.165

LCG Only PD 0 a = 7.84; b = 7.84; c 
= 4.665

IG_OD-0 Only PD 0 a = 7.84; b = 7.84; c 
= 5.665

IG_OD-5 PD + OD 5 a = 13.329; b =
8.625; c = 5.665

IG_OD-10 PD + OD 10 a = 13.329; b =
8.625; c = 5.665

IG_OD-15 PD + OD 15 a = 13.329; b =
8.625; c = 5.665

IG_OD-20 PD + OD 20 a = 13.329; b =
8.625; c = 5.665

IG_OD-25 PD + OD 25 a = 13.329; b =
8.625; c = 5.665

IG_OD-30 PD + OD 30 a = 13.329; b =
8.625; c = 5.665

1 PD is positional disorder; OD is orientational disorder.
2 Only the lengths of the cell vectors are different for different structures, the 

angles remain the same, i.e. α = β = 90◦ and γ = 120◦ for all adsorbents.
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crystalline space alone where selectivity of more than 30 can be ob
tained for models with inter-crystalline space and a finite OD. Further, 
this enhancement is a result of higher CO2 adsorption coupled with a 
lower CH4 adsorption in the LCG and IG systems. However, increasing 
the extent of rotation of the middle crystallite further does not signifi
cantly alter the selectivity. In the following, we examine the structure 
and dynamics of CO2 and CH4 adsorbed in all these models of Mg-MOF- 
74.

3.2. Structure

Separate probability distribution maps of carbon atoms for CO2 and 
CH4 molecules in the mixture are calculated and plotted in XY-plane for 
the entire unit cell, as shown in Fig. 3(i) and Fig. 3(ii), respectively. The 
intensity plots in XZ and YZ-planes are shown in the supplemental sec
tion Figs. S1 and S2, respectively. The Z-intensity shown in Fig. 3(i) and 
(ii) is log (N + 1) where N represents the respective number of carbon 
atoms belonging to CO2 (or CH4) molecules that reside at a given loca
tion for some instant of time through the entire production run (10,000 
time frames) in the XY-plane. The observed intensity is proportional to 
the probability distribution of finding a CO2 (or CH4) molecule at a given 
location and time.

For NG system (in Fig. 3(i)a), i. e., in the absence of intercrystalline 
spacing and OD, the CO2 molecules prefer to occupy the periphery of 
Mg-MOF-74 pores. Six high intensity sites are observed around the pore 
periphery, where the CO2 molecules are most likely to be localized. In 
addition, a few of the pore centers exhibit moderately high intensity 
regions. This behavior may be correlated with the presence of additional 
CO2 molecules in the pores, wherein the adsorption of CO2 molecules 
occurs once the peripheral sites are saturated. In contrast, CH4 mole
cules are homogenously distributed around the pores of Mg-MOF-74 (in 
Fig. 3(ii)a), with a few of the pore centers exhibiting some occupancy. 
With the introduction of intercrystalline spacing and in the absence of 
OD for the LCG and IG_OD-0 systems, differing redistribution patterns of 
CO2 (510) (in Fig. 3(i)b and c) versus CH4 (60) (in Fig. 3(ii)b and c) 

