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Additional References to Published Literature 

 

All the simulation and experimental data on diffusion presented or cited in the Tutorial review are 

from published works. A more comprehensive set of references that will serve as further background 

reading material is given below for the various subject areas covered in the review. 

Published reviews on diffusion in zeolites, and MOFs: [1-22]  

Maxwell-Stefan, Onsager and Fick diffusion theories: [1, 16, 17, 23-30] 

CBMC simulation methodologies, along with force fields: [1, 12, 13, 31-46] 

MD simulation methodologies: [1, 10, 13, 19, 20, 31, 47-51] 

Influence of extra-framework cations on adsorption and diffusion: [40, 44, 52]  

Kinetic Monte Carlo simulations: [53-62] 

MD simulation data: [63-109]  

Segregation effects: [75, 110-112] 

Molecular clustering and hydrogen bonding: [87, 113-148] 

Influence of framework flexibility, and structural transformations: [149-159] 

Mesopore diffusion, and validity of the Knudsen formula: [1, 160-172] 

Catatytic processes: [173-178] 

Experimental data on diffusion: [1, 3, 4, 6, 135, 179-227] 

Pressure swing adsorption: [17, 228-235] 

Membrane Permeation: [236-284] 

CO2 capture processes [231, 233, 235, 238, 285-288] 
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Structural Details and Simulation Methodology 

For convenience the structural information on zeolites, MOFs, and ZIFs are summarized in the 

accompanying Tables.  The accompanying Figures provide the pore landscapes. 

1. Zeolite Structures 

1.1. All-silica zeolites 
 

Tables 1 and 2 gives salient information on the variety of all-silica zeolite structures discussed in the 

Tutorial review. The crystallographic data are available on the zeolite atlas website of the International 

Zeolite Association (IZA) [289].  The unit cell dimensions, and pore volumes are summarized in Tables 

3 and 4.  

1.2. Zeolite structures with cations present 
 

Simulations were performed to determine the adsorption selectivity for CO2/CH4 mixtures in cation 

exchanged zeolites. The following structures were investigated 

NaX (106 Si, 86 Al, 86 Na+, Si/Al=1.23),  

NaY (144 Si, 48 Al, 48 Na+, Si/Al=3), 

LTA-5A (96 Si, 96 Al, 32 Na+, 32 Ca++, Si/Al=1) 

LTA-4A (96 Si, 96 Al, 96 Na+, Si/Al=1) 

The structural details, including pore volume data, are given in Table 5.   

2. MOFs and ZIFs 

The structural information for the metal organic frameworks (MOFs) and ZIFs (zeolitic imidazolate 

frameworks) have been taken from various publications.  
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For IRMOF-1 (= MOF 5 = Zn4O(BDC)3 with BDC2- = 1-4 benzenedicarboxylate), we used the 

structural data published by Dubbeldam et al. [38, 290].   

The structural information for CuBTC (= Cu3(BTC)2 with BTC =  1,3,5-benzenetricarboxylate) have 

been taken from Chui et al. [291] and Yang and Zhong [292]. The crystal structure of Chui et al. [291] 

includes axial oxygen atoms weakly bonded to the Cu atoms, which correspond to water ligands. Our 

simulations have been performed on the dry CuBTC with these oxygen atoms removed.  

The structural information for Zn(bdc)dabco is from Bárcia et al.[293] and Lee et al. [294]. 

MIL-47 structural data was taken from Alaerts et al. [295], Finsy et al. [296], and Barthelet et al.  

[297]. 

The structural data for MIL-53 (Cr) = Cr(OH)(O2C-C6H4-CO2) was taken from Coombes et al [298] 

(the simulations were carried out with the large-pore (-lp) structure).  

The ZIF-8 = Zn(methylimidazole)2 structure was constructed on the basis of the structural data from 

Banerjee et al.[299]. The original structural data files (cif file) contain solvent molecules; these were 

removed and the solvent-free structures were considered.  

The structural information on MgMOF-74 ( = Mg2(dobdc) = Mg\(dobdc) with dobdc = (dobdc4– = 

1,4-dioxido-2,5-benzenedicarboxylate)), ZnMOF-74 (= Zn2(dobdc) = Zn\(dobdc)), CoMOF-74 = 

(Co2(dobdc) = Co\(dobdc)), NiMOF-74 = (Ni2(dobdc) = Ni\(dobdc)), were obtained from a variety of 

references [300-305]. 

The structural information on FeMOF-74 ( = Fe2(dobdc) = Fe\(dobdc) with dobdc = (dobdc4– = 1,4-

dioxido-2,5-benzenedicarboxylate)) is from Bloch et al.[306] 

The structural information for MOF-177 (= Zn4O(BTB)2 with (BTB3– = 1,3,5-benzenetribenzoate)) is 

provided by Chae et al.[307]. 

The structural information for Co(BDP) with (BDP2– = 1,4-benzenedipyrazolate) is from Choi et al.  

[308] and Salles et al. [309]. 

