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ABSTRACT OF THE DISSERTATION 
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Yun Tian 
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Dr. Jianzhong Wu, Chairperson 

 

 

 

          With ever-increasing computer power and rapid developments in molecular theories, 

high-throughput computation will be instrumental to future materials design and discovery. 

This Ph.D. thesis explores the potential applications of the classical density functional 

theory (DFT) for fast screening of nanostructured porous materials for gas storage and 

separation. In addition to developing the computational methods, major efforts have been 

devoted to clarifying two fundamental yet long debated issues in the adsorption field, i.e., 

accurate prediction of the heat effect from adsorption isotherm and the connection between 

the BET and geometric surface areas of porous materials.   

  First we have investigated methane adsorption in a large library of metal-organic 

frameworks (MOFs) using four versions of classical DFT. The molecular thermodynamic 

model has been used to identify promising MOF materials and possible variations of 

operation parameters to meet the ARPA-E target set by the U.S. Department of Energy for 

natural gas storage. 
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 The BET surface area is highly sensitive to the selected pressure region to perform 

the liner fitting and also the definition of the probe molecule used to determine the surface 

area. In this thesis, we provide a comprehensive analysis of the BET method. Based on 

extensive simulation data for over 1000 materials with complex structures and 

heterogeneous interactions, we find that the surface area obtained by standard BET method 

is not necessarily correlated with its geometrical accessible surface area. 

 Another aspect of this thesis is concerned with heat of adsorption, which is of both 

fundamental and practical importance. Here we present a rigorous theoretical procedure to 

predict isosteric heat. Quantitative relations between the differential heat and various 

isosteres have been established with the grand canonical Monte Carlo (GCMC) simulation 

for gas adsorption in amorphous and crystalline porous materials. The inconsistencies with 

conventional methods for the analysis of heat effect have been clarified in the context of 

the exact results for model systems.  

 By developing new computational methods for rapid prediction of gas adsorption 

and diffusivity and by resolving a number of controversial issues related to materials 

characterization and heat analysis, we hope that the theoretical work will have broad 

impacts on both materials design and industrial applications of gas adsorption and 

separation processes.  
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Chapter 1. Introduction 

1.1 Gas Storage and Separation in MOFs 

             Metal-organic frameworks (MOFs) are a new class of highly porous crystalline 

materials comprising metal ions or metal containing clusters (generally termed as 

secondary building blocks or SBUs) linked by organic ligands. The hybrid materials can 

be synthesized with tunable pore dimensions, surface areas, and framework topologies1.  

             The open porous structures of MOFs result in very high void fraction and surface 

areas. Because of their enormous variety in chemical composition, tunable pore 

dimensions, accessibility and low densities, MOFs have been proposed as promising 

candidates for gas adsorption and separations. Although early research was mainly focused 

on the identification of novel MOFs for H2 storage 2-5, recent years have seen growing 

attention to their applications to adsorption of other gases including methane and carbon 

dioxide6,7. These gas molecules interact much stronger with the surface of MOFs than 

hydrogen. It has been reported that methane storage in MOFs exceeds that in the best 

activated carbons8. More importantly, MOFs have predicable crystalline structures based 

on modular building blocks. Like activated carbons, MOFs can be synthesized in large 

scale for specific industrial applications.  

            A number of MOFs materials have been proposed for CH4 gas storage. These 

include a few “top performers” such as NU-1119, NU-12510, UTSA-2011, PCN-1412, 

NiMOF-7413, HKUST-114. Because of the difficulties in material characterization and the 

low efficiency of experimental measurement of the gas adsorption amount, inconsistencies 

often exist in reporting adsorption results 8. Besides, experimental exploration is limited to 
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a relatively small number of realistic MOFs that can be synthesized. The in silico search 

for optimal MOFs can benefit greatly from computational approach to generate a huge 

number of hypothetical MOF structures using a virtual library of building blocks. For 

example, Snurr’s group used grand canonical Monte Carlo (GCMC) simulation to screen 

100,000 hypothetical MOFs15. Despite their widespread usage, molecular simulations such 

as the GCMC method are rather computationally expensive and time-consuming for large-

scale calculations. From a practical perspective, we need computationally more efficient 

methods with comparably accuracy to simulations to handle the screening of a huge library 

of possible MOFs15. 

             MOFs are also potentially useful for gas separations. Membranes are broadly used 

in gas separations because of their low cost, high-energy efficiency, ease of process, 

excellent reliability, and usually smaller footprints compared with alternative 

technologies16,17. Important examples include CO2 capture from flue gas (CO2/N2) or pre-

combustion removal of CO2 (CH4/H2/CO2), and H2 recovery from fuel gas or natural gas 

streams (H2/CH4). The pore size distribution plays a key role in the performance of 

nanoporous membranes for gas separation. Because MOFs have well-defined pore sizes 

and shapes, they show greater potential as advanced membrane materials in comparison 

with zeolites, which have relatively limited structure types. 

Two parameters are particularly important for the evaluation of the performance of 

a membrane for gas separation: permeance (or flux) and selectivity18. The former estimates 

the transport rate of a given species through the membrane; it is often obtained by 

experimental measurement. And the later evaluates the ability of the membrane to separate 
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different components of a gas mixture, which could be predicted semi-quantitatively by 

modeling and computational methods. At this moment, a major direction of MOF research 

has been driven toward identification and development of membranes with higher 

selectivity and permeability. Despite impressive progresses in recent years, it remains 

difficult to design and characterize new MOF membranes for targeted applications.  

           Due to the huge number of existing structures of MOFs and the underlying potential 

for their versatile applications in gas storage and separation, it is urgent to develop efficient 

computation methods to predict and compare the adsorptive and diffusive properties of 

MOFs. The theoretical tool will help identify the best performing materials and their 

structure-properties relationships to guide rational design and synthesis of novel MOFs. 

1.2 Theoretical Background 

            The classical density functional theory (DFT) has been widely used as a versatile 

tool for theoretical interpretation of adsorption behaviors19,20, pore characterization and 

optimizations21 in simple one-dimensional geometries like slit pores or cylindrical pores 

for several decades. With its high efficiency in predicting inhomogeneous fluid structures 

in confined geometry, we have successfully applied DFT to realistic three-dimensional 

MOF systems for CH4 adsorption. In particular, the theoretical predictions have been 

benchmarked with 6 experimentally synthesized structures that had been claimed as the 

most promising materials for CH4 storage22.  We have also screened a large hypothetical 

MOF database after calibrated with simple slit-pore geometry. 

          Although the adsorption in MOFs has been intensively studied by both experiments 

and simulations, little is known about molecular diffusion in these materials, even though 
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it is closely related to gas permeability and selectivity for gas separation. Most of what is 

known about molecular diffusion in MOFs is from atomistic MD simulations 23-25, with 

only very limited MOFs tested experimentally. However, the considerable computational 

resources and time required by MD simulations have limited their usage in large-scale 

screening. Besides, diffusion rates on the order of 
12 210 /m s

 or smaller cannot be captured 

by conventional MD methods because of the large-time scales. From the implementation 

of DFT calculations, we have applied Rosenfeld’s excess entropy scaling rule26,27 to predict 

the self-diffusivity of CH4 in MOF materials and analyzed their kinetic features. 

         Despite of its artificial nature, Brunauer-Emmett-Teller (BET) method is still being 

extensively used to characterize and compare the surface area of different porous materials 

both experimentally and computationally. Unlike the non-ordered porous materials, due to 

its crystalline structure, the geometrical area of MOFs can be independently calculated by 

rolling the specific probe (mostly N2) over the atoms of the crystal structure of interest28-

30, which is usually named as nitrogen accessible surface area (NASA). It provides a unique 

opportunity in contrast to the non-ordered porous material to determine all the ideal textural 

parameters from crystal structure and compare with standard BET surface area. 