molecules occur. For CO2, the six adsorption sites are retained around 
the pore periphery. However, the intensity in the central pore region as 
observed in NG system is diminished, as evidenced by comparison be
tween Fig. 3(i)a, b and c. With diminishing intensity in the pore center, 
six moderate to high intensity sites begin to arise outside the pores and 
also in the intercrystalline gaps. This behavior agrees with our previ
ously reported study [90]. While retention of the six adsorption sites at 
the pore periphery and additional sites in the inter-crystalline space at 
the expense of the pore center intensity is seen in both LCG and IG_OD-0, 
the new additional sites seem to be stronger in IG_OD-0. This is because 
the crystallite size is larger while the intercrystalline space is smaller in 
LCG. In contrast to CO2, for CH4 no significant migration of molecules is 
observed, with the introduction of intercrystalline spacing in LCG and 
IG_OD-0 systems (Fig. 3(ii) a, b and c). The CH4 molecules are adsorbed 
relatively more homogenously, and a few can be found in the inter
crystalline space between adjacent pores, suggesting the absence of 
strong adsorption sites. With the introduction of OD accompanied with 
intercrystalline spacing, in system IG_OD-10 CO2 molecules appear to 
follow the reoriented center crystallite. The CO2 molecules continue to 
be regularly distributed along the strong adsorption sites, as observed in 
IG_OD-0 system. With the introduction of OD, no significant change in 
these sites is observed. However, a moderate increase in intensity of CO2 
molecules is observed in the intercrystalline spacing. This distribution is 
further confirmed in the intensity maps along XZ and YZ – axis, shown in 
the supplemental Figs. S1(i) and S2(i), respectively. Similarly, CH4 
molecules are mainly distributed around the Mg-MOF-74 pores, with no 
considerable influence of OD. With further increase in OD both CO2 and 
CH4 molecules continue to redistribute as a function of the OD value. 
Overall, with the introduction of intercrystalline spacing and OD CO2 
molecules form new adsorption sites around the periphery of pores and 
within the intercrystalline spacing. Conversely, the CH4 molecule are 
mainly distributed around the pores and are absent in the intercrystal
line gaps, an important consideration for industrial application and 
separation of the two gases [1,2,4].

In Fig. 3(ii)(a) for NG and (b) for LCG system the empty space at x =

Fig. 2. (a) Number of CO2 molecules adsorbed in the 8 models of Mg-MOF-74, within the crystallites (cryst), inter-crystalline space (gaps) and overall (all). The X - 
axis shows different models with the numbers (n) denoting the degrees of rotation of the middle crystallites in the IG_OD-n models. (b) Number of CH4 molecules 
adsorbed in the 8 models of Mg-MOF-74, within the crystalline space, gaps and overall. (c) Adsorption selectivity of CO2 over CH4 in the 8 models of Mg-MOF-74, 
within the crystalline space, gaps and overall. The lines serve asa guide to the eye.
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20 Å and y = − 10 Å and x = 10 Å and y = 20 Å values, respectively, 
corresponds to the absence of the CH4 molecules. Pores in NG are iso
lated from each other. This means that while molecules are free to move 
within a pore, they cannot migrate between different pores. Thus, a pore 
that does not have an adsorbed molecule at t = 0, will remain vacant 
throughout the simulation. Equivalently the molecules are expected to 

be stuck in the pores in which they started, perpetually, without being 
able to diffuse to other pores. For CH4 the total number of adsorbed 
molecules being relatively low, the probability of a pore remaining 
vacant when the molecules are randomly distributed is non-negligible. 
While for systems with inter-crystalline space the pores are no longer 
isolated, the inter-pore migration might still be subject to a potential 

Fig. 3. Distribution of (i) 510 Carbon atoms of CO2 molecules and (ii) 60 Carbon atoms of CH4 molecules in the X − Y plane, for (a) NG, (b) LCG, (c) IG_OD-0, (d) 
IG_OD-10, (e) IG_OD-20 and (f) IG_OD-30 in Mg-MOF-74. The Z-intensity depicts the value log (N + 1), with N corresponding to the number of CO2 or CH4 molecules 
occupying a specific location at some instant during the whole production run time of 5 ns made up of 10,000-time frames.
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barrier, making it difficult. This could result in a pore that remains 
vacant throughout the simulation in Fig. 3 (ii) (b).

3.3. Orientation distribution

We calculated the orientation distribution function (ODF) g(θ) of CO2 
molecules along X-, Y- and Z- axis by counting the number of molecules 
that have their molecular axis making an angle θ with a Cartesian axis at 
any given time. Thus, the function g(θ) was calculated using the 
following expression 

g(θ) =
1

NNt

∑N

i

∑Nt

j
δ
(
θi,j − θ

)
(3) 

here θi,j is the angle made by the molecular axis of the ith CO2 molecule 
with a given Cartesian axis in the jth time frame. Averages are taken over 
both the number of CO2 molecules N and the total number of time 
frames Nt.