The structural information for BeBTB = Be12(OH)12(BTB)4 with (BTB3– = 1,3,5-benzenetribenzoate) 

is from Sumida et al. [310]. 
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The structural information for CuBTT is from Demessence et al. [311] 

The salient information on MOF and ZIF structures are summarized in Table 7. 

Table 8 gives information on the unit cell dimensions, and pore volumes. 

3. Simulations for diffusion in 3.4 nm pores of BTP-COF 

The crystallographic structural information for the covalent organic framework BTP-COF was 

obtained from the paper of Dogru et al.[312].  The original structure is monoclinic structure α = β  = 

90o, γ = 120o. For convenience in simulations this monoclinic structure was transformed to the 

orthogonal form for simulation purposes. The transformed orthogonal structure has twice the number of 

framework atoms. The unit cell dimensions of the transformed orthogonal structure are a = 43.65 Å; b = 

75.604 Å; c = 3.52 Å, with angles α = β = γ = 90o. The paper by Dogru et al.[312] quotes the pore 

diameter as being 4 nm; this is a “nominal” value. We determined the actual pore diameter following 

the method of Delaunay triangulation, described in the work by Foster et al.[313] The value obtained is 

3.4 nm, and this represents maximum hard-sphere diameter that can pass through the 1D channels; this 

value was used in the calculations for the Knudsen diffusivity. All simulations were performed with 

1×1×7 unit cells. The details of the force fields used for the BTP-COF framework are given in our 

earlier publication [168]. 

4. Data on pore volume  

The pore volume data are included in Table 4 (all-silca zeolites), Tables 6 (zeolites with cations), and 

Table 8 (MOFs and ZIFs). 

5. Data on surface area 

The surface area of various structures were determined using the method described by Düren et 

al.[314].  The information is summarized in Tables 9, and 10. 
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6. Foster diameters obtained using Delaunay triangulation 

In many cases, the characteristic size of the channels or windows of microporous structures are 

referred to. These data are obtained following the method of Delaunay triangulation, described in the 

work by Foster et al.[313] These values represent the maximum hard-sphere diameter that can pass 

through the structure.The values quoted are obtained by substracting the Lennard-Jones sigma 

parameter of the framework atom. The information is summarized in Tables 9, and 10. 

7. Surface area vs pore dimension 

Additionally, the accompanying Figures present plots of surface area vs pore dimensions, using a 

combination of the procedures of Düren et al.[314], and the Delaunay triangulation described in the 

work by Foster et al.[313].  The computational details will be provided in a forthcoming publication. 

8. MD simulation methodology 

Diffusion is simulated using Newton’s equations of motion until the system properties, on average, no 

longer change in time. The Verlet algorithm is used for time integration. A time step of 1 fs was used in 

all simulations. For each simulation, initializing CBMC moves are used to place the molecules in the 

domain, minimizing the energy. Next, follows an equilibration stage. These are essentially the same as 

the production cycles, only the statistics are not yet taken into account. This removes any initial large 

disturbances in the system that do not affect statistics on molecular displacements.  After a fixed number 

of initialization and equilibrium steps, the MD simulation production cycles start. For every cycle, the 

statistics for determining the mean square displacements (MSDs) are updated. The MSDs are 

determined for time intervals ranging from 2 fs to 1 ns. In order to do this, an order-N algorithm, as 

detailed in Chapter 4 of Frenkel and Smit [31] is implemented. The Nosé-Hoover thermostat is applied 

to all the diffusing particles.  

For all the MD simulation results presented in this Tutorial Review, the DLPOLY code [315] was 

used along with the force field implementation as described in the previous section. DL_POLY is a 
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molecular dynamics simulation package written by W. Smith, T.R. Forester and I.T. Todorov and has 

been obtained from CCLRCs Daresbury Laboratory via the website.[315] 

The self-diffusivities Di,self for each species in binary mixtures are computed from MD simulations by 

analyzing the mean square displacement of each species i for each coordinate direction  
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For three-dimensional pore networks (e.g. MFI, BOG, FAU, NaX, NaY, BEA, LTA, TSC, ERI, LTA-

5A, LTA-4A, CHA, ISV, IRMOF-1, CuBTC, ZIF-8, MOF-177, BeBTB, CuBTT) the arithmetic 

average of the diffusivities in the three coordinate directions were used in further analysis and reported. 

For one-dimensional pore structures (AFI, MTW, TON, LTL, MIL-47, MIL-53(Cr), MgMOF-74, 

ZnMOF-74, NiMOF-74, CoMOF-74, Co(BDP)) the diffusivities along the direction of diffusion are 

reported and analyzed. For DDR the reported diffusivities are the averages in x- and y- directions.  