         Heat of adsorption is one of the most fundamental thermodynamic quantities to 

describe surface phenomena 31. It is directly related to adsorbate-adsorbent interactions that 

are essential for assessment and screening of porous materials useful for gas storage and 

separation 32-34 and for thermal managements of industrial processes including various 

forms of pressure swing adsorption 35,36. Despite a long history of theoretical studies and a 

vast experimental literature, controversies often arise in the thermodynamic analysis of 



 

5 

heat effects due to various assumptions used to describe gas adsorption and inconsistencies 

between direct calorimetric measurements and isosteric heat obtained from various 

adsorption isotherms. A rigorous thermodynamic framework is highly demanded to relate 

the differential heat of adsorption with the isostere consistently regardless of the operating 

conditions.  

1.3 Molecular Model and Theory 

1.3.1 Slit Pore Model 

In molecular models of adsorption in porous carbon materials, the pores are usually 

assumed to be a wide range of slits with graphite walls. The wall-fluid interactions are 

described by the Steele’s 10-4-3 potential37 

 

10 4 4

3

2
( )

5 3 (0.61 )

w w w
sf wV z

z z z

  


    
      

       

  (1) 

where  is the graphite carbon number density and  is the graphite interlayer spacing. 

 and  are size and energy parameters of the wall-fluid Lennard-Jones potential 

which are obtained from the Lorentz-Berthelot rules:  

 0.5( )sf ss ff      (2) 

 sf ss ff     (3) 

1.3.2 3D MOF materials 

Rigid molecular model is used for the nanoporous materials, and the LJ parameters 

for all the MOFs are from universal force field (UFF)38, and these crystalline structures 

stored in crystal information file (CIF) are used for all the theoretical 

s 

sf sf
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calculation7,10,11,13,39,40. Flexibility of the MOF materials are not considered here in both 

GCMC/MD simulations and DFT calculations. Charge effect is not considered in both DFT 

and GCMC/MD calculations, i.e., we consider only LJ interactions between framework 

atoms of MOFs and gas molecules.  

1.3.3 GCMC simulation 

To compare our DFT results for predicting adsorption isotherms, GCMC 

simulations for both slit-pore and MOFs are performed. We used 2x2x2 unit cells of 

adsorbents under 3D periodic boundary conditions. A cutoff of 12.9Å is used for the van 

der waals (VDW) interactions with shifted potential style. Three kinds of trial moves are 

used in GCMC sampling, viz., particle insertion, deletion and displacement in the box. 

After 106 moves for equilibrium, another 106 moves are performed as production run for 

data collection. The bulk chemical potential as the input parameter of each simulation is 

calculated from MBWR equation of state41 under given temperature and bulk density. The 

data of each simulation trajectory is divided into 10 blocks to estimate the numerical 

uncertainties. MC simulations are performed with Towhee 7.0.4 package42.  

1.3.4 Molecular Dynamic simulation 

           We also did MD simulation to calculate the self-diffusion coefficients of CH4/H2 in 

the 6 MOFs mentioned above. The NVT ensemble was used with Nose-Hoover thermostat 

for temperature control, and after 1 ns of equilibration, 4 ns production run to collect 

information to calculate self-diffusivity from Einstein equation:  

 21
lim | ( ) (0) |

6
S

t
D r t r

t
    (4) 
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The time step is 1 fs, and the diffusion coefficients are all averaged after 5 times of 

independent simulations. We used LAMMPS package for all the MD simulations43. 

1.3.5 DFT calculations 

           In our molecular model, gas molecules can be depicted as spherical particles. Inside 

the MOF materials, each gas molecule is subject to an external field ( )extV r , arising from 

its interaction with all the fixed framework atoms 

 
ext

f

MOF

( ) ( )i i

i

V u


 r r r   (5) 

where i represents the ith atom of the framework, which located at position 
  
r

i
, and 

   
u(r - r

i
)

represents its interaction potential with the gas molecule at position  r . The Lennard-Jones 

(LJ) model is used to describe both interaction potentials between MOF-gas and gas-gas: 

 

 

12 6

( ) 4
ij ij

ij iju r
r r

 

    

     
     

  (6)

  

where parameter 
 
s

ij
 and 

 
e

ij
 are obtained from standard semi-empirical force field and 

Lorentz-Berthelot (LB) mixing rule is employed for different atomic types. 

           The DFT calculations are based on the minimization of the grand potential 

functional: 

        extF V d               r r r r r   (7) 
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where   is the bulk gas chemical potential,  F   r  is the Helmholtz energy functional, 

and   r  is the density profile of gas molecules. The chemical can be obtained by the 

equation of state for the corresponding bulk fluid 

  ,bulk P T    (8) 

P and T represent pressure and temperature, respectively. For all DFT calculations in this 

work, the bulk chemical potentials are calculated from MBWR equation of state41. 

 The Helmholtz energy functional includes an ideal-gas contribution Fid and excess 

contribution Fex:  

 id ex[ ( )] [ ( )] [ ( )]F F F   r r r   (9) 

The ideal-gas contribution is exactly known: 

 id 3[ ( )] ( ){ln ( ) 1}dBF k T    r r r r   (10) 

Bk  is the Boltzmann constant, and L is the thermal wavelength of gas molecules. As in 

virtually all DFT calculations, no exact expressions are available for the excess Helmholtz 

energy functional. Nevertheless, many approximations have been developed that are 

sufficiently accurate for practical applications. For simple fluids, Fex is usually formulated 

in terms of a hard-sphere contribution, Fhs , to account for molecular excluded volume 

effects, and a perturbation arising from intermolecular attractions, Fattr  44-46 

 ex hs attr[ ( )] [ ( )] [ ( )]F F F   r r r   (11) 

In writing the above equation, we divide the LJ potential according to Barker-Henderson 

(BH) theory of bulk fluids47 
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 LJ hs attr( ) ( ) ( )u r u r u r    (12) 

 
hs ( )

0

r d
u r

r d

 
 


  (13) 
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r
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r
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  (14) 

where  d  is the hard-sphere diameter 48: 

  

 
*

* *2

1 0.2977

1 0.33163 0.0010477

T
d

T T

 

  
  

  (15) 

where 
* /BT k T   is the reduced temperature. 

 The four representative versions of DFT applied in the calculations give different 

formulism in attractive part of excess Helmholtz free energy attrF including two versions 

of weighted density approximations (WDA)49, quadratic functional expansion and mean 

field approximation, while they all use modified fundamental measure theory (MFMT)50 

for the hard sphere repulsive interactions.  

 hs hs[ ( )]dBF k T n  r r   (16) 

 

is the excess free energy density contributed by the excluded volume effect. 

 
2

hs 31 2 V1 V2 3 3 3
0 3 2 2 V2 V22 2

3 3 3

(1 ) ln(1 )
ln(1 ) ( 3 )

1 36 (1 )
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n n
n n   (17) 
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and w(α) are the weighting functions related to the hard-sphere geometry51 

 

(2) 2 (0) (1)

(3)

(V2) (V1) (2)

( ) ( ) 2 ( ) ( / 2 )

( ) ( / 2 )

( ) 2 ( ) ( )

w r d w r dw r d r

w r d r

d w r
r

  






    


 

  


r
w r w r

  (19) 

where δ(r) represents the Dirac delta function, and θ(r) is the Heaviside step function. In 

comparison with simulation results, MFMT is extremely accurate for describing the 

structural and thermodynamic properties of inhomogeneous hard-sphere systems52. 

             For the attractive part of the Helmholtz energy functional, we consider the 

following four different approximations. These functionals have been commonly used in 

gas adsorption studies and are promising for large-scale DFT calculations. 

I. Mean-Field Approximation (MFA)  

 The attractive component of the excess Helmholtz energy functional is given by 

 attr1
[ ( )] ( ) ( ') ( ')d d '

2

MFAF u   r r r r r r r   (20) 

Like the van der Waals equation of state, MFA ignores correlated distribution of gas 

molecules inside the material. It has been used since the early application of DFT53 and 

remains relevant in recent DFT calculations, in particular for materials characterization. 