For comparison, the theoretically calculated isotropic distribution is 
also shown in the Fig. 4. In the absence of a preferred orientation, the 
orientational distribution function is expected to be isotropic. This 
isotropic distribution would be proportional to 2πrsinθ for a molecule 
with radius of gyration r. Isotropic behavior of ODF exhibits a broad 
peak at around 90◦. Any deviation of the ODF obtained from the simu
lations from the isotropic ODF indicates a preferred orientation. The 
ODF plots for NG, IG_OD-0 and IG_OD-5 systems are shown in Fig. 4(a), 
(a) and (c), respectively, while the complete set of ODF plots are shown 
in the supplemental Fig. S3.

For CO2 molecules, the NG system ODF shows a behavior close to 
isotropic. This behavior results from the hexagonal geometry of MOF 

pores and the pore size being nearly four times larger as compared to the 
CO2 molecules. This makes at least six different orientations probable for 
the adsorbed CO2 molecules in the X – Y plane, and the infinite space 
along the Z – direction, therefore making the ODF behavior nearly 
isotropic. With the introduction of intercrystalline gaps in IG_OD-0 sys
tem, signatures of preferred orientation are observed along all the three 
X-, Y- and Z- directions. As a result, deviation from the isotropic 
behavior is observed in ODF (Fig. 4(b)). This behavior can be attributed 
to the exposed surfaces, favoring the orientation of CO2 molecules with 
respect to X– and Y– axis, in addition to Z – axis. Rotating the middle 
crystallite by 5◦ with respect to the other crystallites coupled with 
intercrystalline spacing (Fig. 4(c)), the signatures of anisotropic 
behavior are retained along all three directions. Thereafter, no signifi
cant influence of orientational disorder is observed on ODF with the 
presence of anisotropic behavior. The ODF shown for IG_OD-5 system in 
Fig. 4(c) is representative for all the higher OD systems. Along z -axis the 
two maxima at ~45◦ and ~ 135◦ (equivalent molecular symmetry) 
persist. The appearance of these peaks most likely arises due to the 
presence of intercrystalline gaps, owing to their absence in NG system. 
We note that a preference of 45◦ inclination of CO2 with respect to pore 
axis (Z-direction) has been observed in several studies on CO2 confined 
in nanoporous silica too [101,102].

The anisotropy parameter (φ) is calculated to quantify the deviation 
from isotropic behavior. The anisotropy parameter or degree of anisot
ropy is defined as the root mean square deviation from isotropic 
behavior. 

φ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i

(giso(θi) − gmol(θi) )
2

√
√
√
√ (4) 

Fig. 4. Orientation distribution function (ODF) for CO2 molecules along X-, Y- and Z- directions for (a) NG, (b) IG_OD-0, and (c) IG_OD-5 systems. The ODF for 
IG_OD-5 system in (c) is representative for all the higher OD systems. The broken line in the figures depicts the expected orientational distribution for an ideal 
isotropic system. (d) The anisotropy parameter (φ) as a function of orientation disorder for CO2 molecules in Mg-MOF-74 system, along X–, Y– and Z– axis. φ values 
show the deviation from isotropic behavior, determined as a root mean square deviation from isotropic behavior. Lines serve as guide to the eye.
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where g is the orientational distribution function and the subscripts iso 
and mol stand for the isotropic case and the observed case of CO2 in Mg- 
MOF.

The corresponding plot of the anisotropy parameter (φ) as a function 
of orientational disorder along X-, Y- and Z- directions is shown in Fig. 4
(d). Generally, the larger the value of φ, the greater the deviation from 
isotropic behavior. As expected from the ODF, along the X- and Y- axis 
the anisotropy parameter exhibits an increase from NG up to 5◦ OD 
system with no significant change for higher rotations.

Interestingly, along the Z- direction, φ exhibits an increase between 
NG and IG_OD-0 system. This behavior reflects the presence of exposed 
surfaces with the introduction of IG of 5 Å. With the introduction of OD 
of 5◦ in IG_OD-5, the φ value along Z-direction exhibits a decrease as 
compared to 0◦ OD system. As a result of OD, the straight channel path 
along Z- axis is hindered and CO2 molecular interactions with Mg2+ ions 
of neighboring MOFs are weakened. This leads to a reduction in φ value 
at 5◦ OD. With further increase in OD from 5◦ up to 30◦, φ exhibits a 
slight increase. This may occur due to an increase in the electrostatic 
interaction of the surrounding MOF and CO2 molecules with Mg2+ ions. 
This is further detailed and discussed later in Fig. 8.

