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(Received 29 October 2009; final version received 22 February 2010)

In this work, the adsorption of methane in several newly synthesised metal-organic frameworks (MOFs) is studied using grand
canonical Monte Carlo simulations. The factors influencing the adsorption behaviour of methane in different series of
materials were investigated at low, moderate and high pressures, respectively. The simulation results show that the isosteric
heat of adsorption at infinite dilute, the accessible surface area and the free volume of materials play important roles in
methane adsorption, while the main factors are different in different ranges of pressure. These are consistent with the rules
obtained from well-studied MOFs by the Snurr group and by Wang, proving that they are applicable to the newly synthesised
MOFs. Based on these, the influencing factors were further discussed by classifying the MOFs through the pore topology, and
it was found that the pore topology should not be ignored when performing efficient modifications of MOFs at moderate and
high pressures. This work may provide useful information to design novel MOFs with high methane uptake in the future.

Keywords: newly synthesised metal-organic frameworks; CH4 adsorption; grand canonical Monte Carlo; pore topology

1. Introduction

With the development of the automobile industry, the

interest in natural gas as a kind of vehicular fuel has grown

considerably. Natural gas, which primarily consists of

methane, is a valuable alternative fuel with advantages in

comparison with gasoline, such as low cost and clean-

burning characteristics [1,2]. However, its application has

been impeded by the absence of safe and economical

techniques for storage. Therefore, special attention was

paid to develop new storage mediums with high

performance.

Recently, a new class of porous materials, metal-

organic frameworks (MOFs), has been synthesised and

structurally characterised. These materials have shown

potential applications in gas storage, separations and

catalysis, due to the high porosity, high adsorption capacity

and thermal stability [3–6]. Some of the MOFs show high

capacity for methane storage, and comparative molecular

simulation study has been performed by the Snurr group [7]

and by Wang [8] to discuss the main factors in determining

methane uptake. Moreover, they both studied the complex

interplay of the surface area, free volume, the strength of

the energetic interaction and the pore size. More recently,

with the development of the synthesis technique, several

series of MOFs with different topologies have emerged and

shown improved methane uptake capacity [9 – 15].

However, the adsorption character of methane in these

MOFs is not quite clear up to now, and it is valuable to

check whether the results obtained from the well-studied

MOFs are applicable to these newly synthesised materials.

Therefore, a systematic simulation study was per-

formed in this work on the adsorption of methane in several

newly synthesised series of MOFs with different topolo-

gies, such as M2(dhtp) [9,10], UMCMs [13,14], Zn-MOF

[15] and ZIFs [16,17]. M2(dhtp) is also called CPO-27-M

(M ¼ Mg, Mn, Co, Ni, Zn) [11,12]. Zn2(dhtp), known as

MOF-74, was first reported, by Yaghi and co-workers [18].

Co2(dhtp) and Ni2(dhtp) were prepared by Dietzel et al.

[19,20].

The purpose of this paper is to explore the factors that

affect the adsorption behaviour of methane at different

ranges of pressure, providing more comprehensive under-

standing of MOFs as the storage medium of methane.

2. Models and simulation methods

2.1 MOF model

In this computational study, the guest-free framework

structures of the selected MOFs were constructed from their

corresponding experimental single-crystal X-ray diffrac-

tion (XRD) data using Materials Studio Visualizer [21] and

are shown in Figure 1. M2(dhtp) (M (metal) ¼ Mg, Mn, Co,

Ni, Zn; dhtp ¼ 2,5-dihydroxyterephthalate) has the same

topology with M linked by dhtp linkers [9,10]. ZIFs have
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the same primitive topology with Zn linked by different

imidazolate/imidazolate-type linkers [16,17]. UMCMs

(UMCM-1 and UMCM-2) [13,14] have cage-like struc-

tures with different linkers. Zn-MOF [15] comprises

dicarboxylated organic ligands as struts and Zn(II)-

containing clusters as nodes. The details of properties for

all MOFs are shown in Table 1. The accessible surface area

(Sacc) and total free volume (Vfree) of each material were

estimated using the atom volumes and surfaces calculations

within the Materials Studio package [18]. A probe molecule

with the diameter equal to the kinetic diameter of methane

(3.8 Å) was used to determine the accessible surface area,

whereas the total free volume not occupied by the

framework atoms was calculated by a probe size of 0.0 Å.

