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Figure S1 – Schematic procedure for cellulose acetates solution preparation and casting.

Figure S2 – Setup of the gas permeation rig.
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S1. Gas Adsorption Properties of Membrane 

Theoretically, gas adsorption in membranes occurs in steps. First, the gas molecules are transported from the 

bulk phase to the membrane surface. This is then followed by the diffusion of the gas into the surface of the 

membrane and finally, the gas solubilizes and subsequently gets adsorbed in the membrane matrix. However, 

the specific adsorption properties of these gases depend on the properties of the membrane material being 

studied. 

The CA polymer used in this research is in the glassy polymer class, which normally follows the “dual-mode 

sorption model” of gas transport. This model is designed in two parts, the dense structure and molecular scale 

cavities, which shows a high tendency of CO2 adsorption in pure cellulose acetate membrane material. This 

sorption isotherm of pure CA has been illustrated in several previous studies1–3. 

Furthermore, CO2 is in general known to have a high affinity for certain types of materials, such as metal-

organic frameworks (MOFs) including ZIF-67. This is because CO2 has a small molecular size and a high 

quadrupole moment, which allows it to form strong interactions with the adsorption sites in these materials.  

O2 and N2 are both smaller than CO2 and have a lower quadrupole moment, which makes them less likely to 

form strong interactions with adsorption sites. CH4 is larger than all three of these gases and is therefore less 

likely to be adsorbed by materials with small pores4–6.  The implication is that membrane consisting of MOF 

materials, the permeation of CO2 will be higher compared to the other gases, and this was consistent with the 

observation in the gas permeation analysis in this study. Clearly the CO2 permeation results from the respective 

membrane is validated by these well-established views about the materials used and their separation properties. 

Conceivably, the pure CA membrane is a nonporous material, as such may not show significant gas adsorption 

properties compared to the ZIF67/CA asymmetric membrane and ZIF67 / CA mixed matrix which have 

different gas adsorption properties due to the presence of the ZIF67 material.

Figure S3 – N2 sorption isotherm of ZIF-67 collected at 77 K (BET=1,311 m2/g)
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Figure S4 – SEM-EDX analysis of the surface of ZIF-67/CA asymmetric membrane (a) top surface and  (b) 
bottom surface.
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Figure S5 – (a) EDX analysis of 4.10 wt.% ZIF-67/CA MMM surface and (b) SEM image cross section of 
4.10 wt.% ZIF-67/CA MMM.
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S2. Simulations Methodology

Structures of ZIF-67 were generated from crystallographic data, derived from X-ray diffraction. Bulk and slab 

systems of the zeolite framework were built by growing the unit cell using METADISE7. Bulk systems were 

grown by a factor of 2 in the x, y, and z directions, such that each dimension of the simulation cell measured 

33.8 A. respectively, with α, β, and γ angles of AA, BB, and GG reflecting those of the crystal unit cell. Slab 

systems of ZIF-67 were generated along the Miller Index (1 1 1), for the pores of the ZIF were normal to the 

generated surface, and the pore windows in-plane with the surface (Figure S6). Slab systems were monoclinic 

with values a, b, and c of 90 A, 71.7 A and 71.7 A respectively (with the slab surface normal to the a direction), 

and α, β, and γ angles of 60°, 90° and 90°. Recent studies to determine force field terms of ZIF-67 were used 

in this model,8 and the TraPPE force field was implemented to model penetrating gas molecules.9  An 

amorphous cellulose acetate system was built from 26 chains of 14 repeat units in length and modelled with 

the OPLS_AA force field.10–11  This was equilibrated by first performing an energy minimisation on sparsely 

packed simulation cells, compressing the system at 750 K and 100 atm of pressure in the NPT ensemble, 

followed by 4 consecutive annealing cycles over 10 ns. Herein, a temperature ramp gradually alternates the 

simulation reference temperature between 298 K and 1200 K, before performing a final simulation in the NPT 

ensemble at room temperature and pressure, to allow for further system compression.  In generating the 

composite ZIF-polymer system, 37 polymer chains were packed into a lengthened simulation cell containing 

a ZIF-67 slab. Equilibration of polymer in a composite system was achieved following the same procedure as 

in neat cellulose acetate systems, other than anisotropic pressure coupling was implemented in NPT ensembles. 