The Maxwell-Stefan (M-S) equations for binary mixture diffusion can be written as 
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In equation (2) the Ði are the M-S diffusivities of species 1 and 2, respectively, portraying the 

interaction between component i in the mixture with the surface, or wall of the structure. The fluxes Ni 

defined in equation (2) are expressed in terms of the number of moles of species i transported per m2 of 

membrane cross sectional area per second. The Ðij are M-S exchange coefficients representing 

interaction between component i with component j.  The ci are the loadings, defined in terms of moles 

per m3 of accessible pore volume, within the pore and xi represent the component mole fractions  

( ) niccccx nii ,1;....21 =++=  (3) 

φ represents the fractional pore volume of the microporous crystalline material. It is to be noted that 

the φ  appears in the M-S equations because the ci are defined in terms of pore volume and not the total 

volume of  the crystals. The Onsager reciprocal relations require 
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jiij ÐÐ =  (4) 

For binary mixtures we can define a square 2×2 matrix [B] 
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The four elements of the matrix [B] are given explicitly by 
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Furthermore, we define a matrix [Δ] as the inverse of [B] 
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The inversion can be carried out explicitly to give the following expressions 
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The elements Δij can be determined from MD simulations in each of the three coordinate directions 

using the formula  
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In this expression ni and nj represent the number of molecules of species i and j respectively, and rl,i(t) is 

the position of molecule l of species i at any time t.  For unary systems eq (15) yields the M-S 

diffusivity iÐ .  

The Onsager reciprocal relations (4) translate to 

ijijij cc Δ=Δ  (16) 
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9. Notation 

 

[B]  matrix of inverse Maxwell-Stefan coefficients, m-2 s 

ci  concentration of species  i, mol m-3 

ct  total concentration in mixture, mol m-3 

Di,self  self-diffusivity of species i within pore, m2 s-1  

Ðii  self-exchange diffusivity, m2 s-1 

Ði  M-S diffusivity of species i, m2 s-1 

Ðij  M-S exchange coefficient, m2 s-1 

fi  fugacity of species i, Pa 

ft  total bulk fluid phase fugacity of mixture, Pa 

kB  Boltzmann constant, 1.38×10-23 J molecule-1 K-1 

Ni   molar flux of species i, based on membrane area, mol m-2 s-1 

ni   number of molecules of species i in simulation box, dimensionless 

n   number of species in mixture, dimensionless 

qi  component molar loading of species i, mol kg-1 

rl,i(t)   position vector for molecule l of species i at any time t, m   

R  gas constant, 8.314 J mol-1 K-1  

Sads  adsorption selectivity, dimensionless 

Sdiff  diffusion selectivity, dimensionless 

Sperm  permeation selectivity, dimensionless 

t  time, s  

T  absolute temperature, K  

Vp  accessible pore volume, m3 kg-1 

xi   mole fraction of species i based on loading within pore, dimensionless 
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Greek letters 
 

ε  Lennard-Jones interaction energy parameter, J molecule-1 

 [Γ]  matrix of thermodynamic factors, dimensionless 

Γij  thermodynamic factors, dimensionless 

[Δ]  matrix of Maxwell-Stefan diffusivities, m2 s-1  

φ  fractional pore volume, dimensionless 

θi  fractional occupancy of component i, dimensionless 

μi  molar chemical potential, J mol-1 

φ  fractional pore volume, dimensionless 

ρ  framework density, kg m-3 

σ  Lennard-Jones size parameter, m 

Subscripts 
 

i  referring to component i 

p  referring to pore 

t  referring to total mixture 

 

Vector and Matrix Notation 
 

∇   gradient operator 
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Table 1. Salient information on zeolite structures. 

Zeolite Channel or window size/ Å 

AFI 12-ring 1D channels of 7.3 Å size 

AFX 490 Å3 size cages connected to pockets of 98 Å3 in size.  Cages are separated by 3.4 Å × 3.9 Å size windows.  

AWW 1D connectivity. Cages separated by 8-ring windows of 3.9 Å size.  There are 2 cages per unit cell. The volume of each cage is 221 Å3. 

BEA Intersecting channels of two sizes: 12-ring of 7.1 Å -   7.3 Å and 10-ring of 5.6 – 5.6 Å   

BOG Intersecting channels: 12-ring 7.0 Å -7.0 Å  and 10-ring of 5.5 Å - 5.8 Å   

CHA  316.4 Å3 size cages separated by 3.77 Å × 4.23 Å size windows.  

DDR 277.8 Å3 size cages separated by 3.65 Å × 4.37 Å  size windows  

ERI 408.7 Å3 size cages separated by 3.8 Å × 4.9 Å  size windows  

FAU 785.7 Å3 size cages separated by 7.4 Å size windows. The sodalite cages are blocked in simulations and are not accessible to guest molecules; these are excluded for pore 
volume determination. Cage size is calculated on the basis of the equivalent sphere volume. 

FER  10-ring 1D main channels of 4.2 Å -5.4 Å size, connected with 8-ring side pockets of 3.5 Å -4.8 Å size 

GME The main 12-ring channels are interconnected at right angles by a two-dimensional system of eight-ring channels, and thus form a three-dimensional channel system 
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Table 2. Salient information on zeolite structures (continued) 

Zeolite Channel or window size/ Å 

ISV Intersecting channels of two sizes: 12-ring of 6.1 Å -6.5 Å  and 12-ring of 5.9 Å - 6.6 Å   

ITQ-12 160 Å3 sized cages separated by 3.71 Å × 4.17 Å sized windows. 

