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Adsorption of methane in heterometallic metal-organic frameworks with anions: a molecular
simulation study

Dahuan Liu, Qingyuan Yang* and Chongli Zhong

Laboratory of Computational Chemistry, Department of Chemical Engineering, Beijing University of Chemical Technology, Beijing,
People’s Republic of China

(Received 17 June 2008; final version received 16 August 2008 )

In this work, grand canonical Monte Carlo (GCMC) simulation was performed to study the adsorption of methane in novel
heterometallic metal-organic frameworks (MOFs). The results show that the anions play a significant role in the methane
adsorption behaviour in heterometallic MOFs, and are the preferential adsorption sites at low pressure. However, this kind of
priority is not pronounced at high pressure. Methane was adsorbed closer to the linking units containing Ag atoms than to the
bridging structures containing Fe atoms. Based on the simulations, this work indicates that an appropriate selection of anions
at a given pressure may control the methane adsorption sites in heterometallic MOFs, which is useful for understanding the
function of these novel porous materials in practical applications.
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1. Introduction

Metal-organic frameworks (MOFs) have received wide-

spread interest due to the extraordinary combination of

high internal surface area and chemical tunability [1,2].

These kinds of porous materials are found to be

particularly useful in gas storage [3–5], separation [6,7]

and heterogeneous catalysis [8–10]. The present studies

have indicated that the continuing challenges in the field of

MOFs are the topology prediction of a MOF based on the

structure of precursors [2,11], as well as the introduction of

complex functionality [1,12]. Recently, a novel class of

MOFs, heterometallic MOFs, has been synthesised using

‘metalloligands’ as building blocks in lieu of simple

organic ligands [1]. This attractive strategy can give rise to

extended materials with a variety of predictable structures

and rich physical properties [13,14]. Considering the

potential applications of heterometallic MOFs as catalysts

or functional materials, it is important to understand gas

adsorption behaviour in the pores of these MOFs.

However, to date, heterometallic MOFs have been

received much less attention compared to the mono-

metallic ones, especially in their applications [15]. In our

previous work [16–18], molecular simulation has been

performed for gas adsorptions in monometallic MOFs, and

in the present work, it was extended to heterometallic

MOFs. Considering that methane is one of the key

molecules in petrochemical industries, and it is in

connection with energy problems strategically, we chose

methane as a probe molecule in this work to explore the

gas adsorption behaviour in heterometallic MOFs.

2. Models and computational method

2.1 Structures of the heterometallic MOFs studied

In the present study, six heterometallic MOFs, MOF-

Fe/AgBF4-1,MOF-Fe/AgPF6-1,MOF-Fe/AgSbF6-1,MOF-

Co/AgBF4-1, MOF-Co/AgPF6-1 and MOF-Co/AgSbF6-1,

synthesised by Cohen et al. [13,14] were adopted as

representatives of heterometallic MOFs. The crystal

structures of these MOFs were built from their X-ray

diffraction data [13,14] using Materials Visualizer [19]

(Figure 1). As shown in Figure 1, for these materials,

‘metalloligands’ containing Ag were used as the building

block in lieu of simple organic ligands, introducing another

kind of metal in addition to the core metal Fe in

tris(dipyrrinato) complexes as the bridging structure. Details

of the structural properties for these heterometallicMOFs are

summarised inTable 1.The accessible surface area (Sacc) and

total free volume (Vfree) of each MOF material were

estimated using the ‘Atoms Volume & Surfaces’ calculation

within the Materials Studiow package. Because of the high

dependency on adsorbate size, the former was calculated by a

probe molecule with the diameter equal to the kinetic

diameter of CH4 (3.73 Å), while a probe size of 0.0 Å was

applied to determine the total free volume not occupied by

the framework atoms.

2.2 Force fields

In this work, CH4 molecule was represented as a spherical

Lennard-Jones (LJ) interaction site, for which the potential

parameters were taken from the TraPPE force field
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Figure 1. Crystal structures of heterometallic MOFs used in the simulation: (a) MOF-Fe/AgBF4-1, (b) MOF-Co/AgBF4-1, (c) MOF-
Fe/AgPF6-1, (d)MOF-Co/AgPF6-1, (e) MOF-Fe/AgSbF6-1, (f) MOF-Co/AgSbF6-1 (Fe, light green; Ag, red; Co, orange; B, pink; P, cyan;
F, yellow; Sb, dark green; N, blue; C, grey; H, white).

Table 1. Properties of the heterometallic MOF materials studied in this work.