With an accurate equation of state for bulk fluids, the mean-field approximation performs 

surprisingly well under many circumstances. 
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II. Weight-Density Approximations 

             In the version of DFT proposed by Yu49, here designated as WDA-Yu, the 

attraction part of excess Helmholtz energy includes a mean-field contribution and an 

additional term due to correlation effects: 

 attr cor[ ( )] [ ( )] [ ( )]MFAF F F   r r r   (21) 

The mean-field contribution MFAF is the same with equation, and 
corF is defined in terms 

of a local correlation free energy at an empirical weighted density:  

 cor cor

B [ ( )]dF k T   r r   (22) 

cor  is the free energy per volume for the bulk system due to the correlation effect, and it 

can be obtained by 

 
LJ hs MFA

cor bulk bulk bulk( ) ( ) ( )
( )

F F F

V

  


 
    (23) 

where V is the volume, LJ

bulk ( )F   is the excess free energy for the bulk LJ fluid at system 

temperature T and density  , hs

bulk ( )F   is the excess free energy for bulk hard-sphere fluid, 

and MFA

bulk ( )F   is the mean-field energy of the bulk system  

 
MFA

2 3bulk ( ) 16

9

F

V


     (24) 

MFA
2 3bulk ( ) 16

9

F

V


    For LJ

bulk ( )F   in this work, we used modified Benedict-Webb-

Rubin (MBWR) equation of state, which is very accurate for a LJ fluid near the critical 

conditions, and hs

bulk ( )F   is calculated from the Carnahan-Starling equation of state54. 
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 We also applied WDA to the correlation part of excess Helmholtz energy 

functional per molecule, different from WDA-Yu, which free energy per volume 

 ( ) [ ( )]cor cor

BF k T f d   r r r   (25) 

This version of DFT is designated as WDA-L, and later we will show that the two versions 

of WDA give virtually identical results. 

III. Density Expansion method 

In this method, we still separate the excess free energy into two parts, hsF  and attrF

. The functional expansion is applied only to the attractive part  

 

(1)

(2)

[ ( )] [ ] ( ( ) )

1
( )( ( ) )( ( ) )

2

ex ex

attr attr b attr b

attr b b

F F d C

d d C

     

   

  

     



 

r r r

r r r r r r
  (26) 

where the direct correlation functions (DCF) for the bulk systems are defined as   

 (1) ( ) |ex

attr attr bC F   r   (27) 

 
(2) 2( ) ( ) ( ) |ex

attr attr bC F      r r r r   (28) 

It has been proved that the LJ potential can be accurately reproduced by a two-Yukawa 

function55, which leads to an analytical expression for (1)

attrC   and (2) ( )attrC r  based on the first-

order mean-spherical approximation (FMSA)56. For convenience, this version of DFT is 

referred as FMSA. 

We minimize the grand potential functional with respect to the 3-dimensional 

density profiles of gas molecules by using the conjugate-gradient method (CG Descent)57. 
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From the equilibrium density profile   r , we calculate the adsorption amount based on 

the number of gas molecules in the MOF material and system volume: 

  

 0

0

( )dBk T

PV
   r r   (29) 

where 0 1atmP    and o

0 25 CT   stand for the standard state (STP). As usual, the 

adsorption amount is expressed as the volume of gas adsorbed at the standard-state 

condition in unit volume of material. 

          Given the equilibrium density profile, we also calculated the excess entropy from 

thermodynamic relation: 

 

( )

ex
ex F

S
T







 
  

  r

  (30) 

Then we can calculate self-diffusivity, which is a combination of entropy scaling rule 

accounting for the gas-gas interaction with Knudsen model for the gas-surface 

interaction27: 

 ln 1 ln lnS K E

free free

D D D
v v

  
    
 

  (31) 

where   is the weighting factor to determine the contribution of gas-surface interaction 

and gas-gas interaction, freev  is the  fraction of free volume that are accessible to gas 

molecules, KD is the Knudsen diffusivity at infinite dilution limit, and ED  is the 

contribution from gas-gas interaction. 

1.4 Dissertation organization 
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Chapter 2 focuses on utilizing classical density functional theory for high-

throughput screening of nanoporous materials for natural gas storage. We used four 

versions of classical density functional theory (DFT) and calibrate the theoretical 

predictions with extensive simulation data for total gas uptake and delivery capacity. 

Chapter 3 is concerned with the standard BET method to characterize surface area 

by comparison of more than 1000 MOFs with wide variety of structures and interactions 

with their geometrical accessible surface areas. 

Chapter 4 clarifies the controversial issue in relating differential heat of adsorption 

with different isosteres and introduces a rigorous thermodynamic procedure for heat 

analysis which is free of inconsistency and convenient for practical applications.   

Chapter 5 applies classical density functional theory to predicting differential heat 

of adsorption for both carbon slit pore and MOFs from the thermodynamic relations 

between grand potential and differential heat of adsorption. 

Chapter 6 studies self-diffusivity of gas in porous material through classical 

transitional state theory combined with the string method to achieve much faster and more 

accurate prediction compared with conventional molecular dynamic simulations.  

Chapter 7 summarizes main conclusions from this dissertation and plans for future 

work. 
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Chapter 2. Classical Density Functional Theory for Methane Adsorption in Metal-

Organic Frameworks 

Abstract 

    Natural gas is considered as a promising alternative to petroleum as the next 

generation of primary transportation fuel owing to relatively smaller carbon footprint and 

lower SOx/NOx emissions and to fast developments of shale gas in recent years. Since the 

volumetric energy density of methane amounts to only about 1% of that of gasoline at 

ambient conditions, natural gas storage represents one of the key challenges for prevalent 

deployment of natural gas vehicles (NGVs). In this work, we present a molecular 

thermodynamic model that is potentially useful for high-throughput screening of 

nanoporous materials for natural gas storage. We investigate methane adsorption in a large 

library of metal-organic frameworks (MOFs) using four versions of classical density 

functional theory (DFT) and calibrate the theoretical predictions with extensive simulation 

data for total gas uptake and delivery capacity. In combination with an extended excess 

entropy scaling method, the classical DFT is also used to predict the self-diffusion 

coefficients of the confined gas in several top-ranked MOFs. The molecular 

thermodynamic model has been used to identify promising MOF materials and possible 

variations of operation parameters to meet the ARPA-E target set by the U.S. Department 

of Energy for natural gas storage. 
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2.1. Introduction 

 Adsorption thermodynamics plays a pivotal role in traditional as well as modern 

chemical engineering ranging from separation processes and heterogeneous catalysis to 

various tools for chemical analyses such as chromatography58,59. From a practical point of 

view, one of the most useful thermodynamic models for gas adsorption was established by 

Myers and Prausnitz, published in the AIChE Journal about 50 years ago60. We are pleased 

to dedicate this article to the special issue honoring Professor John Prausnitz.  

According to conventional wisdom, adsorption is a surface phenomenon related to 

adhesion of molecules, atoms or ions at an interface. Whereas in classical thermodynamics 

concepts such as surface area and binding energy are indispensable to describe the 

interfacial phenomena, Myers and Prausnitz took a radically different approach by 

extending the ideal solution model for vapor-liquid equilibria (VLE) to adsorption of gas 

mixtures. The “solution model” is remarkably accurate for predicting the adsorption 

isotherm of a gas mixture from those for pure components at moderate pressure, yet it is 

computationally convenient for practical applications. Because the number of pure species 

is limited in comparison to that for mixtures, the solution model has been invaluable for 

design and optimization of industrial adsorption processes and remains relevant today61.  