ITQ-29 678 Å3 sized cages separated by 4 Å × 4.22 Å sized windows. The sodalite cages are blocked in simulations and are not accessible to guest molecules. The 
structural information is from Corma [316]. 

LTA-Si 743.05 Å3 size cages separated by 4.11 Å × 4.47 Å size windows. The sodalite cages are blocked in simulations and are not accessible to guest molecules. 

LTL 12-ring 1D channels of 7.1 Å size 

MOR  12-ring 1D main channels of 6.5 Å -7 Å size, connected with 8-ring side pockets of 2.6 Å -5.7 Å size 

MFI 10-ring intersecting channels of 5.1 Å – 5.5 Å and 5.3 Å – 5.6 Å size  

MTW 12-ring 1D channels of 5.6 Å -6 Å size 

TON 10-ring 1D channels of 4.6 Å -5.7 Å size 

TSC Two types of cages: LTA-type of 743.05 Å3 and TSC-supercage of 2552.6 Å3size. Two types of 8-ring windows: 4.02 Å × 4.17 Å and 3.1 Å × 5.41 Å.   The 
sodalite cages are blocked in simulations and are not accessible to guest molecules; these are excluded for pore volume determination. 
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Table 3. Unit cell dimensions, unit cell volumes, pore volumes of various all-silica zeolites. Also indicated are the framework density, ρ, 
(expressed as kg per m3 framework), the factor to convert from molecules per unit cell to kmol/m3 of accessible pore volume.  

Structure a / 

 

Å 

b / 

 

Å 

c / 

 

Å 

Unit cell 
volume/  

 

Å3 

Pore 
volume 
per unit 
cell/ 

Å3 

Fractional 
pore 
volume 

Pore 
volume/ 

 

cm3/g 

Framework 
density/  

 

kg/m3 

Conversion 
factor 

AFI 23.77 13.73 8.48 2768.52 759.42 0.274 0.159 1729.88 2.1866 

AFX 23.836 13.762 19.949 6543.89 2352.45 0.359 0.246 1463.71 0.7059 

AWW 13.634 13.634 7.627 1417.75 441.31 0.311 0.184 1689.00 3.7628 

BEA 12.66 12.66 26.41 4232.91 1728.05 0.408 0.271 1508.56 0.9609 

BOG 20.24 23.80 12.80 6163.21 2305.42 0.374 0.241 1995.52 0.7203 

CHA 15.08 23.91 13.80 4974.57 1898.40 0.382 0.264 1444.10 0.8747 

DDR 24.01 13.86 40.89 13605.72 3333.53 0.245 0.139 1759.99 0.4981 

ERI 22.95 13.25 14.81 4504.80 1635.01 0.363 0.228 1594.69 1.0156 

FAU 24.28 24.28 24.28 14313.51 6285.60 0.439 0.328 1338.37 0.2642 

FER 19.16 14.13 7.49 2026.65 573.24 0.283 0.160 1772.33 2.8968 

GME 23.83 13.76 10.06 3298.48 1268.59 0.385 0.265 1451.94 1.3090 
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Table 4. Unit cell dimensions, unit cell volumes, pore volumes of various all-silica zeolites. Also indicated are the framework density, ρ, 
(expressed as kg per m3 framework), the factor to convert from molecules per unit cell to kmol/m3 of accessible pore volume.  

Structure a / 

 

Å 

b / 

 

Å 

c / 

 

Å 

Unit cell 
volume/  

 

Å3 

Pore 
volume 
per unit 
cell/ 

Å3 

Fractional 
pore 
volume 

Pore 
volume/ 

 

cm3/g 

Framework 
density/  

 

kg/m3 

Conversion 
factor 

ISV 12.85 12.85 25.214 4165.34 1773.87 0.426 0.278 1533.03 0.9361 

ITQ-12 10.4364 15.0183 8.8553 1335.9 320 0.24 0.134 1442.03 5.18 

ITQ-29 11.87 11.87 11.87 1671.18 677.57 0.405 0.283 1442.03 2.4508 

LTA-Si 24.61 24.61 24.61 14905.10 5944.38 0.399 0.310 1285.25 0.2794 

LTL 31.98 18.47 7.48 4415.45 1221.27 0.277 0.170 1626.97 1.3597 

MFI 20.02 19.90 13.38 5332.03 1584.94 0.297 0.165 1796.39 1.0477 

MOR 18.09 20.52 7.52 2793.03 795.41 0.285 0.166 1714.69 2.0877 

MTW 24.86 5.01 24.33 2887.49 620.55 0.215 0.111 1935.03 2.6759 

SOD-Si 8.89 8.89 8.89 702.59 169.60 0.241 0.142 1704.10 9.7908 

TON 13.86 17.42 5.04 1216.29 231.39 0.190 0.097 1968.76 7.1763 

TSC 30.74 30.74 30.74 29053.36 13182.60 0.454 0.344 1318.73 0.1260 
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Table 5. Data on zeolite structures with cations (data on all-silica structures also included for comparison purposes). The number of atoms per unit 

cell of these structures are specified.  