2.2 Force field

In the present work, methane (sCH4
¼ 0.373,

1CH4
/kB ¼ 148.0 K) is described as a single Lennard-

Jones (LJ) interaction site model using the TraPPE force

field [22]. The potential parameters for the framework

atoms in MOFs were taken from the universal force field of

Rappé et al. [23], as shown in Table 2. The sets of force

fields have 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.

2.3 Grand canonical Monte Carlo simulation details

Grand canonical Monte Carlo (GCMC) simulations were

employed to calculate the adsorption of methane in all

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

(j) (k) (l)

(n) (m)

Figure 1. Crystal structures of newly synthesised MOFs used in the simulations: (a) Mn2(dhtp), (b) Ni2(dhtp), (c) Zn2(dhtp),
(d) Co2(dhtp), (e) Mg2(dhtp), (f) ZIF-68, (g) ZIF-69, (h) ZIF-70, (i) ZIF-80, (j) ZIF-81, (k) ZIF-82, (l) UMCM-1, (m) UMCM-2 and (n)
Zn-MOF (Mg, green; Zn, grey-blue; Mn, purple; Ni, light blue; Co, blue; Cl, light green; Br, orange; O, red; C, grey; N, blue; S, yellow; H,
white) (colour online).
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MOFs. A cut-off radius of 12.8 Å was applied in the LJ

interactions. For each point on the isotherm, 2 £ 107

Monte Carlo steps were performed. The 1 £ 107 steps

were used for the GCMC simulation equilibrium. The

isosteric heat of adsorption qst was calculated from:

qst ¼ RT 2
kUffNl2 kUfflkNl
kN 2l2 kNlkNl

2
kUsfNl2 kUsflkNl
kN 2l2 kNlkNl

; ð1Þ

where R is the gas constant, N is the number of molecules

adsorbed and k l indicates the ensemble average. The first

and second terms are the contributions from the molecular

thermal energy and adsorbate–adsorbate interaction

energy, Uff, respectively. The third term is the contribution

from the adsorbent–adsorbate interaction energy, Usf. A

detailed description of the simulation methods can be

found in [30] and our previous work [31]. The isosteric

heat of adsorption at infinite dilute q0
st was extrapolated

from a series of GCMC simulations at low-pressure region.

3. Results and discussion

3.1 Validation of the force field

To study the adsorption of methane in the MOF materials,

the force field should be reliable. Therefore, GCMC

simulations were performed to calculate the adsorption

isotherms of CH4 in M2(dhtp) and ZIFs, which have

experimental data [10,17]. The results in M2(dhtp) and

ZIF-82 are displayed in Figure 2, as examples. Figure 2

shows that the predicted results of ZIF-82 are in better

agreement with the experimental data than those in

M2(dhtp), due to the former occuring in lower pressure.

However, the simulation results in M2(dhtp) are in good

agreement with the experimental data at low pressure. This

may be due to the fact that the degree of simulation

fluctuation is stronger at high pressures, as well as the solid

may have some defects in experiment. Therefore, the force

field adopted in this work is reliable and can be applied to

other materials.

3.2 Prediction of CH4 adsorption isotherms in MOFs
up to 10.0MPa

The excess adsorption isotherms in these MOFs at 298 K

are presented in Figure 3 in both gravimetric and

volumetric units with pressure up to 10.0 MPa. Generally

speaking, M2(dhtp) displays the largest excess adsorption

amount per volume of sorbent, while UMCMs show the

highest adsorption amount in terms of gravimetric

uptake. The behaviour observed in each series of

materials is quite similar. It is worth noticing that the

intersection of the adsorption isotherms existed among

the different series of materials. It may be attributed to

Table 1. Properties of the MOFs investigated in this work.a

Material Space group Porous shape d b
pore (Å) q0

st
c (kJ/mol) rcrys (g/cm3) Sacc (m2/g) Vfree (cm3/g)