Materials Unit cella (Å) rcrsy
a (g/cm3) Sacc

b (m2/g) Vfree
b (cm3/g)

MOF-Fe/AgBF4-1 a ¼ 26.959, b ¼ 12.309, c ¼ 33.493 1.089 636.9 0.472
MOF-Co/AgBF4-1 a ¼ 33.410, b ¼ 26.932, c ¼ 12.365 1.044 774.2 0.473
MOF-Fe/AgPF6-1 a ¼ 13.089, b ¼ 16.265, c ¼ 16.105 1.139 591.2 0.412
MOF-Co/AgPF6-1 a ¼ 13.120, b ¼ 16.111, c ¼ 16.134 1.144 611.6 0.417
MOF-Fe/AgSbF6-1 a ¼ 15.874, b ¼ 24.606, c ¼ 16.377 1.100 683.0 0.365
MOF-Co/AgSbF6-1 a ¼ 15.7911, b ¼ 25.454, c ¼ 16.378 1.112 603.0 0.373

aObtained from the XRD crystal data [13,14].
b Calculated with the Materials Studio package [19].
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developed by Martin and Siepmann [20], as listed in

Table 2. This force field has been successfully used to

simulate the adsorption of CH4 in MOFs [18,21,22]. For

the heterometallic MOFs studied here, an atomistic

representation was used to model all of them. The site–

site LJ potential was also used to calculate the interactions

between the adsorbate molecules and the atoms in

adsorbents. The potential parameters were taken from

the universal force field (UFF) of Rappé et al. [23]

(Table 2), which has been successfully employed to depict

the adsorption [24,25], diffusion [26,27] and separation

[28,29] of several light gases and their mixtures in MOFs.

The TraPPE force field for methane in combination with

the UFF for the atoms in frameworks has been proved to be

able to obtain the simulation results that are in good

agreement with the experiment [21], and this kind of force

field is successfully used to study the adsorption and

diffusion of methane within MOFs [27,29]. In our

simulations, all the LJ cross-interaction parameters were

determined by the Lorentz–Berthelot mixing rules.

2.3 Grand canonical Monte Carlo (GCMC) simulation

In thiswork, conventionalGCMCsimulationwas performed

to calculate the adsorptionofCH4 in all heterometallicMOFs

at 298K.Details of thismethod can be found elsewhere [30].

The chemical potentials needed in the GCMC simulations

were calculated from isobaric–isothermal (NPT) ensemble

Monte Carlo simulations of bulk gas using the test-particle

insertion method. Based on the simulated chemical

potentials at various pressures, the relationships between

pressures and chemical potentials were established to

convert pressures to chemical potentials, and vice versa.

The simulation box contained 3 (1 £ 3 £ 1), 3 (1 £ 1 £ 3),

12 (3 £ 2 £ 2), 12(3 £ 2 £ 2), 8 (2 £ 2 £ 2) and 8

(2 £ 2 £ 2) unit cells for the six heterometallic

MOFs (MOF-Fe/AgBF4-1, MOF-Co/AgBF4-1, MOF-

Fe/AgPF6-1, MOF-Co/AgPF6-1, MOF-Fe/AgSbF6-1 and

MOF-Co/AgSbF6-1), respectively. The simulations with

larger boxes showed that no finite-size effects existed using

the above boxes. Similar to previous works [16–18,26–29],

all the MOFs were treated as rigid with atoms frozen at their

crystallographic positions during simulations. In addition, as

an initial study, the positions of the anions BF2
4 , PF2

6 and

SbF2
6 in the crystal structures ofMOFs were also kept fixed.

Periodic boundary conditions were applied in all three

dimensions. A cut-off radius was set to 12.8 Å for the LJ

interactions. As done in our previous work [16,17], to

increase the computational efficiency, the potential energies

between the adsorbate and the adsorbent were initially

tabulated on a series of three-dimensional grid points with a

grid spacing of 0.15 Å. During the simulations, the potential

energy at any position in the adsorbent was determined by

interpolation [31]. Interpolation with such grid spacing has

been proven to be able to greatly increase the computational

efficiency over the direct pairwise summation of the

adsorbate–adsorbent interaction and the accuracy of the

potential energywas preserved less than 0.4% [32]. For each

state point, GCMC simulation consisted of 1.0 £ 107 steps

to guarantee the equilibration, followed by 1.0 £ 107 steps

to sample the desired thermodynamic properties.