3.4. Translation dynamics

To understand the translation diffusive motion of CO2 and CH4 
molecules in Mg-MOF-74, time dependent mean square displacement 
(MSD) of the center of mass of the molecules is calculated.

Fig. 5 shows time dependent overall MSD as a function of orienta
tional disorder for (a) CO2 and (b) CH4 molecules. Linear dependence of 
MSD with time is observed for both CO2 and CH4 molecules at all the OD 
values indicating normal diffusion. Interestingly, for CO2 molecules 
MSD in Fig. 5(a) initially shows a decrease between NG and 0◦ OD 
system, behavior associated with the exposed surfaces resulting from the 
intercrystalline spacing in 0◦ OD system. These exposed surfaces may 
lead to strong adsorption of CO2, therefore reducing the MSD. The 
introduction of 5◦ OD and increase in its value up to 15◦ leads to a 
continuous increase in MSD values. Further increase in OD from 15◦ to 
25◦, produces a decreasing MSD trend again, correlated with the pos
sibility that the opposing MOF surfaces begin to realign (Schematic in 
Fig. 8).

The directional dependent MSD as a function of time for CO2 mole
cules along X-, Y- and Z- axis is shown in Fig. S4. For NG and 0◦ OD 
systems, the MSD along Z- direction exhibits higher values compared to 
the MSD along X- and Y- directions. The difference between Z-direction 
and X-, Y- direction is reduced for 0◦ OD system, as compared to NG 
system. The introduction of intercrystalline spacing in 0◦ OD system 
facilitates the movement of CO2 molecules along both X- and Y- direc
tion, in addition to Z- direction.

Contrasting behavior for CH4 molecules is observed in MSD shown in 
Fig. 5(b). Initially there is a very minor influence of intercrystalline 

spacing with increase in MSD between NG and 0◦ OD systems. This may 
imply that CH4 molecules do not show strong adsorption on the surface 
in contrast to the behavior observed for CO2 molecules. However, with 
the introduction of 5◦ OD an increase in MSD value is observed.

The diffusion coefficients are obtained by fitting the time dependent 
MSD using Einstein relation. The fitting is performed for the time scales 
beyond 100 ps (approx.), much above the ballistic region which lasts for 
only a few picoseconds. The diffusion coefficients as a function of OD for 
CO2 and CH4 molecules in Mg-MOF-74 are shown in Fig. 6(a) and (b), 
respectively.

Overall, the diffusion coefficient for CO2 molecules (shown in Fig. 6
(a)) exhibits a decrease from NG to 0◦ OD, an increase from 0◦ up to 15◦

OD, decreasing again from 15◦ up to nearly 25◦ OD. This is in corrob
oration with the MSD behavior in Fig. 5. As expected, this behavior is 
nearly replicated in the diffusion coefficient along the Z-axis. While 
along X- and Y- axis, it is observed that diffusion coefficients exhibit 
slight increase up to 5◦ OD and remain nearly unchanged thereafter.

The diffusion coefficients for CH4 molecule are shown in Fig. 6(b). 
The diffusion coefficients exhibit an increase from NG up to 5◦ OD 
system. This may be caused by volume increase of the simulation unit 
cell. When the orientational disorder is introduced in 5◦ to 30◦ system, to 
accommodate the rotation of the crystallites (based on IG OD-30 sys
tem), the simulation cell volume is increased. The simulation cell vol
ume is increased between 0◦ – 5◦, and is fixed thereafter. This may have 
an influence on the diffusion of CH4 molecules, where for 0◦ system the 
volume is lower as compared to the 5◦ system. We see no influence of 
this on CO2 molecules, which may be ascribed to the strong affinity of 
CO2 and Mg2+ ions of Mg-MOF-74. Similar trends in all the directional 
diffusion coefficient values as a function of OD are observed.