Mg2(dhtp) R3 One-dimensional channel 13.4 14.6 0.91 1534.2 0.71
Mn2(dhtp) R3 One-dimensional channel 13.8 13.4 1.08 1319.8 0.62
Co2(dhtp) R3 One-dimensional channel 13.6 13.8 1.17 1216.4 0.56
Ni2(dhtp) R3 One-dimensional channel 13.5 14.2 1.20 1153.7 0.54
Zn2(dhtp) R3 One-dimensional channel 13.5 14.7 1.23 1146.7 0.53
ZIF-68 P63/mmc Cages 10.3 18.7 1.03 1001.5 0.59
ZIF-69 P63/mmc Cages 7.8 20.5 1.00 607.2 0.57
ZIF-70 P63/mmc Cages 15.9 20.0 0.77 1788.5 0.87
ZIF-80 P63/mmc Cages 9.8 16.7 1.07 1061.2 0.60
ZIF-81 P63/mmc Cages 7.4 20.2 1.15 491.4 0.49
ZIF-82 P63/mmc Cages 12.3 16.6 0.80 1569.5 0.81
UMCM-1 P63/m Cages 26.0/31.0 9.8 0.37 4484.8 2.31
UMCM-2 P63/m Cages 16.0/18.0/30.0 9.54 0.38 4487.4 2.24
Zn-MOF P2(1)/c Pore 19.6 13.0 0.50 3403.7 1.58

a Obtained from the Materials Studio package [18]. b Obtained from the XRD [9–17]. c Obtained from the simulations in this work.

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

Atom/molecule s (nm) 1/kB (K)

CH4 0.37 148.0
MOF_Mg 0.27 55.8
MOF_Zn 0.25 62.4
MOF_Mn 0.27 6.5
MOF_Co 0.26 7.0
MOF_Ni 0.25 7.5
MOF_C 0.34 52.8
MOF_N 0.33 34.7
MOF_H 0.26 22.1
MOF_O 0.31 30.2
MOF_S 0.36 137.9
MOF_Cl 0.35 114.2
MOF_Br 0.37 126.2
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the interplay of various factors at different pressure

regions [7,8,31,32], promoting the detailed discussion on

these factors in the following sections.

3.3 Various factors at different pressure regions

As shown in Figure 2, the adsorption behaviour of

methane in different MOFs is complex at different ranges

of pressure. Thus, it is useful to perform a systematic study

on the relationships between the methane adsorption

capacity and the various influencing factors, which is

useful to guide future design of MOFs with high CH4

uptake.

3.3.1 Moderate pressure

Since, in practical applications, 3.5 MPa is considered as

suitable and safe condition for methane storage, some
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Figure 2. Comparison of simulated and experimental adsorption isotherms of CH4 in Zn2(dhtp), Mg2(dhtp), Mn2(dhtp), Ni2(dhtp),
Co2(dhtp) and ZIF-82 at 298 K.
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main factors influencing the adsorption storage of the

materials were examined first at 3.5 MPa and 298 K.

Similar to previous work [7,8,31,32], there is no

excellent correlation between the amount adsorbed and the

free volume (Vfree), while the accessible surface area (Sacc)

shows a nearly linear relation with the adsorption amount,

as listed in Figure 4(a), (b). It can be seen from Figure 4(b)

that Mg2(dhtp) has higher adsorption amount than ZIF-82

with similar accessible surface area. This may be due to

the different pore topologies and chemical constituents,

and, for some ZIFs, the adsorption is near to saturation at

that pressure. Therefore, we further discuss the relation

between the accessible surface area and the adsorption

amount on the basis of classifying materials by the pore

topologies (see Table 1 and Figure 1). Figure 4(c) displays

the relationship in the materials with channel pore, such as

M2(dhtp) [9,10] and CPLs [8]. To draw a comparison, the

results in IRMOFs [8] with cubic or cuboid topology are

shown in Figure 4(d). The materials with other structures

(ZIFs, UMCMs, Zn-MOF, Cu-BTC, Cu(SiF6)(bpy)2 and

Cu(GeF6)(bpy)2) are shown in Figure 4(e). Obviously, for

the materials with similar pore topology, there is an

excellent relation between the accessible surface area and

the adsorption amount. By comparing the slopes of

correlated line in Figure 4(c)–(e), it can be found that, for

the MOFs with channel pore, the increment of adsorption

amount is largest with the increase of Sacc in all materials

studied in this work. That is to say, this kind of MOFs may

be more suitable for modification to improve the methane

storage capacity through increasing Sacc.