Figure 2. Radial distribution functions between the adsorbate
molecules and the different atoms in MOF-Fe/AgBF4-1 at two
pressures: (a) P ¼ 0.1 MPa, and (b) P ¼ 3.0 MPa.

Table 2. LJ potential parameters for CH4 and the MOFs used in
this work.

LJ parameters

Atoms s (Å) 1/kB (K)

CH4 3.73 148.0
MOF-Fe 2.59 6.54
MOF-Ag 2.80 18.12
MOF-Co 2.56 7.05
MOF-C 3.43 52.84
MOF-N 3.26 34.72
MOF-B 3.64 90.58
MOF-P 3.69 153.50
MOF-Sb 3.94 225.90
MOF-F 3.00 25.16
MOF-H 2.57 22.14
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3. Results and discussion

3.1 Preferential adsorption sites in heterometallic
MOFs

To investigate the adsorption sites in heterometallic MOFs,

GCMC simulations were performed for CH4 adsorption at

298K in the six MOFs. As the first step, we take MOF-

Fe/AgBF4-1 as an example, and the radial distribution

functionsG(r) of the adsorbate molecules from the different

kinds of atoms were calculated. Considering that the metal

sites are very important to the practical applications of

MOFs, especially in catalysis [10], and the studies on

monometallic MOFs have indicated that the metal-oxide

cluster is primarily responsible for the adsorption of gas

molecules [33], only the radial distribution functions of

CH4 from the metal atoms (Ag and Fe) as well as the anions

were listed in Figure 2. As can be seen from Figure 2(a), at

P ¼ 0.1 MPa, CH4 molecules are adsorbed closer to the

anions than to the Ag and Fe atoms by comparing the

positions of the first peak of G(r), which is mainly due to

the stronger interaction strength with the anions. The other

peaks of G(r) including the first peak of Fe may be caused

by the effect of the accumulation of CH4 around the other

atoms, since the positions are far from the core atoms. With

the increase in pressure, CH4 molecules are still

accumulated closer to the anions, while the density is not

larger than those around the Fe and Ag atoms as shown in

Figure 2(b). It can be attributed to the fact that at high

pressure, the pore volume began to play an important role in

the adsorption instead of interaction, and more and more

adsorbate molecules were adsorbed in the pore area and not

around the anions. The similar situations were found in

other heterometallic MOFs considered in this work. This

indicates that the anions are the preferential adsorption sites

especially at low pressure, but the priority becomes less

evident at high pressure. From Figure 2, it can be found that

the metal atoms play a secondary role for CH4 adsorption. It

is worth noting that CH4 gathered closer to the Ag atoms

than to the Fe atoms, and the density around the Ag atoms

changed more than that around the Fe atoms with increasing

pressure. This may be because that the Ag atoms serve to

link the ‘metalloligands’, which allow for a stronger

interaction strength with CH4, leading to more opportu-

nities to contact the adsorbate when compared to the Fe

atoms, which are buried in the cores of the metalloligands.

By studying the G(r) in the other heterometallic MOFs, it

may be concluded that the linking unit containing the Ag

atoms play more important roles in the CH4 adsorption than

the bridging unit containing the Fe atoms.

In order to exhibit the adsorption sites inside the

heterometallic MOFs more intuitively and credibly, centre

of mass (COM) probability distributions of CH4 at

different pressures were calculated on the basis of all of the

configurations recorded during the Monte Carlo simu-

lations, and the results are shown in Figure 3. Obviously, at

low pressure, CH4 molecules are mainly adsorbed around

the anions, with a slight accumulation in other regions in

the pores; while at high pressure, the situation is a little

different with more and more CH4 molecules beginning to

distribute in the area not around the anions. This confirms

that the anion plays an important role in offering the

preferential site to the CH4 adsorption in heterometallic

MOFs, especially at low pressure.

3.2 The effect of the anions on the adsorption sites

To understand the effect of the anions on the CH4

adsorption sites, we examine the adsorption behaviours of

CH4 in three heterometallic MOFs with the different

Figure 3. Probability distribution plots of COM probability density in planes through the anion area in MOF-Fe/AgBF4-1 (anions, large
balls; not anions, small balls): (a) P ¼ 0.1 MPa, and (b) P ¼ 3.0 MPa.
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anions and the same metal atoms (MOF-Fe/AgBF4-1,

MOF-Fe/AgPF6-1 and MOF-Fe/AgSbF6-1). A comparison

among the radial distribution functions of the adsorbate in

materials with different anions was made by taking anions

and metal atoms as representative atoms, and the results

are listed in Figure 4. It was observed that CH4 molecules

were accumulated at nearly similar distance around the

anions. With the increase in pressure, the main

accumulation distances of CH4 were not changed too

much as shown in Figure 4(a),(b). This indicates that CH4

has already been located around the anions at low pressure,

and the increase in pressure does not influence the

adsorption distances of the adsorbate in this area greatly.