 

Zeolite Si Al Si/Al Na+ Ca++ 

LTA-5A 96 96 1 32 32 

LTA-4A 96 96 1 96 0 

NaX 106 86 1.23 86 0 

NaY 144 48 3 48 0 
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Table 6. Unit cell dimensions, unit cell volumes, pore volumes of cation-exchanged zeolites. Also indicated are the framework density, ρ, 
(expressed as kg per m3 of (framework +cations)), the factor to convert from molecules per unit cell to kmol/m3 of accessible pore volume).  

Structure a / 

 

 

Å 

b / 
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c / 

 

 

Å 

Unit cell 
volume/  

 

Å3 

Pore 
volume 
per unit 
cell/ 

Å3 

Fractional 
pore 
volume 

Pore 
volume/ 

 

cm3/g 

Framework 
density/  

 

kg/m3 

Conversion 
factor 

NaY 

(48 Na+) 

25.03 25.03 25.03 15677.56 6396.63 0.41 0.303 1333.2 0.2596 

NaY 

(54 Na+) 

25.03 25.03 25.03 15677.56 6396.63 0.41 0.303 1347.1 0.2596 

NaX 25.03 25.03 25.03 15677.56 6248.00 0.40 0.280 1421.28 0.2658 

LTA-5A 24.56 24.56 24.56 14805.39 5620.41 0.38 0.25 1508.38 0.2955 

LTA-4A 24.56 24.56 24.56 14805.39 5552.02 0.38 0.25 1529.55 0.2991 
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Table 7. Salient structural information on MOFs and ZIFs.   

 

MOF Channel dimensions 

CuBTC The CuBTC structure consists of two types of “cages” and two types of “windows” separating these cages. Large cages are inter-connected by 9 Å 
windows of square cross-section. The large cages are also connected to tetrahedral-shaped pockets of ca. 6 Å size through triangular-shaped windows of 
ca. 4.6 Å size 

IRMOF-1 Two alternating, inter-connected, cavities of 10.9 Å and 14.3 Å with window size of 8 Å. 

MOF-177 Tetrahedral [Zn4O]6+ units are linked by large, triangular tricarboxylate ligands. Six diamond-shaped channels (upper) with diameter of 10.8 Å surround 
a pore containing eclipsed BTB3- moieties. 

MIL-47 One-dimensional diamond-shaped channels with free internal diameter of ca 8.5 Å 

MIL-53 (Cr)-lp One-dimensional lozenge-shaped channels with free internal diameter of ca 8.5 Å 

Zn(bdc)dabco There exist two types of intersecting channels of about 7.5 Å × 7.5 Å along the x-axis and channels of 3.8 Å × 4.7 Å along y and z axes. 

ZIF-8 SOD topology consisting of cages separated by narrow windows of about 0.34 nm size.  The volume of each cage is 1168 Å3. 

MgMOF-74 One-dimensional hexagonal-shaped channels with free internal diameter of ca. 11 Å 

ZnMOF-74 One-dimensional hexagonal-shaped channels with free internal diameter of ca. 11 Å 

NiMOF-74 One-dimensional hexagonal-shaped channels with free internal diameter of ca. 11 Å 

CoMOF-74 One-dimensional hexagonal-shaped channels with free internal diameter of ca. 11 Å 
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Table 8. Unit cell dimensions, unit cell volumes, pore volumes of various MOFs and ZIFs. Also indicated are the framework density, ρ, (expressed 
as kg per m3 of framework), the factor to convert from molecules per unit cell to kmol/m3 of accessible pore volume.  