Driven by increasing concerns over global climate change and rapid developments 

in renewable energy, research in gas adsorption has experienced considerable growth in 

recent years. However, the main focus of current literature has been shifted from adsorption 

equilibria per se to discovery of novel nanoporous materials, in particular open-framework 

materials promising for large-scale hydrogen/methane storage or for selective adsorption 
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of carbon dioxide from gas mixtures62. Unlike conventional adsorbents such as activated 

carbon or silica gel, open-framework materials are porous crystalline solids viable for 

solution synthesis by coordinate bonding of secondary building units (SBUs), i.e., libraries 

of organic linkers and organometallic/nonmetallic nodes self-organized into periodic and 

porous frameworks63. Theoretical investigations are useful to acquire a better knowledge 

of adsorbate-adsorbent interactions and, perhaps more important, for discovery and rational 

design of nanoporous materials tailored to specific adsorbates. The modular nature of the 

building blocks makes the framework structures predictable based on the topology and the 

geometry of specific link-node coordination complexes, rendering unprecedented 

opportunities for computational design/discovery of crystalline porous materials, and to 

have a precise control over their porosity and atomic compositions (size, shape, and 

functionality). Molecular modeling is useful to identify specific open-framework materials 

from a virtually infinite number of SBU combinations to meet specific practical needs64-67.  

Whereas there have been impressive theoretical developments toward the discovery 

of better adsorbents for gas storage and separation68-71, computational materials design 

remains in early development; there are enormous challenges from practical perspectives. 

To predict material performance from the chemistry of its building blocks, we need 

efficient multiscale modeling methods that account for not only intrinsic properties in 

vacuum but also interactions with a working environment under diverse thermodynamic 

conditions. As illustrated schematically in Figure 1, computational materials design (or 

discovery) entails quantum mechanical (QM) calculations for determining electronic 

properties as well as molecular and crystal structures, and statistical mechanical (SM) 
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calculations for predicting the physicochemical properties of materials under different 

environments. Myriad computational methods are available for predicting electronic, 

molecular and thermodynamic properties72. Typically, these computational methods are 

established in the context of drastically different theoretical frameworks; approximations 

are inevitable at each level. As a result, multiscale modeling requires a judicious selection 

of QM and SM methods. An optimal choice resides not necessarily only in terms of the 

theoretical rigor at individual scales but, perhaps more important, a reliable connection 

between different methods and the overall computational efficiency to attain pragmatic 

goals. 

Amid numerous computational tools in QM and SM, density functional theory 

(DFT) provides a unified mathematical framework to describe the properties of many-body 

systems using the one-body density profiles as the fundamental variables. Whereas the 

original concepts, as first introduced many years ago by Hohenberg and Kohn73, were 

intended to provide an alternative to the Schrödinger equation for predicting ground-state 

electronic properties, the mathematical framework has been generalized, applicable to 

electronic systems at finite temperature and to statistical-mechanical systems including 

those containing classical particles and polymers74. While nowadays DFT is best known 

for its applications to electronic systems at 0 K, due to its extreme popularity in 

computational chemistry and materials science75, the practicality of classical DFT for 

studying adsorption and other interfacial phenomena has been well established76. For 

example, classical DFT programs have been routinely used to analyze experimental data 

for the characterization of porous materials by gas adsorption77.  Because DFT calculations 
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avoid explicit multi-body wave functions for quantum systems or microstates for 

thermodynamic systems containing classical particles, its computational efficiency is by 

far superior to wave-function-based QM methods and conventional molecular simulations 

in SM. The computational efficiency and flexibility in density functionals make DFT an 

ideal choice for multiscale modeling for both QM and SM calculations78. 

In a previous work79, we demonstrated that the classical DFT could be used for 

rapid screening a large library of metal-organic frameworks (MOFs) potentially useful for 

H2 storage. Using extensive Monte Carlo (MC) simulation data as the benchmark, we tested 

the theoretical performance of four versions of free-energy functionals that are commonly 

used in the literature to describe the thermodynamic properties of inhomogeneous fluids80-

83. All these functionals incorporate the modified fundamental-measure theory (MFMT)84 

to account for molecular excluded-volume effects but they differ in representing the 

attraction part of the excess free energy. In stark contrast to previous calibrations with 

model systems containing Lennard-Jones (LJ) fluids in idealized pores, we find that the 

theoretical predictions are sensitive to specific gas components (e.g., N2 adsorption versus 

hydrogen storage) and thermodynamic conditions. In this work, we test the performance of 

different classical DFT methods for predicting methane adsorption in model slit pores as 

well as in a large library of hypothetical nanostructured materials. In addition to adsorption 

isotherms, we consider methane diffusivity in top-performance MOFs using an extended 

excess-entropy scaling scheme proposed in our earlier work27. After extensive calibration 

with our simulation results, the DFT methods have been applied to identify promising MOF 

materials for methane storage and possible variations of operation conditions to attain the 
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adsorption target set by the U. S. Department of Energy (DOE) for natural gas storage in 

vehicles.   

2.2. Molecular Model and Theory 

       The theoretical models for predicting adsorption isotherms and diffusivity have been 

reported in our previous publications27,79. For completeness, here we recapitulate only the 

basic ideas of classical DFT and the computational procedures. In Supplementary Materials, 

we present the key equations from the four versions of the excess free energy functional 

used in this work and additional results from classical DFT predictions.  

Molecular model 

To describe gas adsorption in MOF materials, we need to define both bonded and 

non-bonded interactions among MOF atoms, and MOF-gas and gas-gas pair interactions 

in addition to temperature  T  and pressure  P  of the gas phase. As in our previous work, 

we assume that the MOF materials are sufficiently rigid so that their crystalline structures 

are unchanged by gas adsorption. The crystallographic information files (CIFs) of MOF 

materials are adopted from the hypothetical library constructed by Wilmer et al.68 

As a general rule for selecting the size of the computation box, we use a 2×2×2 

supercell of the crystalline structure for each material. The conventional periodic boundary 

conditions (PBC) are applied to all directions. For most MOFs considered in this work, the 

2×2×2 supercell ensures that each dimension of the simulation box is larger than twice of 

the cut-off distance. For MOFs with very small unit cells, however, we increase the 

supercell size by adding more repeating unit cells of the crystalline structure such that each 

dimension is larger than twice of the cut-off distance. As usual, methane molecules are 
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represented by Lennard-Jones (LJ) particles, with parameters, εCH4/kB=148.0 K and 

σCH4=3.73 Å, obtained from the TraPPE force field85. For each gas molecule inside the 

MOF material, the potential energy at position r is approximated by pairwise-additive 

interactions with all solid atoms   
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where subscript i represents the ith atom from the MOF framework, and ri stands for the 

position of atom i. The pair potential between atom i and gas molecule f, uif(r), is also 
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where parameters 
 
e

if
 and 

 
s

if
 are calculated from the Lorentz-Berthelot (LB) mixing rule. 

In both simulations and classical DFT calculations performed in this work, the LJ 

parameters for the MOF atoms are taken from the universal force field (UFF)86.  

Adsorption thermodynamics 

Classical DFT allows us to predict the local number density of gas molecules within 

the adsorbent phase, viz., inside each MOF material87  

 
   
r(r) = r
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exp -bV ext (r) - bDmex (r)é
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where 
 
r

b
 stands for the number density of gas molecules in the bulk, 

  
b =1/ (k

B
T ), and 

 
k

B
 

is the Boltzmann constant. The last term on the right side of Eq. (34) is defined by 

   
Dmex (r) = mex (r) - m

b

ex , that represents the deviation of local excess chemical potential 
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  m
ex (r)  from that corresponding to the bulk phase, 

 
m

b

ex . Thermodynamic properties of the 

gas phase, including 
 
r

b
 and 

 
m

b

ex  as functions of  T  and  P , are calculated from the 

modified Benedict-Webb-Rubin (MBWR) equation of state88. In general, the local 

chemical potential depends on the local density profile 
  r(r) ; it must be determined self-

consistently from Eq.(34) by iterations. 