On the other hand, different anions induced the CH4

molecules mainly gathered around the Ag atoms at

different distances (Figure 4(c),(d)), since the Ag atoms

are located in the linking unit in the heterometallic MOFs

and have more occasions to contact the adsorbate. In the

heterometallic MOFs with PF2
6 and SbF2

6 , the adsorption

distances of the adsorbate from the Ag atoms are similar,

and are both shorter than that in materials with BF2
4 , which

may be related to the different adsorption amounts in

different materials. With the increase in pressure, more

and more CH4 were accumulated closer to the Ag atoms,

which is consistent with the finding in Figure 3 that high

pressure leads to the distribution of CH4 molecules in the

pore area and not around the anions. As far as the third

adsorption sites are concerned, CH4 molecules are

adsorbed at nearly the same distance from the Fe atoms

in the heterometallic MOFs with different anions (Figure

4(e),(f)), because they are all located in the cores of

tris(dipyrrinato) coordination complexes and are farther

Figure 4. Radial distribution functions between the adsorbate molecules and atoms in heterometallic MOFs with different anions: (a, b)
anions, (c, d) Ag atoms, and (e, f) Fe atoms.
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from the adsorbate than the other kinds of adsorption sites.

It is worth noting that with the increase in pressure, there is

little change in the accumulation of CH4 around the Fe

atoms, except for the materials with BF2
4 , where CH4

molecules are gathered closer to the Fe atoms at high

pressure. Combining with the values in Table 1, the reason

may be that the heterometallic MOFs with BF2
4 have the

largest free volume, improving the CH4 accumulations in

the pores at high pressure. Since the free volume is related

to the topology of heterometallic MOFs, which can be

controlled by the anions [14], the anions have a significant

effect on the CH4 adsorption in this class of materials. In

addition, the radial distribution functions of the adsorbate

in heterometallic MOFs with the different core metal

atoms (Fe and Co) and the same anions were also

examined, and it was found that there are no evident

differences.

3.3 The effect of the anions on the CH4 adsorption

According to the above results, it is useful to further study

the effect of the anions on the CH4 adsorption. To do this,

GCMC simulations were further performed for the six

heterometallic MOFs by switching off the interactions

between the CH4 molecules and the anions. In order to

study the role of the interactions of anions quantitatively,

the contributions of the anions in terms of percentage of

the CH4 adsorption are calculated by considering the

change in adsorption amounts, as shown in Figure 5.

Depending on the chemical composition of the framework

and the anions, the contribution of the anions can be as

large as 65% at low pressures, and the contribution

becomes less evident with increasing pressures; this

indicates that the CH4 adsorption of heterometallic MOFs

at low pressure can be attributed largely to the interactions

of the anions. However, although the presence of the

anions provides the preferential adsorption sites, they

reduce the free volume as well as increase the weight

per unit volume of the material. Therefore, at high

pressure, the contribution of the presence of the anions

may be negative, which has been observed in other porous

materials such as zeolites [34–37]. Furthermore, Figure 5

also shows that the contributions of the same type of

anions on the CH4 adsorption are similar in heterometallic

MOFs with the different core metal atoms.

4. Conclusion

In conclusion, CH4 adsorption in novel heterometallic

MOFs was investigated using GCMC simulations in this

work. The results showed that CH4 molecules tended to

accumulate around the anions at low pressure. At high

pressure, however, the preferential adsorption around

anions is not pronounced. CH4 molecules were gathered

closer to the linking units containing the Ag atoms than to

the bridging structures containing the Fe atoms. In

addition, this work shows that the anions play an important

role in the CH4 adsorption of heterometallic MOFs, while

the effect of the core metal atoms (Fe and Co) was

generally found to be negligible. Therefore, an appropriate

selection of anions at a given pressure can lead to the

control of the adsorbate adsorption sites in heterometallic

MOFs, which may be useful for the practical applications

of these novel porous materials, such as in the field of

catalyst. Based on the results obtained in this work, it

would be interesting to further investigate the other

applications of these novel heterometallic MOFs, includ-

ing gas separations.
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