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Effects of the side pockets on gas separation in metal-organic framework Cu-BTC: a molecular
simulation study
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People’s Republic of China

(Received 19 February 2009; final version received 18 April 2009)

The effects of the side pockets on gas separation in Cu-BTC were studied by performing molecular simulations on six binary
mixtures in Cu-BTC with and without blocking the side pockets. The results show that the side pockets not only affect the
selectivity behaviour greatly, but also enhance the selectivity significantly, particularly at pressures lower than 1.0MPa.
In addition, this work shows that the contribution of the side pockets can be related to the interactions between the adsorbate
and Cu-BTC: the larger the difference in interactions of the adsorbates with Cu-BTC, the bigger the contribution of the
pockets. Furthermore, this work shows that, at moderate pressures, the presence of side pockets can enhance selectivity by
30–50%, illustrating that for practical applications the presence of side pockets is beneficial for gas separation.

Keywords: pocket effect; separation; metal-organic frameworks; simulation

1. Introduction

Metal-organic frameworks (MOF) are a new family of

nanoporous materials with various promising applications,

which are attributed to their flexibility to design through

controlling of the architecture and chemical functionality of

the pores [1–3]. Among the various MOF synthesised,

Cu-BTC with a channel/pocket complex framework is a

typical representative that has attracted great attention since

it was first reported by Chui et al. [4]. To date, great efforts

have been made to improve the synthesis and activation of

Cu-BTC experimentally [5–11], which mainly focus on

gas-adsorption properties, particularly on hydrogen

storage. On the other hand, theoretical investigations have

also been carried out on the adsorption [12,13], separation

[14–16] and diffusion [17,18] in this material.

One of the main characteristics of Cu-BTC is that it has

octahedron-shaped side pockets, which play an important

role in the adsorption separation of mixtures [15,16,19].

For example, Krungleviciute et al. [19] found that the

smaller octahedron-shaped side pockets in this material

are accessible to Ar but not to CF4 experimentally and thus

can be beneficial for separation of CF4/Ar mixtures. Our

previous simulations [15] on the CO2/CH4/H2 separations

in Cu-BTC showed that the side pockets play the dominant

role in determining the selectivity behaviours in Cu-BTC

at the lower pressure ranges. Therefore, it is important to

understand how and to what extent the side pockets

influence gas separation; however, such a systematic study

is not available in MOF to date. This information is very

difficult to obtain by experimental methods, while

molecular simulation is a powerful tool to give deep

insights into the question at the molecular level. Thus, in

this work a systematic molecular simulation study was

performed to understand the effect of side pockets on gas

separation in Cu-BTC.

2. Model and computational details

2.1 MOF structure

The crystal structure of Cu-BTC was constructed from the

XRD data [4] using a Materials Visualizer, [20] and the

unit cell is shown in Figure 1(a). Cu-BTC has a 3D channel

structure of ca. 0.9 nm diameter connecting a system of

octahedron-shaped cages of ca. 0.5 nm (Figure 1(b))

accessible through small windows (3.5 Å in diameter). It

should be pointed out that the crystal structure of Cu-BTC

includes axial oxygen atoms weakly bonded to the Cu

atoms, which correspond to the water ligands. Our

simulations were performed on dry Cu-BTC with these

oxygen atoms removed (activated Cu-BTC that is used in

adsorption experiments), and thus the diameter of the

triangular windows is ca. 4.6 Å, which are wide enough to

allow the studied adsorbate molecules to enter the pockets.

2.2 Force field

The force field plays an important role in molecular

simulations. In this work, a single Lennard-Jones (LJ)

interaction site model was used to describe both CH4 [21]

and Ar [22] molecules. CO2 was modelled as a rigid linear
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triatomic molecule, and each atom was represented as a

LJ-interaction site with charges located on each site to

represent its quadrupole moment [23]. N2 was represented

as a three-site model with two sites located at two atoms of

one molecule and the third one located at its centre of mass

(COM) [23]. The partial point charges located at each LJ

site can represent its quadrupole moment. As for H2, it was

treated as a diatomic molecule modelled by an LJ core

located at its COM and three partial charges with two

located at the H atoms and one at the centre between the

two H atoms [24]. The above potential models have been

successfully used to model the adsorption of CH4 [25–27],

CO2 [14,15,28], N2 [14,29] and H2 [30–32] in MOF and

other porous materials. For the atoms in the framework of

Cu-BTC, the universal force field of Rappe et al. [33] was

adopted, which has also been successfully used to depict

the adsorption [30,34], diffusion [17,18,35], and separ-

ation [36–38] of several light gases and their mixtures in

MOF. The potential parameters used in this work are listed

in Table 1. All the LJ cross-interaction parameters were

determined by the Lorentz–Berthelot mixing rules.