Intuitively, Eq.(34) may be understood as the Boltzmann distribution of gas 

molecules in the presence of an external field,    V
ext (r) . Within the framework of classical 

DFT, this equation is formally exact. Approximations are introduced only in calculating 

the local excess chemical potential, that can be derived from the functional derivative of 

the excess Helmholtz energy,
   F

ex (r), 

  
   m

ex (r) = d F ex(r) /dr(r). (35) 

Like the excess properties of a uniform thermodynamic system, 
   F

ex (r) accounts for the 

thermodynamic non-ideality due to intermolecular interactions.  The excess Helmholtz 

energy is an intrinsic property independent on the external potential, i.e., interaction of gas 

molecules with the adsorbent atoms. If the intermolecular interaction between gas 

molecules is negligible, the excess Helmholtz energy vanishes. In that case, Eq.(34) 

corresponds to the distribution of ideal-gas molecules inside the porous material.  

  Whereas accurate expressions have been developed for 
   F

ex (r) of inhomogeneous 

simple fluids below the vapor-liquid critical temperature80,89, little is known about their 

performance at high temperature and pressure, i.e., conditions relevant to gas adsorption in 

typical industrial processes. In this work, we consider four versions of classical DFT that 
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have been used for predicting hydrogen adsorption in various MOF materials. All these 

functionals are based on the modified fundamental measure theory (MFMT)84 to describe 

molecular excluded volume effects but differ in the contribution to account for 

intermolecular attractions. The attractive part of the excess Helmholtz energy functional is 

distinguished in terms of the mean-field approximation (MFA)81, the first-order mean-

spherical approximation (FMSA)80, and two slightly different forms of weighted density 

approximations (WDA-Y82 and WDA-L83). The equations for these functionals and 

numerical details are discussed in Supplementary Materials. 

Total gas adsorption is conventionally expressed as the volume of adsorbed gas 

molecules per unit volume of the porous material at the standard state (STP). Total 

adsorption G  can be calculated from the molecular density profile by integration over the 

supercell   
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where 
  
P

0
= 1atm , 

  
T

0
= 25 oC , and  V  is the supercell volume. For applications to gas 

storage, we are mostly interested in the delivery amount, 
 
G

del
, that corresponds to the 

change in total gas uptake by the material at compression and release conditions. Total gas 

adsorption or delivery amount should not be confused with the surface excess  G
ex  

conventionally defined as   
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In general, the local number density of gas molecules inside a nanostructured material is 

highly inhomogeneous due to extreme confinement and attraction from adsorbent atoms. 

The difference between absolute and excess adsorption is negligible only when the pressure 

of the bulk gas is very low.  

Given an expression for the excess Helmholtz energy functional, we can derive the 

excess entropy of gas molecules inside the porous material from the thermodynamic 

relation 
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and the enthalpy of adsorption from  
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In Eq.(39), DW  represents the difference between the grand potential of gas molecules in 

the porous material and that of the same amount of the bulk gas at the same temperature 

and chemical potential:  

 
   
DW = k

B
T drò r(r){ln[r(r) / r

b
]-1- bm

b

ex + Z + bV
ext

(r)}+ F ex[r(r)]  (40) 

where   Z = Z(T ,P) stands for the compressibility factor of the bulk gas. While enthalpy of 

adsorption is not explicitly studied in this work, we note that gas pressure inside a porous 

material corresponds to a second-order tensor where each element varies with the position. 

As a result, the adsorbed gas does not have an enthalpy as typically defined in classical 

thermodynamics for bulk fluids. Confusion might arise if one calculates the enthalpy of 
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adsorption based on enthalpy changes. In writing Eq. (39), we assume that the porous 

material is rigid such that gas adsorption has negligible effect on the solid’s entropy.   

Excess entropy scaling for calculating gas diffusivity 

As in our previous work27, we assume that self-diffusivity of gas molecules in a 

porous medium, here designated as 
  
D

s
 , may be determined from a linear combination of 

those predicted from the Knudsen diffusion model and the excess-entropy scaling method 
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where 
  
v

free
represents the total accessible volume of the porous material divided by the 

number of confined gas molecules90,  is a constant reflecting the maximum molecular 

packing density, and s  is the LJ diameter for the gas molecules. In Eq.(41), 
  
as 3 / v

free
 

may be interpreted as the fraction of the free space inside the pore occupied by gas 

molecules. In the limit of closest packing, we may estimate  from that for spherical 

particles in a face-centered-cubic lattice 

 
  
a

FCC
= 2 / 2 (42) 

Eq.(42) provides a first-order estimate for a  if no additional information is available. For 

best agreement with simulation or experimental data, however,  may be used as an 

adjustable parameter. While this parameter varies slightly for different systems depending 

on crystal structure, it is independent of the thermodynamic conditions of the bulk gas 

including temperature and pressure. 

 The Knudsen model applies to gas diffusion at infinite dilution 
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D

K
= lim

r
b
®0

D
s
 (43) 

where the limiting value can be obtained from performing MD simulation at low gas 

pressures. Excess-entropy scaling accounts for contributions due to gas-gas interactions 

inside the pore, estimated from Rosenfeld’s scaling rule91 

 

  

D
E

=
0.585

r
av

1/3

k
B
T

m
exp 0.788S ex / Nk

B( ) (44) 

where m represents the molecular mass, 
 
r

av
 is the average number density of gas 

molecules inside the porous material, and  N  represents the total number of adsorbed gas 

molecules. With the excess entropy calculated from classical DFT, the hybrid method 

provides an efficient procedure to predict the self-diffusion coefficient of gas molecules in 

nanoporous materials as a function temperature and bulk pressure27.  

2.3. Results and Discussion 

Adsorption in slit pores 

The four classical DFT methods considered in this work have been calibrated in 

previous publications by extensive comparison with simulation data for inhomogeneous 

Lennard-Jones (LJ) fluids in model systems near a planar wall or in slit pores. At conditions 

near vapor-liquid equilibrium, the mean-field approximation (MFA) fails to reproduce the 

depletion of a LJ fluid near a hard or weakly attractive surface, while the first-order means-

spherical approximation (FMSA) performs rather well in comparison with simulation80,89. 

Surprisingly, all free-energy functionals including MFA are highly accurate for predicting 

the adsorption of LJ fluids in slit pores. Regrettably, previous publications were mostly 
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focused on comparisons for model systems at low temperatures (<200 K) that have little 

relevance to practical methane storage.  

In this work, the classical DFT methods are first tested with simulation results for 

methane adsorption in slit pores of different widths and surface energies at room 

temperature (298 K). Figure 2 shows theoretical predictions for total adsorption and 

comparison with simulation data. FMSA overestimates total adsorption if the surface is 

weakly attractive, while the opposite holds for MFA predictions. Conversely, both weight-

density approximations (WDA-L and WDA-Y) agree very well with simulation data at all 

conditions (Figure 2a). For adsorption in slit pores with more attractive walls (Figure 2b), 

the three versions of non-mean-field methods give virtually identical results. However, 

MFA underestimates total adsorption compared to simulation data. The poor performance 

of MFA is somewhat anticipated because it neglects correlation effects due to van der 

Waals attractions. Because correlation effects contribute to a negative chemical potential, 

consideration of the correlation contribution would increase total adsorption. 

Adsorption and delivery capacities  

The performance of different DFT methods for methane adsorption in porous 

materials may not be fully consistent with that for simple systems. To illustrate, we 

consider methane adsorption in two representative MOF materials, MOF-57 and Cu-BTC92, 

at room temperature. Figure 3 compares total adsorption predicted from different classical 

DFT methods with results from GCMC simulation. Overall, the four versions of classical 

DFT methods all show good agreement with simulation data. However, their accuracies 

are slightly different for different materials. In stark contrast to their performance in slit 



 

33 

pores, MFA and FMSA are more accurate than WDA-L and WDA-Y for gas adsorption in 

MOF-5 at room temperature over the entire range of testing pressures. Both WDA methods 

overestimate total adsorption especially at intermediate pressures. For methane adsorption 

in Cu-BTC, however, WDA-Y reproduces GCMC data very well. While WDA-L and 

FMSA slightly underestimate the storage capacity at moderate pressures, total adsorption 

predicted by MFA is noticeably smaller than those from other DFT methods at high gas 

loadings. As indicated in our previous study79, the performance of classical DFT methods 

for gas adsorption in nanoporous materials depends also on testing conditions. 