This ensured that the b, and c cell lengths and α, β, and γ angles of the ZIF crystal cell were maintained, while 

allowing for volume fluctuations in the a direction – being the axis orthogonal to the ZIF slab surface (see 

Figure S6) - to allow for compression of the polymer fraction. . The open-source molecular dynamics package, 

GROMACS12–15  was used to perform molecular dynamics simulations. All equilibration simulations employed 

a Berendsen thermostat and barostat for temperature and pressure coupling. 

Systems were validated by comparing the structural output of molecular simulation to experiment. Densities 

of cellulose acetate and ZIF-67, in both neat and composite systems, were quantified over 1 ns. Free volume 

calculations were performed by extracting the configurational output of molecular dynamics simulations and 

using the SCAN function of DL_MONTE,16 to perform systematic grand canonical Monte Carlo insertions of 

a hydrogen probe molecule at regular intervals throughout the simulation cell. Coordinates where insertions 

were energetically favourable could be extracted, for visualisation of free volume in conjunction with the 

molecular structure which surrounds it. The calculation of density, dihedral distribution, free volume, radius 

of gyration and radial distribution function were performed in the NVT ensemble, employing the canonical 

Nosé-Hoover thermostat for temperature coupling. Radii of gyration of cellulose acetate molecules were 

computed from the GROMACS ‘gyrate’ function, where atoms are explicitly mass weighted. This is calculated 

by the following equation, where mi is the mass of the atom I, and ri is the position of the atom i with respect 

to the molecule’s centre of mass:
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Axial radii components are given as mass-weighted root-mean-square values about the given axis, as a function 

of the radii components orthogonal to this axis. An example calculation is given in the following equation:
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Figure S6 – Slab of ZIF-67, generated along the (1 1 1) index such that the pores are aligned with the x 
axis.
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S3. Structural Analysis of Models
In the first instance, the structure of the ZIF-67 crystal unit cell was analysed, and from which all subsequent 

zeolitic systems were generated. The morphology of the central spherical pore was observable through free 

volume calculations, achieved by subjecting the unit cell to grand canonical Monte Carlo simulation.  By 

analysing coordinates where hydrogen insertion is favourable, the cage like structure of ZIF-67 can be seen. 

The central spherical pore is accessible through eight narrow channels, which run through the aperture made 

by the imidazole heterocyclic moieties arranged in a solalite-like framework (Figure S7). The pore volume 

was found to have a diameter of 11.63 A, exactly matching that reported by Tsao and coworkers.17 A calculated 

window aperture (wa) of 6.8 A, and a window height (h) of 7.95 A was also found to be consistent previous 

studies (Figure S8).

Figure S7 – Free volume within a ZIF-67 unit cell, where a central spherical pore volume is accessible via 
eight narrow channels. Free volume was calculated from grand canonical Monte Carlo simulation.
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Figure S8 – Window aperture (wa) and window height (h) calculated from the crystal structure of ZIF-67. 

S4. Structural Changes in Neat and Asymmetric Membranes

The radius of gyration was analysed for cellulose acetate chains in neat and composite systems. It was observed 

that the radius of gyration was approximately 0.5 nm greater for cellulose acetate in the ZIF-containing system 

when compared to in the neat polymer. The gyration radius was also seen to fluctuate considerably less in the 

composite system, with a standard deviation across the simulation approximately half the value of that in the 

neat system (0.017 and 0.028 nm respectively). These results indicate that the presence of the ZIF-67 slab 

causes structural changes in the cellulose acetate layer; whilst the larger radius of gyration demonstrates that 

each chain is more elongated, the lower variation indicates that these are less dynamic and mobile compared 

to their native arrangement without ZIF. Indeed, by analysing the radii components orthogonal to each axis, 

the direction of alignment of cellulose acetate chains in ZIF-composite systems is in plane with the ZIF surface, 