Structure a / 

Å 

b / 

Å 

c / 

Å 

Unit cell 
volume/  

Å3 

Pore 
volume per 
unit cell/Å3 

Fractional 
pore 
volume 

Pore 
volume/ 

cm3/g 

Framework 
density/  

kg/m3 

Conversion 
factor 

CuBTC 26.34 26.34 26.34 18280.82 13871.82 0.759 0.863 878.83 0.1218 

IRMOF1 25.83 25.83 25.83 17237.49 13996.27 0.812 1.369 593.21 0.1186 

MOF-177 37.072 37.072 30.033 35745.50 3001090 0.840 1.968 426.60 0.0553 

MIL-47 6.81 16.12 13.92 1527.32 929.34 0.608 0.606 1004.48 1.7868 

MIL-53 (Cr)-lp 16.73 13.04 6.81 1486.14 801.60 0.539 0.518 1041.53 2.0716 

Zn(bdc)dabco 10.93 10.93 9.61 1147.61 759.39 0.662 0.801 826.20 2.1867 

ZIF-8 16.99 16.99 16.99 4905.20 2336.97 0.476 0.515 924.25 0.711 

ZnMOF-74 25.93 25.93 6.84 3981.47 2867.85 0.709 0.582 1219.30 0.5881 

MgMOF-74 25.86 25.86 6.91 4005.02 2835.86 0.708 0.782 905.37 0.5856 

NiMOF-74 25.79 25.79 6.77 3898.34 2707.62 0.695 0.582 1193.81 0.6133 

CoMOF-74 25.89 25.89 6.80 3949.17 2793.08 0.707 0.599 1180.26 0.5945 

FeMOF-74 26.16 26.16 6.84 4055.94 2859.71 0.705 0.626 1126.43 0.5807 

Na-rhoZMOF 31.06 31.06 31.062 29970.10 15165.37 0.506 0.427 1185.79 0.1095 

BeBTB 24.3013 24.3013 54.57 32226.49 26013.82 0.807 1.908 423.09 0.0638 

Co(BDP) 13.2529 13.253 13.995 2458.09 1643.88 0.669 0.927 721.55 1.0102 

CuBTT 18.595 18.595 18.595 6429.67 3652.12 0.568 0.709 801.08 0.4547 

BTP-COF 43.65 75.604 3.52 11616.40 8738.71 0.752 1.791 420.08 0.1900 
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Table 9. Molecular simulations of pore volumes and surface areas for the zeolites investigated. 

Structure Pore volume / cm3 g-1 Surface area / m2 g-1 Delaunay diameter/ Å 

MFI 0.165 487.2 5.16 

ISV 0.278 911.4 5.96 

BEA 0.271 922.7 5.87 

BOG 0.241 758.4 5.02 

GME 0.265 717.6 7.09 

LTL 0.170 520.6 7.26 

MOR 0.166 416.7 7.47 

FER 0.160 402.5 6.44 

FAU-Si 0.328 1086 4.65 

ITQ-12 0134 230 4.88 

ITQ-29 0.283 773.3 5.69 

LTA-Si 0.310 896 7.37 

TSC 0.344 829  

CHA 0.264 757.5 3.98 

ERI 0.228 635.3 4.10 

DDR 0.139 350 4.02 

AFX 0.246 674.5 3.77 
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Table 10. Molecular simulations of pore volumes and surface areas for the MOFs, ZIFs, and BTP-COF  

 

Structure Pore volume / cm3 g-1 Surface area / m2 g-1 Delaunay diameter/ Å 

IRMOF1 1.369 3522.2 7.38 

CuBTC 0.848 2097.0 6.23 

MIL47 0.606 1472.8 8.03 

MIL53(Cr)-lp 0.518 1280.5 7.40 

CoFA 0.139  3.41 

MnFA 0.190  3.66 

Zn(tbip) 0.118  3.96 

Zn(BDC)dabco 0.801 2022.5 8.32 

Co(BDC)dabco 0.796  8.35 

PCN-19 0.432  7.16 

ZIF-68 0.439 1066.0 7.52 

ZIF-7 0.223  3.26 

ZIF-8 0.515 1164.7 3.26 

PCN-6prime 3.228  14.62 

MOF-177 1.968 4781.0 10.1 

ZnMOF-74 0.582 1176.0 9.49 

MgMOF-74 0.782 1640.0 10.66 

NiMOF-74 0.582 1239.0 9.80 

CoMOF-74 0.599 1274.0 9.52 

FeMOF-74 0.626 1277.3 11.1 

Co(BDP) 0.927 2148.8 10 

BeBTB 1.908 4706  

CuBTT (blocked) 0.709 1564.6 9.99 

BTP-COF 1.791  34.26 
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All-silica
Zeolites

(in alphabetical order)
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AFI landscapes

Snapshots showing location of CH4 and CO2

12-ring
channel of AFI
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AFI pore dimensions
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This plot of surface area versus pore dimension is determined using a 
combination of the DeLaunay triangulation method for pore dimension 
determination, and the procedure of Düren for determination of the 
surface area. The computational details will be described in detail in a 
forthcoming publication.
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AFX pore landscape

490 Å3 cages

windows

98 Å3 pockets
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The window dimension calculated using the van der Waals diameter of 
framework atoms = 2.7 Å are indicated above by the arrows.  
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AWW landscapes

These inaccessible pockets are blocked in the simulations
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AWW pore dimensions

AWW
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0.311φ, fractional pore volume
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0.6935conversion factor for  [molec/uc] to [mol per kg Framework]
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This plot of surface area versus pore dimension is determined using a 
combination of the DeLaunay triangulation method for pore dimension 
determination, and the procedure of Düren for determination of the 
surface area. The computational details will be described in detail in a 
forthcoming publication.
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AWW snapshots

Mixture of CH4 and CO2

Mixture of H2 and CO2

Mixture of N2 and CO2
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BEA pore landscape

5.87DeLaunay diameter /Å

923.0Surface area /m2/g
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BEA pore dimensions

6.148 Å

6.830 Å

BEA [1 0 0] BEA [0 0 1]

5.604 Å

5.604 Å

6.724 Å

Pore dimension / Å

4 5 6 7 8

S
ur

fa
ce

 a
re

a 
/ m

2  g
-1

0

100

200

300

400

500

600

700

800

BEA

This plot of surface area versus pore dimension is determined using a 
combination of the DeLaunay triangulation method for pore dimension 
determination, and the procedure of Düren for determination of the 
surface area. The computational details will be described in detail in a 
forthcoming publication.
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BOG pore landscape
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BOG pore dimensions