For potential applications to material discovery, the classical DFT methods should 

be calibrated in the context of multiscale modeling and benchmarked with a large set of 

experimental data. While novel computational methods for predicting the crystal structures 

of framework materials and their interactions with gas molecules are rapid emerging93, 

much work remains for systematic calibration of multiscale modeling methods. In this 

work, we confine our interest to comparing theoretical predictions with GCMC data for 

methane adsorption in over 1,000 MOF materials at various thermodynamic conditions. 

The crystal structures of these materials are from the Northwestern hypothetic MOF 

database68, generated according to the topology of some common SBUs. These materials 

have been studied before for methane storage using GCMC simulations68 and thus provide 

a good basis to test the performance of different classical DFT methods for materials 

screening. For validation of the theoretical performance, we consider only 1,200 materials 

from the MOF database, i.e., top 300 with the largest excess CH4 adsorption in weight; top 

300 with the largest excess CH4 adsorption in volume; top 300 with the largest void fraction; 
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top 300 with the largest surface area (m2/cm3), all evaluated at 298 K and 35 bar. We 

believe that these materials are most important for studying methane adsorption and 

provide a good benchmark for calibration of the four classical DFT methods considered in 

this work. 

Figure 4 shows theoretical results predicted by MFA in comparison with GCMC 

data. Similar comparisons for other classical DFT methods are presented in Supplementary 

Materials. In addition to total adsorption at 298 K, we consider also methane delivery for 

each material when the pressure is reduced from 35 bar to 5 bar at the same temperature. 

The thermodynamic conditions for the bulk gas are in line with the ARPA-E target for 

methane storage. Table 1 summarizes the root-mean-square deviations (RMSD) and 

theory-simulation correlation coefficients (the R values) for different classical DFT 

methods.  In general, all four classical DFT methods show good agreements with the 

GCMC data for total methane adsorption at the ARPA-E target condition. Surprisingly, 

MFA gives the best results when compared to simulation data, with RMSD=7.90 

cm3(STP)/cm3 and R2=0.99. This functional is mathematically simpler than FMSA and 

weighted-density approximations; it is also numerically more stable and easier to converge 

in solving for the molecular density profiles. Although other methods show slightly larger 

deviations, the RMSD values are within about 6% of total adsorption.  

The original target set by ARPA-E for CH4 storage states that, at 298 K and 35 bar, 

the volumetric storage capacity should exceed 180 v/v for qualified nanoporous materials. 

Under such conditions, the adsorbed natural gas (ANG) will have an energy density 

comparable to that of the compressed natural gas (CNG) at the same temperature and 250 
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bar68. While that target can be easily reached by many MOF candidates, none of the 

existing materials meet the new ARPA-E target for methane storage in transportation 

vehicles94. The new ARPA-E target specifies not only the total gas uptake but also the 

delivery amount by nanoporous materials between compression at 35 bar and release at 5 

bar at room temperature. In Figure 4b, we compare methane delivery predicted by MFA 

and GCMC methods. In general, the MFA predictions agree very well with the simulation 

data, especially for medium and high loading MOF materials. The deviation becomes more 

noticeable for materials with high total adsorption but low delivery. Considering the 

accuracy of MFA prediction for the total methane storage capacity at 298 K and 5 bar 

(Figure 4a), the large discrepancy for delivery may be attributed to numerical issues in our 

classical DFT calculations. Because those MOFs have large adsorption capabilities at both 

35 and 5 bar, delivery is small and sensitive to numerical details.   

Diffusivity 

Classical DFT gives the density profile of gas molecules in a porous material that 

reflects the microscopic details of adsorbent-adsorbate interactions. Not only is the density 

profile related to the adsorption isotherm, it can also be used to identify important 

adsorbent-adsorbate interactions and predict other thermodynamic properties including 

enthalpy of adsorption and excess entropy. While the enthalpy of adsorption is important 

for practical applications, the excess entropy provides a convenient starting point for 

predicting transport coefficients over a broad range of thermodynamic conditions.  

In our previous work27, we have demonstrated that Rosenfeld’s excess-entropy 

scaling method can be combined with the Knudsen model to predict the self-diffusivity of 
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gas molecules in various nanoporous materials. Because the excess entropy is readily 

available from adsorption calculations and the Knudsen model applies to gas diffusion at 

infinite dilution, the new computational procedure is much faster than traditional MD 

simulation methods for calculating the gas self-diffusivity over a broad range of 

thermodynamic conditions.  

Figure 5 presents the self-diffusion coefficients of CH4 in the two MOF materials 

considered above, MOF-5 and Cu-BTC, at 298 K over a broad range of pressures. The 

theoretical results are calculated according to Eq.(41). With α treated as an adjustable 

parameter ( a = 0.42), the extended excess entropy scaling method is able to reproduce the 

simulation data almost quantitatively. Semi-quantitative results are attainable with 

approximation 
 
a »a

FCC
.  

Figure 6 shows the self-diffusivities of CH4 in the top five MOFs that, as identified 

below, show the highest volumetric delivery (see Table 3). Here temperature is fixed at 

298 K, and α is an adjustable parameter for each material. Again, the extended excess 

entropy scaling method reproduces the simulation data very well over the entire range of 

pressures; the approximation 
 
a »a

FCC
 leads to semi-quantitative agreement between 

theory and MD simulation data.  Interestingly, the MOF materials with top delivery show 

similar gas diffusivity at both low and high loadings, even though their relative ranks are 

slightly different.   

Characteristics of “good” adsorbents 

Conventional thermodynamic models for gas adsorption such as Langmuir and 

BET isotherms presume that, at a given bulk condition, the total gas uptake is linearly 
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proportional to available adsorbent surface area (or accessible surface area). Whereas 

ambiguity might arise in its definition (or measurement) for a particular porous material, 

the surface area has been routinely used as an important measure for identification of 

promising MOFs with large adsorption capability. The significance of surface area has 

been rarely challenged even for widespread applications of simulation methods.  

To find possible correlations between gas adsorption capability and materials 

surface area, we plot methane adsorption versus accessible surface area95,96 for 1,200 

MOFs materials at 298 K and 35 bar. While Figure 7a shows some positive correlation for 

total adsorption, no trend in Figure 7b correlates the accessible surface areas and delivery. 

More important, if one focuses on the top MOF candidates for methane storage (see Figure 

8), neither the simulation results nor the classical DFT predictions exhibit any convincing 

relationship between those two quantities. The decoupling of delivery from the (accessible) 

surface area is somewhat anticipated because although the geometric accessible surface 

areas are calculated based on the locus of the surface potential minimum, it only accounts 

for one gas molecule at a time. The surface area does not take into consideration the 

correlation between adsorbed gas molecules that is important, especially for candidates 

with high loading capacities. Conversely, the BET surface area is nicely correlated with 

adsorption because it is obtained from fitting to the gas adsorption data. Therefore, good 

correlation between BET surface area and adsorption capability is not surprising.     

According to Figures 4 and S1, a material with high methane adsorption capacity 

does not warrant a large delivery at the ARPA-E conditions. While adsorption capacity 

appears to be in good correlation with the void fraction, such correlation does not exist for 
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the top candidates. Conversely, Figure 4b shows that MOFs with high CH4 weight 

adsorption coincide with those with high delivery, suggesting that it may serve as a good 

indicator to identify promising materials for methane storage.  