bringing about the largest radius of gyration about the x-axis. The radius of gyration in the x-axis is significantly 

greater than in the y- or z- directions, at 3.052 nm, 2.300 nm and 2.563 nm respectively. It is also in this 

direction where chains experience the most subdued movement, as evidenced by the lowest levels of variation 

throughout the simulation. As expected, the radius of gyration in neat systems show no significant difference 

in any direction, due to the homogeneity of the system. The alignment of the chains normal to the x-axis is 

therefore attributed to an attraction between ZIF surface and polymer, which causes polymer chains to spread 

out to maximise the positive interaction. These results are presented in Table S1 and Figure S9.

Table S1 - Radius of gyration of cellulose acetate chains in a neat polymer, and polymer-ZIF composite 
system.

Polymer system Composite system
Rg / nm 2.881 3.253
Deviation in Rg / nm 0.028 0.017
Rg(x) / nm 2.364 3.052
Deviation in Rg(x) / nm 0.034 0.010
Rg(y) / nm 2.285 2.300
Deviation in Rg(y) / nm 0.018 0.022
Rg(z) / nm 2.408 2.563
Deviation in Rg(z) / nm 0.030 0.022
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Figure S9 – Average radius of gyration (Rg) of cellulose acetate chains in neat polymer and polymer 
composite systems (top centre), derivative of Rg in neat polymer (middle left) in polymer composite (middle 

right), and the axial radii of gyration about the x, y, and z axes in neat polymer (bottom left) and polymer 
composite (bottom right) systems.

The density of the polymer layer was also quantified and compared to that of the neat system and experiment. 

In a neat system, the average density was calculated as 1.23 g.cm-3, demonstrating good agreement with the 

experimental value of 1.28 g.cm-3 for an amorphous sample.14 In a neat cellulose acetate system, density is 

seen to fluctuate around this value, with a standard deviation of 0.10 g.cm-3 / 8 % depending on the average 

density along the x-axis. As the system is homogeneous, this relatively low variation and lack of pattern by 

location is expected. When the same density analysis is performed on the cellulose acetate layer of the 
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composite systems, along the x-axis which runs orthogonal to the ZIF surface, greater structural variations are 

observed (Figure S10). Polymer chains in immediate contact with the ZIF surface are considerably more dense 

than in the bulk system, attaining a maximum density of 1.58 g.cm-3, 0.35 g.cm-3  / ~28 % higher than the 

average bulk value.  Overall, variation in the axial density of cellulose acetate in composite is 50 % higher 

than in the neat system, with a calculated deviation of 0.15 g.cm-3. This higher degree of variation is attributed 

to the dense polymer coordination shell which is seen to form on the ZIF surface. This phenomenon has been 

previously remarked in our previous studies into the interactions of PLA chains on nanoclay surfaces. Indeed, 

a visual inspection of molecular dynamics trajectories shows evidence of neighbouring elongated cellulose 

acetate chains bunding and imparting crystallinity to the polymer phase at the interface. 

Figure S10 – Density fluctuations of cellulose acetate in a neat amorphous system (left) and in a composite 
system in contact with ZIF-67.
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S5. Cellulose Acetate and ZIF-67 Interphase

Visual inspection of the trajectory of the MD simulation for the cellulose acetate/ZIF-67 system reveals 

interesting insights into the interaction of chains with ZIF pore windows. In the same manner than ZIF-67 

pores are seen to attract and draw permeating carbon dioxide molecules into its pores, polymer chains are also 

seen to interact with the imidazole window. During system equilibration, this results in cellulose acetate chain 

ends entering surficial ZIF pores (Figure S11). This behaviour is likely to be exaggerated in an atomistic study, 

as there is a higher ratio of chain ends per molecule due to limitations in simulating experimental molecular 

weights of polymers. Figure S12 shows the free volume distribution of the ZIF and the CA membranes.

Figure S11– ZIF-67/ cellulose acetate composite system (left) where ZIF has been removed for visibility 
(right), showing the interaction of polymer chains with ZIF pores.

Figure S12 – Free volume distribution in ZIF/CA system.
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