A recent review by Liu et al. [11] for H2 adsorption in

Cu-BTC shows that the preparation and activation process

has a significant impact on the adsorption capacity, surface

area and pore volume. Their carefully prepared Cu-BTC

samples exhibit the largest pore volume and H2 adsorption

amount to date. Thus, their data were adopted to further

confirm the reliability of the above set of force fields

adopted in this work, and the simulated adsorption

isotherms for Ar, N2 and H2 in Cu-BTC at 298K are

shown in Figure 2(a) and (b), where the corresponding

experimental data [11] are also included for comparison.

Obviously, the results show that the simulation results give

a good agreement with the experimental adsorption

isotherms, further validating the reliability of the force

fields adopted. The adsorption isotherms for CO2 and CH4

were also calculated, and compared with the experimental

data [5,39], as shown in Figure 2(c) and (d). Obviously, the

simulated results overestimated the experimental data,

particularly for CO2 at higher pressure. This may be

attributed to the samples obtained having a much lower

pore volume compared with those of the ideal crystal

Table 1. The LJ potential parameters for the adsorbates and Cu-BTC used in this work.

Ref s (Å) 1/kb (K) q (e)

CH4 [21] CH4 3.73 148.0 0.00
Ar [22] Ar 3.40 119.8 0.00
CO2 (CZO distance: 1.16 Å) [23] C 2.80 27.0 0.70

O 3.05 79.0 20.35
N2 (NZN distance: 1.10 Å) [23] N 3.31 36.0 20.482

COM 0.00 0.00 0.964
H2 (HZH distance: 0.74 Å) [24] H 0.00 0.00 0.468

COM 2.958 36.7 20.936
Cu-BTC [15,33] O 3.12 30.19 20.665

C1a 3.43 52.84 0.778
C2a 3.43 52.84 20.092
C3a 3.43 52.84 20.014
H 2.57 22.14 0.109
Cu 3.11 2.52 1.098

a The atom types were defined in our previous work [15].

Figure 1. (a) The unit cell crystal structure of Cu-BTC, (b) the structure of one octahedron-shaped side pocket (Cu, pink; O, red; C, grey;
hydrogen, white).
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as well as the Cu-BTC samples carefully prepared by

Liu et al. [11], thus, the amount of CO2 and CH4 adsorbed

in Cu-BTC by Wang et al. [5] and Millward et al. [39]

could be experimentally underestimated. However, it is

thought that these disagreements between the simulated

results and the experimental data would not affect the

qualitative discussions about the blocking effects of the

side pockets on the selectivity behaviours in Cu-BTC.

2.3 Simulation details

The Grand Canonical Monte Carlo (GCMC) simulations

were employed to calculate the adsorption of pure gases

and their mixtures in Cu-BTC. The number of the unit

cells adopted in the simulation box varied from 2 £ 2 £ 2

to 4 £ 4 £ 4 so that enough molecules were accommo-

dated to guarantee the simulation accuracy. The frame-

work of Cu-BTC kept rigid during the simulations. A cut-

off radius of 15.0 Å was applied to all the LJ interactions,

and the electrostatic interactions in all simulations were

handled by the Ewald summation technique. The partial

point charges of all the framework atoms in Cu-BTC were

taken from our previous work [15], as shown in Table 1,

which were calculated by the DFT method. The periodic

boundary conditions were applied in all the three

dimensions. For each state point, GCMC simulation

consisted of 1.0 £ 107 steps to guarantee the equili-

bration, followed by 1.0 £ 107 steps to sample the

desired thermodynamic properties. As all the atoms in

the adsorbent were assumed to be fixed in their

crystallographic positions, the potential energies between

an 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. The bulk fugacity required in the GCMC

simulations was calculated by Peng–Robinson equation of

state. Details on the method can be found elsewhere [40].

3. Results and discussion

3.1 Adsorption selectivity behaviours in Cu-BTC with
and without blocking the side pockets

In the separation processes a good indication of the ability

for separation is the selectivity of a porous material for

different components in the mixtures. The selectivity for

component A relative to component B is defined by

S ¼ (xA/xB)(yB/yA), where xA and xB are the mole fractions

of components A and B in the adsorbed phase, while yA and

Figure 2. Experimental [5,11,39] and simulated adsorption isotherms of pure gases in Cu-BTC: (a) Ar and N2 at 298 K, (b) H2 at 298K,
(c) CH4 at 295K (d) CO2 at 298K.
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yB are the mole fractions of components A and B in the

bulk phase, respectively.

As the first step to study the effects of side pockets on

separation, adsorption selectivities were calculated by the

GCMC simulations at 298K for six binary mixtures

(CH4/H2, CH4/N2, N2/H2, CO2/N2, CO2/H2, and

CO2/CH4) in Cu-BTC with and without blocking the

side pockets. These six systems selected in this work have

practical applications with different features, and the

blocked Cu-BTC was obtained by putting hard balls into

the side pockets to make the pockets inaccessible to the

adsorbates as indicated in Figure 3. Figure 4 shows the

simulated results for the adsorption selectivities of these

six systems in non-blocked and blocked Cu-BTC at 298K,

as a function of the pressure up to 5.0MPa. As can be seen

from this figure, for each mixture examined in this work,

the blocked Cu-BTC shows a very different separation

behaviour compared with that in the non-blocked case,

particularly at pressures lower than 1.0MPa, and the

difference is greatly dependent on the nature of the system

for separation.