ARPA-E MOVE target 

Methane delivery capacities for all MOF materials considered in this work are 

below 160 cm3/cm3, far below the ARPA-E target 315 cm3/cm3.  To achieve the desired 

volumetric delivery, we could either increase the gas uptake at the compressed stage or 

reduce the remnant amount upon release. Table 2 summarizes the performance of the top 

10 MOFs identified from different theoretical methods if we set the initial pressure to 250 

bar, the same as that in a compressed natural gas tank (CNG). According to this table, the 

top materials identified by GCMC are in good agreement with those from various classical 

DFT methods. For the top candidates, the list of MOFs generated from FMSA agrees the 

best with that from simulation, with 9 out of 10 materials identical.  

If the initial compression pressure is set to 250 bar, many MOFs may meet the target 

for weight delivery of 0.5 g/g, and the best material is able to achieve up to 95% of the 

volumetric ARPA-E target. If we raise the release temperature to 358 K, the ARPA-E 

volumetric target may also be reached (see Table S1). Alternatively, the ARPA-E target 

can be reached by reducing the initial storage temperature to 233 K, the lowest operation 

temperature according to DOE instructions. In that case, many MOFs could reach the 

ARPA-E target by compression at 75 bar and release at 298 K and 5 bar (see Table S2). At 

higher release temperature, all top 10 MOFs achieve the ARPA-E methane storage target 

for both gravimetric and volumetric targets (see Table 2).  
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Unlike the results shown in Table 1, the classical DFT and GCMC methods predict 

different top 10 candidates to meet the ARPA-E target (see Table 2). Nevertheless, all these 

materials exhibit similar adsorption capabilities. The GCMC candidates are among the top 

50 materials identified by the classical DFT methods. In both Tables 1 and 2, there are 

about 3% numerical discrepancies between DFT and GCMC data. Considering 5% 

statistical error in typical GCMC simulations, we believe the classical DFT methods should 

be sufficiently accurate to identify promising MOF materials for further experimental 

investigations.  

2.4. Conclusions 

We have calibrated four versions of classical density functional theory (DFT) for 

potential applications to the discovery of novel metal-organic frameworks (MOFs) for 

methane storage. Overall, the classical DFT methods show good agreement with the 

simulation results for methane adsorption in slit pores as well as in MOF-5 and Cu-BTC. 

Their relative performance is sensitive to thermodynamic conditions and depends also on 

the specific material under consideration. Using the ARPA-E methane delivery capabilities 

of over 1,200 MOFs as the benchmark, we find that, surprisingly, the results from the 

mean-field approximation (MFA) agree best with the simulations data, with a root-mean-

square deviation (RMSD) of only 7.90 cm3(STP)/cm3. Considering its theoretical 

simplicity, we conclude that MFA is probably the best choice for screening nanostructured 

materials for methane storage. While this work focuses on methane adsorption and shows 

that classical DFT is a promising computational tool for materials screening, a similar 

conclusion holds for adsorption of other gases including those with partial atomic charges, 
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provided that an accurate Helmholtz energy functional is available. Working along this 

direction is under current investigation and will be reported in future publications. 

Whereas the BET surface area is conventionally used as a benchmark to identify 

nanoporous materials with large adsorption capacity, we find that, in general, there is no 

convincing correlation between a geometric surface area and the net delivery at conditions 

relevant to methane storage. While none of the existing materials satisfies the ARPA-E 

target, many MOFs can be identified to give a weight delivery exceeding 0.5 g/g if the 

initial compression pressure is modified to 250 bar, the same as that in a compressed natural 

gas tank. The volumetric target may also be reached if the release temperature is raised to 

358 K. Alternatively, the ARPA-E target can be fulfilled by reducing the initial storage 

temperature to 233 K, the lowest operation temperature according to DOE instruction.   

The classical DFT is computationally extremely efficient when compared to 

conventional simulation methods, in particular for calculating thermodynamic properties 

for a large library of materials over a broad parameter space. Figure 9 shows the statistics 

of the computational time for implementing classical DFT calculations on a single desktop 

computer (i.e., one 3.0 GHz Sandy Bridge CPU core). The average computational time is 

within 2 minutes for each sample, which is faster than that for conventional GCMC 

simulation by more than one order of magnitude. DFT provides quantitative information 

on the excess entropy that can be used for predicting gas self-diffusivities in porous 

materials, important for practical applications but extremely time-consuming to calculate 

using conventional simulation methods. Good performance and computational efficiency 

make classical DFT a suitable choice for high-throughput calculations.  
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Figure 2-1. Computational materials design involves quantum mechanical (QM) 

calculations for understanding the chemistry of individual building blocks and the 

microscopic structure for molecules and solids, and statistical-mechanical (SM) 

calculations to predict their performance under diverse thermodynamic conditions. 

Because multiple approaches are available for both QM and SM calculations, practical 

procedures for multiscale modeling should be calibrated with extensive experimental data 

in terms of both theoretical accuracy and computational efficiency.   

 

 

 

 

 

 

 

 

 

 



 

42 

Figure 2-2. a) Methane adsorption in slit pores of reduced width   H / s  =2, 3, 4 from top 

to bottom at 298K. The interaction between the gas molecule and each wall is described 

with Steele’s 10-4-3 potential, where 
 
s

w
= s , 

  
e

w
= 3.142e  and  D = 0.7071s; b) The same 

as a) except 
  
e

w
= 6.283e . 
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Figure 2-3. Methane adsorption isotherms at 298K for a) MOF-5 and b) Cu-BTC 

framework materials calculated from GCMC simulation and from different classical DFT 

methods. 
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Figure 2-4. Comparison of methane adsorption at 298 K in 1,200 MOFs calculated from 

GCMC and from MFA methods. a) Total adsorption amount at 5 bar; b) Delivery amount 

between 35 bar and 5 bar.  Color code: Navy blue, top 300 from excess CH4 adsorption in 

weight category; Red, top 300 from excess CH4 adsorption in volume category; Purple, top 

300 from void fraction category; Sky blue, top 300 from surface area (m2/cm3) category 

from the Northwestern Hypothetical MOF Database. 
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Figure 2-5. Self-diffusivities of CH4 molecules in MOF-5 and Cu-BTC at 298 K predicted 

by MD simulation and by the extended excess-entropy scaling method, respectively. Filled 

dots are results from MD simulations, while the lines are obtained from the extended 

excess-entropy scaling method. 
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Figure 2-6. Self-diffusivities of CH4 in top 5 MOFs with the highest volumetric delivery 

amount for compression at 233 K and 75 bar and release at 358 K and 5 bar predicted by 

FMSA method. The symbols are self-diffusion coefficients predicted by MD simulation, 

and the lines are from the extended excess-entropy scaling method.  
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Figure 2-7. Adsorption of methane in 1,200 MOFs at 298 K and 35 bar as a function of 

the accessible surface area calculated according to the MFA and GCMC methods. a) Total 

adsorption amount; b) Delivery amount. Green dots: DFT data; Red dots: GCMC data. 
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Figure 2-8. Top 10 MOF candidates with the highest adsorption amounts of methane at 

298 K and 35 bar as a function of the accessible surface area. Cycles: predicted by GCMC; 

Diamonds: predicted by MFA, while filled ones stand for total adsorption amounts and 

blank ones for delivery amounts between 298 K, 35 bar and 298 K, 5 bar  
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Figure 2-9. Distribution of computational time for predicting methane adsorption in 1,200 

MOFs with MFA. 
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Support Information 

Figure S2-1 Comparison of CH4 absolute adsorption amount at 298 K and 35 bar in 1,200 

MOFs calculated from GCMC and from different classical DFT methods: a) WDA-Y b) 

WDA-L c) FMSA d) MFA. Color code: Navy blue, top 300 from excess CH4 adsorption 

in weight category; Red, top 300 from excess CH4 adsorption in volume category; Purple, 

top 300 from void fraction category; Sky blue, top 300 from surface area (m2/cm3) category 

from the Northwestern Hypothetical MOF Database. 
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Table S2-1 Top 10 MOF candidates identified by GCMC and by various classical DFT 

methods according to the CH4 volumetric delivery amount between compression at T=298 

K, P=250 bar and release at T=358 K, P=5 bar.  