Further, we calculated the mean square displacement of CO2 and CH4 
molecules in different regions (crystallite and inter-crystalline space) for 
IG_OD-0 system. As compared to the NG system (shown in Fig. 5a), the 
reduction in MSD for IG_OD-0 system can be ascribed to the introduced 
intercrystalline spacing. Since the intercrystalline spacing forms the 
exposed surfaces, favoring the strong adsorption of CO2 and in turn 
reducing the MSD. This is also confirmed in Fig. S7, wherein the MSD in 
the intercrystalline gaps is smaller than the ones present in the crystal
lites. This is also reflected in the obtained value of diffusion coefficients, 
for molecules within the crystallites (22.9 (7) × 10− 10 m2/s) and for 
those in the gaps (13.7 × 10− 10 m2/s). For comparison, we also calcu
lated the MSD of CH4 molecule for IG_OD-0 system. No significant dif
ference between the MSDs for molecules with the crystallites or gaps is 
observed.

3.5. Rotational dynamics

To explore the rotational dynamics behavior of CO2 molecules as a 
function of OD, rotational correlation function (RCF; CR(t)) is calculated. 
The corresponding equation is shown below, 

Fig. 5. Time dependent mean square displacement (MSD) as a function of OD for (a) CO2 and (b) CH4 molecules in Mg-MOF-74.
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CR(t) = 〈u(t + t0).u(t0) 〉 (5) 

where, u is a unit vector attached to the molecular axis and, angular 
brackets 〈〉 indicate an ensemble average taken over all molecules and 
time origin t0. Experimentally, RCF is related to the dipole correlation 
function, which can be obtained from dielectric and/or infra-red spec
troscopy measurements.

The calculated RCF as a function of time for all OD conditions is 
shown in Fig. 7. For the NG system relatively faster decay is observed, 
indicating the faster rotation of CO2 molecules in the absence of inter
crystalline spacing and OD. At a longer timescale of around 100 ps 
(approx.) the RCF decays completely to zero, suggesting that a CO2 
molecule spans the entire orientational space within this time. With the 
induced intercrystalline spacing and the absence of OD for 0◦ OD system 
(IG_OD-0), relatively slower decay of RCF is observed as compared to NG 
system. The introduction of 5◦ OD (IG_OD-5) leads to further reduction 
in the decay rate of RCF, implying further hindrance to the rotational 
motion of CO2 molecules with induced OD. However, the difference in 
the rate of reduction is significantly smaller as compared to the one 
between NG and 0◦ OD system. Moreover, the RCF in this system does 
not decay to zero during the entire simulation time, suggesting that a 

typical molecule does not exhaust all possible orientations within this 
time. This in turn would imply an avoidance of some orientations and 
preference for others by the molecule. Interestingly, further increase in 
OD causes slightly faster decay of RCF and no significant change in this 
behavior is observed with increasing OD. This behavior indicates very 
small (reduced hindrance to the rotational motion of CO2 molecules) or 
no significant influence of OD on the rotational motion of CO2 
molecules.

Additionally, we also obtained the rotational time scales. A biexpo
nential decay function is fitted to RCF above 1 ps, with rotational cor
relation times (τ1 and τ2) as the fitting parameters. The corresponding 
rotational correlation times (τ1 and τ2) as a function of OD are shown in 
the inset to Fig. 7. In accordance with RCF shown in Fig. 7, initially the 
τ2 value exhibit an increase from NG to 0◦ OD with indicating slower 
rotation due to introduction of inter-crystalline space. Further change in 
OD leads to relatively milder but systematic change in the rotational 
time scales mirroring the trend seen in the translational motion.