Our previous works have showed that, for Cu-BTC, the

side pockets with the smaller pore sizes have the stronger

electrostatic field as well as the confinement effects

compared with the channel pores, which results in the

side pockets being the preferential adsorption sites for the

adsorbate molecules [12,15]. The results shown in Figure 4

evidently indicate that the blocking of the side pockets

could cause the remarkable differences in the selectivity

curves at the lower-pressure regions. Furthermore, this

phenomenon occurs at a different pressure range for

various systems and this may be attributed to the different

saturation adsorption pressure in the side pocket for a

certain mixture, which depends on the nature of the

examined mixtures.

For the mixture of CH4/H2, the difference between the

selectivity curves in the blocked and non-blocked cases

is that a sharp decrease in the latter occurred at the

lower-pressure regions. This is caused by the competition

between the entropic and energetic contributions in those

side pockets, i.e. the entropic effects favour the adsorption

of the smaller H2 molecules while the energetic

contributions favour the larger CH4 molecules, which is

inclined to the adsorption of the former with the increase of

pressure. This reason also holds true in the cases of the

CH4/N2 and N2/H2 mixtures. For the mixtures involving

CO2, a quick decrease or increase was observed in the

non-blocked structure in comparison with the curve in the

blocked one at a low pressure. It can be explained as

follows: due to the packing effects of adsorbate molecules

decreasing in the following order: H2. N2. CH4, and the

strong electrostatic contributions favouring the adsorption

of CO2 with a larger quadrupole moment, the first trend

was changed from a quick decrease in Figure 4(d) to

increasing in Figure 4(f) for those mixtures in the Cu-BTC.

Furthermore, the selectivity behaviours shown in Figure 4

illustrate that the side pockets can influence the selectivity

performance largely up to moderate pressure, thus they are

important in practical applications.

3.2 Effects of side pockets on adsorption selectivity in
Cu-BTC

The selectivity in the non-blockedCu-BTC is larger than that

in the blocked for all the systems as shown in Figure 4,

indicating that the side pocket can enhance adsorption

selectivity. To have a better understanding of the effects of

the side pockets on adsorption selectivity, the relative

selectivity, defined as Sr ¼ S=Sb, where S and Sb denote the

selectivity in the non-blocked and blocked Cu-BTC,

respectively, were further calculated at 298K, as shown in

Figure 5, as a function of pressure. Figure 5 shows that the

enhancement of separation selectivity by the presence of side

pockets generally decreaseswith the pressure increasing; the

only exception is the CO2/CH4 system. At a low-pressure

region, the selectivity can be enhanced approximately by

2–3 times, while at moderate pressures for a practical

application, the enhancement is also evident (ca. 30–50%);

this demonstrates that the presence of side pockets is

beneficial for separation in practical applications.

To further understand for which system the effect of side

pockets is more evident, the ratio of isosteric heat of

adsorption at an infinite dilution for component A relative to

component B, Qr ¼ QA=QB, was calculated, where QA and

QB are the isosteric heat of adsorption at an infinite dilution

of the componentsA andB inCu-BTCat 298K, respectively.

The relationships between the relative selectivity Sr at

infinite dilute and Qr are shown in Figure 6. Obviously,

Figure 3. The crystal structure of Cu-BTC with the side pockets
blocked.
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Figure 4. The selectivity for six binary equimolar mixtures in both the non-blocked and blocked Cu-BTC at 298K.

Figure 5. The relative selectivities of binary equimolar
mixtures in Cu-BTC at 298K.

Figure 6. The relative selectivity at 1MPa versus isosteric heat-
of-adsorption ratio at 298K.
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the larger the Qr, the bigger the Sr. It is also found at

moderate pressures. Therefore, we may conclude that the

side pockets are more beneficial for systems with a larger

difference in the energetic interactions of adsorbates with

Cu-BTC.

Finally, the selectivity distribution of an equimolar

mixture of CO2/H2 in Cu-BTC at 1MPa and 298K was

calculated and shown in Figure 7 as an example to give

a direct visualisation of the role of the side pockets.

Obviously, the selectivity in the side pocket is

much larger than that in the other regions, directly

showing the positive contribution of the side pockets to

separation.

4. Conclusion

This work shows that both the selectivity behaviour and

the values are affected largely by the presence of side

pockets in Cu-BTC. The effect is more evident at the lower

pressures, which can increase the selectivity by 2–3 times

at very low pressures, and 30–50% at moderate pressures.

Moreover, this work shows that the contribution of the side

pockets can be related to the interactions between the

adsorbate and Cu-BTC: the larger the difference in

the interactions of the adsorbates with Cu-BTC, the

bigger the contribution of the pockets. The information

obtained clarifies the effects of the side pockets in

Cu-BTC, and also shows that for practical applications,

the presence of side pockets is beneficial for gas

separation.
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