3.3.2 Low pressure

From the previous works on the gas adsorption in MOFs

[7,8,31,32], at low pressure, materials with the strongest

enthalpy interactions with molecules adsorbed show the

highest level of adsorption capacity. Thus, we also

checked the dependency of CH4 adsorption amount on the

isosteric heat of adsorption at infinite dilute (q0
st) for all the

series of newly synthesised MOFs at low pressure

(P ¼ 0.05 MPa), as shown in Figure 5(a). The results

indicate that there is obvious linear correlation between

them for all the MOFs studied in this work, which has also

been found in the well-studied MOFs [8,31,32]. Generally

speaking, the higher the isosteric heat of adsorption at

infinite dilute, the higher the methane adsorption capacity.

However, there is no obvious correlation with the

adsorption amount against the other properties of MOFs.

In addition, the relation between q0
st and pore size of

materials was also studied. As can be seen from

Figure 5(b), though the value of q0
st depends on several

properties of materials, such as pore size, the framework

topology, constituent, atom types and wall chemistry

[7,8,31,32], the general trend is that q0
st decreases with the

increasing of pore size.

3.3.3 High pressure

Considering that some MOFs are not saturated for methane

adsorption at moderate pressure, the factors influencing the

amount adsorbed at high pressure (P ¼ 10.0 MPa) were

further studied for these new materials. By examining the

adsorption amount vs. the properties of MOFs, only the

free volume and accessible surface area have a nearly

linear relation with the capacity of gas storage, as shown in

Figure 6(a), (b). It can be seen from Figure 6(a), the

methane adsorption capacity of M2(dhtp) (in red circle) is

higher than ZIFs with similar free volume. This is mainly

due to the fact that M2(dhtp) has one-dimensional channel-

like pores with less blocking end groups than those in ZIFs,

such as nIM and cnIM, as shown in Figure 1(a), (b).

Therefore, the relation between the free volume and the
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Figure 3. Simulated excess adsorption isotherms of CH4 in MOFs at 298 K as a function of pressure: (a) volumetric capacity and
(b) gravimetric capacity.
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adsorption amount is also investigated based on the pore

topology, and the results are listed in Figure 6(c)–(e). It is

obvious that there are improved correlations compared to

that in Figure 6(a). For the MOFs with channel pore, the

increment of adsorption amount is largest with the increase

of Vfree in all the MOFs studied in this work, by comparing

the slopes of correlated line in Figure 6(c)–(e). This is

similar to that in Figure 4(c)–(e).

The above results indicate that the packing effects are

evident at high pressure, and the free volume and the

accessible surface area of MOFs become the leading

factors for the adsorption capacity, which is consistent

0.5 1.0 1.5 2.0 2.5

80

160

240

320

400

N
ab

s 
[c

m
3 (

S
T

P
)/

g]
N

ab
s 

[c
m

3 (
S

T
P

)/
g]

Vfree [cm3/g]

0 1000 2000 3000 4000 5000

100

150

200

250

300

350

400

450

Mg2(dhtp)

ZIF-82

(b)(a)

(c) (d)

N
ab

s 
[c

m
3 (

S
T

P
)/

g]

Sacc [m
2/g]

Sacc [m
2/g] Sacc [m

2/g]

270 540 810 1080 1350 1620

50

100

150

200

250

1600 2400 3200 4000 4800

160

200

240

280

320

N
ab

s 
[c

m
3 (

S
T

P
)/

g]

N
ab

s 
[c

m
3 (

S
T

P
)/

g]

(e)

Sacc [m
2/g]

0 1000 2000 3000 4000 5000
80

160

240

320

400

480

Figure 4. The amount of adsorbed methane at 3.5 MPa vs. (a) the free volume for all the MOFs studied in this work, (b) the accessible
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with the results obtained by the Snurr group [7] and Wang

[8]. In addition, the effect of pore topology should not be

ignored at high pressure when designing the MOFs with

high performance.