4. Discussion

Mg-MOF-74 framework is reported to be one of most promising 
candidates for CO2 adsorption, both experimentally and theoretically. 
Strong electrostatic interaction with Mg ion is responsible for the high 
affinity of this material to CO2 adsorption [78]. This suggests that Mg- 
MOF-74 may be able to selectively adsorb quadrupolar CO2 from a bi
nary mixture with a non-polar fluid like methane [103,104]. In a recent 
computational study, Zhang et al. [105] demonstrated the enhancement 
of selective adsorption of CO2 over CH4 from a binary mixture via 
functionalization of Mg-MOF-74. Functionalization of Mg-MOF-74 with 
groups -O-Li, -NH2 and -SH were found to enhance the selectivity. In a 
previous publication, we found that inserting intercrystalline space in 
Mg-MOF-74 resulted in additional strong adsorption sites for CO2 on 
crystallite surfaces [90]. Because the interaction of CO2 with new sites is 
predominantly electrostatic, these sites will discriminate between 
quadrupolar CO2 and a non-polar molecule like CH4. Our work indicates 
that the newly exposed adsorption sites for CO2 on the crystallite sur
faces (IG_OD-0) add to the selective adsorption thereby enhancing the 
selectivity of CO2 by a factor of ~1.5 and up to ~2 when the middle 
crystallite is rotated. At 1 atm (= 101.325 kPa), this enhancement in 
selectivity is like that obtained by functionalizing the adsorbent by -O-Li 
groups.

The enhancement in selectivity due to disorder is a result of addi
tional adsorption sites selectively favorable for CO2 because of its 
quadrupole moment that exhibit strong electrostatic interactions. A 
molecule with a quadrupole moment is governed by spatial distribution 
of its partial charges. This in turn may make the molecule sensitive to the 

Fig. 6. Diffusion coefficient of (a) CO2 and (b) CH4 molecules for overall and along X-, Y- and Z-direction MSD as a function of OD. The diffusion coefficient is 
obtained by fitting the MSD using Einstein relation beyond 100 ps (approx.) time scales. The error bars are smaller than symbol size. Lines serve as guide to the eye.

Fig. 7. The calculated rotational correlation function (RCF) for all the OD 
values. The RCF is calculated using eq. 5, given in the text. The inset depicts the 
rotational correlation times (τ1 and τ2) obtained by fitting the biexponential 
decay function to RCF above 1 ps (approx.).
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addition of electronegative or inductive moieties, particularly around 
the periphery. CO2 is a linear molecule with no dipole, but finite 
quadrupole moment. The presence of strong interactions with quadru
pole moment of CO2, also leads to increase in the diffusivity of confined 
hydrocarbons with the addition of CO2 molecules [106,107]. While this 
study focused on a mixture of CO2 with CH4, we suggest that the results 
obtained here should be useful for more general mixtures of CO2 with 
other non-polar fluids.

While adding OD by rotating the middle crystallites does not lead to a 
significant change in the adsorption selectivity beyond a rotation of 5◦, 
structural and dynamical properties of CO2 exhibit a stronger depen
dence on the extent of rotation of the middle crystallite. For the system 
without intercrystalline spacing and orientational disorder (i. e., NG), 
six strong adsorption sites around the periphery of MOF (bright yellow 
regions in Fig. 3(i)) are observed, combined with a few CO2 molecules 
adsorbed in the pore center. In contrast, for CH4 molecules this differ
ence of strong absorption site is not so prominent, can be ascribed to the 
lower number of CH4 molecules to begin with. With the introduction of 
intercrystalline spacing (i. e., in IG_OD-0), the CO2 molecules begin to 
occupy the intercrystalline spacing close to the outer periphery of Mg- 
MOF-74. This is in addition to the previously occupied six sites (in 
NG) around the Mg-MOF-74 periphery within the pores. These newly 
available strong sites (outer periphery of Mg-MOF-74 pores) of adsorp
tion for CO2 hinder both translational and rotational motion as observed 
in Figs. 6 and 7. Conversely, CH4 molecules largely prefer to stay within 
the pore volume of Mg-MOF-74. With the introduction of OD, the 
interaction between CO2 molecules and Mg2+ ions of Mg-MOF-74 sys
tem goes through the cycle of weakening (from OD of 5◦ up to 15◦) and 
strengthening (from OD of 15◦ up to 25◦). Unlike CO2, no significant 

influence of OD is observed on CH4 molecules, which are distributed 
uniformly around the Mg-MOF-74 pores.