BOG has an intersecting channel system:
12-ring channels intersecting with 10-ring channels 

BOG [1 0 0] BOG [0 1 0]
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BOGThis plot of surface area versus pore dimension is 
determined using a combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of Düren for 
determination of the surface area. The computational 
details will be described in detail in a forthcoming 
publication.
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CHA landscape

Snapshots 
showing location 
of CH4 and CO2

Snapshots 
showing location 
of CH4
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CHA window and pore dimensions

The window dimensions calculated using the van der
Waals diameter of framework atoms = 2.7 Å  are 
indicated above by the arrows.  
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This plot of surface area versus pore dimension 
is determined using a combination of the 
DeLaunay triangulation method for pore 
dimension determination, and the procedure of 
Düren for determination of the surface area. 
The computational details will be described in 
detail in a forthcoming publication.
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DDR landscape

Snapshots showing location of
CH4 and CO2
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DDR window and pore dimensions

The window dimensions calculated using the van 
der Waals diameter of framework atoms = 2.7 Å 
are indicated above by the arrows.  
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore 
dimension determination, and the 
procedure of Düren for determination 
of the surface area. The 
computational details will be 
described in detail in a forthcoming 
publication.
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ERI pore landscape

x-y projection

z-
di

re
ct

io
n

Snapshots 
showing location 
of CH4 and CO2
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ERI window and pore dimensions

The window dimensions calculated using the van 
der Waals diameter of framework atoms = 2.7 Å 
are indicated above by the arrows.  
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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12-ring
window of FAU

FAU-Si pore landscape

The volume of one FAU cage is 
786 Å3, larger in size than that of 
LTA (743 Å3) and DDR (278 Å3).
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FAU-Si window and pore dimensions
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.

Electronic Supplementary Material (ESI) for Chemical Society Reviews
This journal is © The Royal Society of Chemistry 2012



FER pore landscape
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FER pore dimensions

8-ring 
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GME landscapes
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GME pore dimensions
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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ISV pore landscape
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ISV pore dimensions

ISV [1 0 0] ISV [0 0 1]
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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ITQ-12 pore landscape
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ITQ-12 pore landscape
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ITQ-12 window and pore dimensions

The window dimensions calculated using the van der
Waals diameter of framework atoms = 2.7 Å  are 
indicated above by the arrows.  

ITQ-12
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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ITQ-29 pore landscape

Inaccessible 
sodalite cages 
have been 
blocked in 
these 
simulations

The structural information for ITQ-29 is not available in the IZA 
atlas and is taken from Corma, Nature, 437 (2004) 287. The 
window size is slightly smaller than that of LTA Si.
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ITQ-29 window and pore dimensions

The window dimension calculated using the van 
der Waals diameter of framework atoms = 2.7 Å is 
indicated above by the arrows.  
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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LTA-Si landscapes

Snapshots 
showing location 
of CH4 and CO2
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LTA-Si window and pore dimensions

8-ring
window
of LTA

The window dimension calculated using the van 
der Waals diameter of framework atoms = 2.7 Å is 
indicated above by the arrows.  
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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LTL pore landscapes
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LTL pore dimensions
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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MFI pore landscape
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MFI pore dimensions

10 ring channel
of MFI viewed 
along [100]

10 ring channel
of MFI viewed 
along [010]
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MOR pore landscape
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MOR pore dimensions

8-ring

12-ring
main channels
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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MTW pore landscape

MTW has 1D, 12-ring channels 
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MTW pore dimensions

MTW has 1D, 12-ring channels 
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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SOD-Si pore landscape

The ZIF-8 structure is analogous to that of SOD.
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SOD-Si dimensions
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TON pore landscape

10-ring channel of TON
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TON pore dimensions

10-ring channel of TON
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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Unit cell 
of TSC

TSC landscape
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Front 
plane of 
unit cell 
of TSC

LTA cage
of 743 Å3

TSC supercage
of 2553 Å3

TSC supercage

TSC supercage

TSC supercage

8-ring windows of two 
sizes:
4.2x4.2 Å along [100]
3.1x5.6 Å along [110]
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TSC window and pore dimensions

The window dimension calculated using the van der Waals diameter of framework atoms = 
2.7 Å are indicated above by the arrows.  It is likely that the pockets are inaccessible due to 
the narrow constriction of 3.092 Å. Another point to note is that the dimensions provided in 
the IZA website do not appear to be correct for the window on the left.
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Zeolites with cations
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NaY (144 Si, 48 Al, 48 Na+, Si/Al=3)

Blue spheres are cations

7.37DeLaunay diameter /Å

Surface area /m2/g

0.306Pore volume / cm3/g

6396.6open space / Å3/uc

0.408φ, fractional pore volume

12586.78
MW unit cell 
[g/mol(framework+cations)]

1333.19ρ [kg/m3] (with cations)

0.2596
conversion factor for  [molec/uc] to 
[kmol/m3]

0.0794
conversion factor for  [molec/uc] to 
[mol per kg Framework]