3.4 CH4 adsorption sites

The knowledge of adsorption sites of gas molecules in

MOFs is important in understanding the adsorption

mechanism. Therefore, in this work, the centre of mass

(COM) probability distributions of adsorbed methane in

these newly synthesised MOFs are investigated at different

pressures, in order to be helpful for the modification of

these materials with improved CH4 adsorption capacity.

Figure 7 displays the CH4 adsorption in Mg2(dhtp) at

three different pressure regions, as an example of the series

of M2(dhtp). At low pressure, CH4 molecules are mainly

adsorbed near the Mg clusters (Figure 7(a)), which are the

most favourable energetic adsorption regions due to the

high concentration of framework atoms and high strength

of the interactions. This is similar to the finding of Wu et al.

[10]. With the increase in pressure, more and more

molecules are adsorbed near the metal clusters and some

of them distribute along the organic linkers. Few CH4

molecules begin to appear in the centres of the channel, as

shown in Figure 7(b). With further increasing pressure, the

centres of the channel were occupied by more and more

CH4 molecules (Figure 7(c)) until the saturated adsorption

amount was reached.

The COM probability distributions of CH4 adsorbed in

ZIF-82 are shown in Figure 8 as an example of ZIFs.

Similar to CO2 [33], at low pressure, CH4 molecules are

mainly adsorbed in the small pores formed by the nIm

linkers, with a slight accumulation in other regions of the

frameworks (Figure 8(a)). At moderate and high pressures,

CH4 molecules begin to be adsorbed in the large pores as

shown in Figure 8(b), (c). This indicates that the small

pores formed by nIm linkers are the preferential sites for

CH4 adsorption in ZIFs.

Although the topology is different, at low pressure,

CH4 molecules are mainly adsorbed near the metal clusters

in UMCM-2 similar to the situations in Mg2(dhtp), as

shown in Figure 9(a). Increasing pressure induces CH4

molecules adsorbed near the linker (T2DC and BTB) and

then in the centres of the cavities step by step, as shown in

Figure 9(b), (c). It is interesting that CH4 molecules

distribute more uniformly in the cavities of UMCM-2 than

in the channel of Mg2(dhtp).

4. Conclusions

Methane adsorption in several series of newly synthesised

MOFs was studied using molecular simulations. Through

the comparison of the adsorption behaviour studied in

these materials, it is clear that the CH4 uptake is influenced

by the cooperative interplay of the isosteric heat of

adsorption, free volume, accessible surface area and the

pore topology. Therefore, to synthesise a new desirable

material for methane storage, an adsorbent with larger

accessible surface area and free volume, low density of

framework should be considered. That is to say, the

complex interplay of the factors influencing methane

adsorption obtained from well-studied MOFs by the Snurr

group [7] and by Wang [8] is also applicable to these

newly synthesised MOFs, which is likely to be the general

rules for design of new MOFs for methane storage.

Furthermore, it can be found that, in the MOFs with the

same pore topology, there are evident linear relationships

between adsorption capacity and the accessible surface

area at moderate pressure as well as the free volume at

high pressure. Moreover, the MOFs with channel pore may
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Figure 5. The amount of adsorbed methane at 0.05 MPa vs. (a) the isosteric heat of adsorption at infinite dilute. (b) The isosteric heat of
adsorption at infinite dilute vs. the size of pores in MOFs.
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Figure 6. The amount of adsorbed methane at 10.0 MPa vs. (a) the free volume for all the MOFs studied in this work (M2(dhtp) are in red
circles), (b) the accessible surface area for all the MOFs studied in this work, (c) the free volume for the MOFs with channel pore, (d) the
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(a)

(b) (c)

Figure 7. Probability distribution plots of COM of CH4 in XY planes in Mg2(dhtp) at different pressures: (a) 0.05 MPa, (b) 3.5 MPa and
(c) 10.0 MPa (Mg, green; O, red; C, grey; H, white) (colour online).

(a)

(b) (c)

Figure 8. Probability distribution plots of COM of CH4 in XY planes in ZIF-82 at different pressures: (a) 0.05 MPa, (b) 3.5 MPa and
(c) 10.0 MPa (Zn, grey-blue; O, red; C, grey; H, white; N, blue) (colour online).
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be more suitable for the modification to improve the

methane storage capacity through increasing Sacc or Vfree.
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