A 2D representation of CO2 adsorption in Mg-MOF-74 system 
including the interaction with Mg2+ ions as a function of orientational 
disorder (OD) is shown in Fig. 8. The figure also shows the pair distri
bution function between Mg ion and atoms of CO2 for three represen
tative systems, while the functions for all systems are included in the 
supplementary information (Fig. S9). The electropositive Mg ion in Mg- 
MOF-74 attracts the electronegative oxygen atom in the CO2 molecule 
providing strong adsorption sites for the latter. This is evident from the 
positioning of the first pair distribution function peak for the pair Mg–O 
(oxygen of CO2) that occurs at shorter distances compared to the peak in 
the Mg–C (carbon of CO2) pair distribution function. With the intro
duction of OD, the guest host interactions exhibit changes as evident 
from both the position and the strength of peaks in the pair distribution 
functions. The peak intensity of the pair distribution for both pairs in
creases because of the additional adsorption sites that appear in the 
inter-crystalline region. A typical Mg ion now has a larger coordination 
number with both the atoms of CO2 because of these additional sites. In 
addition, the Mg–C pair now has a slightly larger interatomic distance 
(position of first peak) while the Mg–O pair distance decreases. When 
the middle crystallite is rotated the peak position for Mg–C shifts again, 
this time towards smaller distances, while the Mg–O distance decreases 
further. Also, the intensity of the peaks in the pair distribution function 
increases on rotating the crystallite. This is because the rotation of the 
middle crystallite makes an additional site on the opposite crystallite 
available for pairing. To explain this, we refer to the schematic shown in 
the left part of Fig. 8. The hexagonal MOF pores are represented in blue 
and position of four Mg2+ ions are marked as A, B, C, and D. For IG_OD- 

Fig. 8. A 2D schematic representation of CO2 adsorption in Mg-MOF-74 system, the interaction with Mg2+ ions as a function of orientational disorder (OD). The 
hexagonal MOF pores are represented in blue. Points marked as A, B, C, D represent the location of Mg2+ ions in Mg-MOF-74 system. (i) IG_OD-0, (ii) for IG_OD-5, 
(iii) IG_OD-10, (iv) IG_OD-15, (v) IG_OD-20, (vi) IG_OD-25 and, (vii) IG_OD-30 system. The top right figure shows the pair distribution function (PDF) for NG, IG_OD- 
0 and IG_OD-30. The overall behavior of diffusion coefficient as a function of OD shown in the bottom left is explained using this simple (average) schematic with the 
misalignment and re-alignment of Mg2+ ions position marked as A, B, C, D with respect to the CO2 molecules. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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0 system (Fig. 8(i)), in the absence of OD, CO2 is adsorbed on the surface, 
with highly restrictive diffusion. The points A, B, C, and D coincide in 
this case (not shown in the Fig. 8(i)). With the introduction of OD of 5◦ in 
IG_OD-5 (Fig. 8(ii)), the point pairs A-B and C–D begin to separate, 
creating a distance between CO2 molecules and Mg2+ ions (i. e., point B 
and D). This may cause the weakening of Mg2+ − CO2 interactions, and 
hence increase in diffusion coefficient. With further increase in OD up to 
15◦ (in Fig. 8(iii) and (iv)) the distance increases between CO2 molecules 
and Mg2+ ions (at point B and D). This favors further reduction in the 
diffusion coefficient of CO2 molecules. Interestingly, at the same time 
with increasing OD up to 15◦ the points B and C begin to align to each 
other. At OD values of 20◦ and 25◦ (in Fig. 8(v) and (vi), respectively), 
the Mg2+ ions at point B and C come close enough to strengthen the 
interaction between CO2 molecules and Mg2+ ions. This results in a 
decrease in diffusion coefficient value for CO2 molecules. Further in
crease in OD to 30◦ for IG_OD-30 system (Fig. 8(vii)), the Mg2+ ions 
again start to separate at points B and C, leading to increase in the CO2 
diffusion coefficient. In contrast, for CH4 molecules no significant in
fluence of OD in MSD is observed. The large jump observed in diffusion 
coefficient between 0◦ and 5◦ OD system may be attributed to and 
associated with the redistribution of CO2 molecules. Further, the diffu
sion coefficients obtained for CH4 are nearly two orders of magnitude 
greater as compared to CO2 molecules. The diffusion coefficients of CO2 
molecules exhibit good agreement with our previously reported studies 
in MOF with pure CO2 system (S2 system and 20 mpuc loading) [90]. 
Our values are comparable with the values reported by Bendt et al. and 
by Krishna et al. [99].The rotational motion of CO2 molecules is also 
influenced by addition of disorder. Initially, the introduction of inter
crystalline spacing produces exposed surfaces that hinder the rotational 
motion of CO2 molecules. The hindrance to rotation at longer times 
however, decreases significantly when the middle crystallite is rotated 
while the short time scale rotation continues to slow down for IG_OD-5 
system, with no considerable change thereafter with increasing OD.