15677.56Cell volume / Å3

25.028c /Å

25.028b /Å

25.028a /Å

FAU-
48Al
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NaY (138 Si, 54 Al, 54 Na+, Si/Al=2.55)

Blue spheres are cations

7.37DeLaunay diameter /Å

Surface area /m2/g
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0.408φ, fractional pore volume
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conversion factor for  [molec/uc] to 
[kmol/m3]
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conversion factor for  [molec/uc] to 
[mol per kg Framework]
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NaX (106 Si, 86 Al, 86 Na+, Si/Al=1.23)

Blue spheres are cations

7.37DeLaunay diameter /Å
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LTA-5A

LTA-5A (32 Na+, 32 Ca++)
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LTA-5A

The window dimension calculated using the van 
der Waals diameter of framework atoms = 2.7 Å is 
indicated above by the arrow.  

LTA-5A
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LTA-4A (96 Na+)

LTA-4A

Na+
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LTA-4A

The window dimension calculated using the van 
der Waals diameter of framework atoms = 2.7 Å is 
indicated above by the arrow.  

Note that the Na+ ions partially block the windows 
and therefore the diffusivities in LTA-4A are 
significantly lower than that for LTA Si.  These 
cannot be determined from MD.
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MOFs and ZIFs
(in alphabetical order, but 

MOF-74 with Co, Mg, Ni, and 
Zn are kept together)
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BeBTB pore landscapes
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BeBTB pore dimensions

DeLaunay diameter /Å

4706.0Surface area /m2/g

1.908Pore volume / cm3/g

26013.8open space / Å3/uc

0.807φ, fractional pore volume

8210.785MW unit cell [g/mol(framework)]

423.0851ρ [kg/m3] 

0.0638conversion factor for  [molec/uc] to [kmol/m3]

0.1218conversion factor for  [molec/uc] to [mol per kg Framework]

32226.49Cell volume / Å3

54.57c /Å

24.3013b /Å

24.3013a /Å

BeBTB

Pore dimension / Å

10 11 12 13 14 15

S
ur

fa
ce

 a
re

a 
/ m

2  g
-1

0

100

200

300

400

500

600

700

BeBTB

This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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Co(BDP) pore landscapes
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Co(BDP) pore dimensions

10DeLaunay diameter /Å
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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CuBTC pore landscapes

Snapshot of CO2/CH4 mixture
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CuBTC pore dimensions

6.23DeLaunay diameter /Å
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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CuBTT pore landscapes

These inaccessible 
pockets were blocked 
in our simulations
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CuBTT pore dimensions

9.99DeLaunay diameter /Å
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3101.745MW unit cell [g/mol(framework)]
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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IRMOF-1 pore landscape

Snapshot of CO2/CH4 mixture
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7.38DeLaunay diameter /Å
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6157.788MW unit cell [g/mol(framework)]
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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MIL–47 pore landscape

Snapshot of CO2/CH4 mixture
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MIL–47 dimensions
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MIL – 53 (Cr) pore landscape

Simulation results
presented are for –lp structure, i.e. large pore
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MIL–53 (Cr) pore dimensions

7.40DeLaunay diameter /Å
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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MgMOF-74 pore landscapes
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MgMOF-74 pore dimensions

10.66DeLaunay diameter /Å
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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ZnMOF-74 pore landscapes
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ZnMOF-74 pore dimensions

9.49DeLaunay diameter /Å
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2923.473MW unit cell [g/mol(framework)]
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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CoMOF-74 pore landscapes
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CoMOF-74 pore dimensions

9.52DeLaunay diameter /Å
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.

Electronic Supplementary Material (ESI) for Chemical Society Reviews
This journal is © The Royal Society of Chemistry 2012



NiMOF-74 pore landscapes
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NiMOF-74 pore dimensions

9.80DeLaunay diameter /Å

1239.0Surface area /m2/g
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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FeMOF-74 pore landscapes
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FeMOF-74 pore dimensions

11.12DeLaunay diameter /Å
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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MOF-177 pore landscape
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MOF-177 pore dimensions
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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Zn(bdc)dabco
landscapes
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Zn(bdc)dabco pore dimensions
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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ZIF-8 pore landscapes

There are 2 cages per unit cell. To convert from molecules 
per cage to mol kg-1, multiply by 0.7325.

There are 2 cages per unit cell.
The volume of one ZIF-8 cage is 
1168 Å3, significantly larger than 
that of a single cage of DDR (278 
Å3), or FAU (786 Å3).
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ZIF-8 dimensions
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This plot of surface area versus pore 
dimension is determined using a 
combination of the DeLaunay
triangulation method for pore dimension 
determination, and the procedure of 
Düren for determination of the surface 
area. The computational details will be 
described in detail in a forthcoming 
publication.
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ZIF-8 pore landscapesZIF-8 snapshot of CO2/CH4 mixture
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BTP-COF with 3.4 nm 
hexagonal shaped 

pores
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This represents the 1x1x7 simulation box

BTP-COF landscape
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Carbon nanotubes
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CNTs have smooth surfaces
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