There is value in understanding the relationship of structural disor
der, which may be in the form of orientational disorder (as in the present 
work) and/or structural defects, with the adsorption properties of the 
adsorbent (for example, Mg-MOF-74 in our case here). This is not only 
crucial for the development of higher quality adsorbent materials, but 
also for exploiting these structural disorders to improve and enhance the 
functionality of the adsorbent material. Computational work in this area 
is highly useful, because it is rather difficult to perform these kind of 
studies experimentally. The systematic variation and classification of 
orientation disorder could be extremely challenging in real materials, 
wherein the several kinds of structural disorder and/or defects are often 
present simultaneously. As the work reported here demonstrates, dis
order in Mg-MOF-74 has significant effects on its performance in sepa
rating a mixture of CO2 with CH4 via selective adsorption. The property 
that makes this possible is the quadrupole moment of CO2 and its elec
trostatic interaction with the Mg2+ ions. Therefore, it can be inferred 
that the gain in selectivity observed upon addition of disorder, orien
tational or otherwise, should be a general phenomenon for a mixture of 
CO2 with a non-polar fluid. While OD in Mg-MOF-74 is found to have a 
rather weak effect on the adsorption and rotation of CO2, its effect on the 
translational motion of CO2 is significant and follows a systematic 
pattern that is dictated by the interplay of the pore geometry of Mg- 
MOF-74 and Mg2+-CO2 interactions. This systematic pattern can be 
utilized to tailor Mg-MOF-74 adsorbents with desired transport prop
erties of confined CO2. For example, consistent efforts have been 
recently directed towards the fabrication of oriented polycrystalline 
MOF superstructures [108]. Our study can help these efforts by 
providing the structure -property relations that could improve the per
formance of these materials. We note that while this study explores the 
effects of disorder in the adsorbent, the disorder introduced in this work 
has a systematically regular variation. In a real material, it would be 
challenging to (i) introduce disorder in such a regular manner, and (ii) 
maintain the width of the inter-crystalline space. The disorder in a real 

material will thus have a more complex effect on the properties of 
adsorbed fluids. The current simulation work is a first step in under
standing these effects.

5. Conclusion

Molecular-level simulations demonstrate the overall influence of 
induced OD in Mg-MOF-74 on the separation of CO2 and CH4 gas 
mixture via selective adsorption. Disorder is introduced in the adsorbent 
by inserting intercrystalline space between adjacent crystallites and by 
rotating one crystallite with respect to others. Overall, we observe that 
Mg-MOF-74 can be a good candidate for the gas separation of CO2 from 
CH4 in gas mixture for industrial application. The separation capability 
of Mg-MOF-74 can be further enhanced by a factor of ~1.5–2 by 
introducing positional and orientational disorders. This enhancement is 
a result of additional adsorption sites selectively favorable for CO2 due 
to its quadrupole moment that exhibit strong electrostatic interactions. 
Change in the structural and dynamical properties of the adsorbed 
species on introducing OD in the material is found to follow a systematic 
pattern dictated by the interplay of the pore geometry of Mg-MOF-74 
and Mg2+ − CO2 interactions. While this study focused on a mixture 
of CO2 with CH4, we suggest that the results obtained here should be 
useful for more general mixtures of CO2 with other non-polar fluids. The 
obtained systematic results guide how to tailor Mg-MOF-74 with desired 
properties by purposeful introduction of OD.
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