                          

  FMSA MFA WDA-Y GCMC 

Rank No. Γdel,V Γdel,M No. Γdel,V Γdel,M No. Γdel,V Γdel,M No. Γdel,V Γdel,M 

1 1101 314.8 0.66 1026 293.7 0.46 1101 322.3 0.68 1031 309.0 0.60 

2 1089 313.6 0.65 1033 292.9 0.49 1213 322.1 0.69 1111 307.0 0.60 

3 1031 313.6 0.61 1013 292.6 0.46 1111 322.0 0.63 1089 307.0 0.64 

4 1033 312.4 0.52 1011 292.5 0.46 1031 321.7 0.63 1030 306.8 0.59 

5 1111 312.2 0.61 1022 292.4 0.47 1089 321.1 0.67 1032 306.7 0.52 

6 1213 311.7 0.67 1019 291.3 0.44 1025 321.0 0.62 1101 306.7 0.64 

7 1025 311.2 0.60 1197 290.7 0.45 1064 319.9 0.60 1011 306.4 0.48 

8 1026 311.2 0.49 1028 289.7 0.44 1145 318.6 0.65 1034 306.2 0.60 

9 1064 310.9 0.58 1046 289.4 0.42 1053 317.9 0.60 1086 305.5 0.62 

10 1011 310.8 0.48 1098 289.2 0.44 1011 317.6 0.49 1213 305.2 0.66 

             
 

*: The No. stands for the serial number in the Northwestern Hypothetical MOF Database, 

while the 1st digit means the category (1 for excess CH4 adsorption in weight category; 2 

for excess CH4 adsorption in volume category; 3 for void fraction category; 4 for surface 

area (m2/cm3) category), the last 3 digits means the rank in the category. Γdel means delivery 

amount, where V stands for adsorption amount in units of cm3(STP)/cm3 and M stands for 

adsorption amount in units of g/g 
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Table S2-2 Top 10 MOF candidates predicted by GCMC and various DFT methods 

according to CH4 volumetric delivery amount between compression at T=233 K, P=75 bar 

and release at T=298 K, P=5 bar. 

                          

  FMSA MFA WDA-Y GCMC 

Rank No. Γdel,V Γdel,M No. Γdel,V Γdel,M No. Γdel,V Γdel,M No. Γdel,V Γdel,M 

1 1031 305.3 0.60 1033 294.7 0.49 1111 335.2 0.66 1145 317.1 0.64 

2 1101 302.0 0.63 1031 292.3 0.57 1025 333.0 0.64 1089 317.0 0.66 

3 1111 301.8 0.59 1055 290.5 0.52 1034 331.1 0.65 1162 317.0 0.62 

4 1025 301.0 0.58 1022 290.2 0.46 1041 330.8 0.65 1213 316.8 0.68 

5 1089 300.9 0.63 1111 289.9 0.57 1064 329.0 0.62 1101 316.3 0.66 

6 1213 300.5 0.65 1026 289.9 0.45 1030 328.9 0.63 1031 315.7 0.62 

7 1037 300.1 0.55 1011 289.8 0.45 1086 328.3 0.66 1297 312.4 0.53 

8 1052 299.7 0.60 1098 287.6 0.44 1055 324.6 0.58 1064 312.1 0.59 

9 1055 299.5 0.54 1064 286.8 0.54 1188 324.4 0.67 1111 311.7 0.61 

10 1034 299.3 0.58 1071 286.8 0.50 1297 323.7 0.55 1055 311.6 0.56 
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Table S2-3 CH4 volumetric adsorption amounts of top 300 MOF candidates from excess 

CH4 adsorption in weight category, predicted by GCMC and MFA methods at T=298 K, 

P=35 bar, and delivery amount, releasing at T=298 K, P=5 bar, in the unit of cm3/cm3. 

 

# Total.MC  Total.DFT DeliveryMC DeliveryDFT 

1 188.06 183.74 137.01 135.12 

2 197.40 185.26 148.22 138.67 

3 184.57 173.15 143.41 134.46 

4 211.66 198.97 146.66 137.76 

5 210.22 199.45 146.92 140.15 

6 187.83 175.35 138.96 128.26 

7 191.14 177.26 145.14 133.09 

8 189.79 177.34 141.43 132.08 

9 179.49 169.75 129.37 122.14 

10 180.55 178.37 133.71 133.16 

11 203.56 194.55 149.78 147.00 

12 183.93 178.79 135.77 131.77 

13 200.71 196.21 150.03 148.07 

14 196.62 193.01 137.94 137.38 

15 179.09 173.69 131.39 128.04 

16 181.25 182.47 125.58 128.51 

17 205.29 206.25 139.44 146.32 

18 189.16 175.00 144.97 133.20 

19 211.75 199.41 155.43 145.70 

20 193.24 195.52 138.03 145.70 

21 221.14 222.41 141.07 147.19 

22 188.79 191.26 140.79 145.85 

23 209.94 215.27 135.62 148.31 

24 197.63 185.94 144.99 136.18 

25 172.89 161.75 136.62 127.76 

26 188.67 189.61 137.79 144.34 

27 162.69 151.74 117.52 108.91 

28 211.75 197.16 156.27 143.18 

29 217.07 205.43 157.07 148.34 

30 171.57 160.83 134.80 125.80 

31 170.49 158.41 135.92 125.45 

32 189.25 176.39 144.87 134.44 

33 178.70 181.50 135.84 141.46 

34 170.02 157.36 135.02 124.15 

35 175.00 165.86 126.13 118.03 
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36 204.76 209.34 144.03 153.00 

37 178.45 165.90 138.97 128.29 

38 174.15 165.15 135.48 128.21 

39 204.26 208.53 143.06 152.33 

40 189.89 193.47 131.84 141.36 

41 167.10 155.59 132.57 122.92 

42 196.13 193.89 140.82 141.31 

43 208.38 211.85 135.84 146.54 

44 196.97 199.04 143.53 149.12 

45 197.56 200.23 144.04 150.75 

46 199.22 198.69 142.28 148.31 

47 201.11 188.99 152.65 142.16 

48 203.90 205.85 139.44 148.90 

49 188.87 179.03 129.03 119.83 

50 218.23 223.69 142.35 153.48 

51 187.40 178.86 129.01 121.19 

52 162.20 151.36 130.43 120.88 

53 163.83 167.75 111.25 116.05 

54 192.41 182.39 135.38 127.96 

55 165.78 168.35 125.72 130.54 

56 170.83 162.71 130.32 124.64 

57 185.22 175.86 124.65 119.12 

58 171.55 160.17 129.59 119.04 

59 202.25 192.46 147.68 141.11 

60 152.79 144.86 110.82 105.06 

61 192.74 195.03 139.72 147.13 

62 202.57 203.48 141.50 149.53 

63 200.89 202.93 142.71 148.91 

64 173.02 161.58 134.48 125.04 

65 212.84 214.73 135.25 139.38 

66 166.62 156.26 122.04 111.72 

67 180.43 172.79 135.51 130.05 

68 159.86 151.18 111.66 105.50 

69 165.11 176.99 117.49 131.71 

70 193.24 200.81 142.05 151.95 

71 181.66 170.02 140.13 130.59 

72 206.39 205.98 140.38 147.35 

73 213.70 205.68 145.35 140.40 

74 147.39 141.57 110.44 107.27 

75 178.53 167.27 133.14 124.17 
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76 212.22 200.54 145.29 137.98 

77 202.05 186.74 135.71 124.48 

78 187.90 192.73 132.59 141.12 

79 182.64 172.11 135.53 125.96 

80 209.45 194.65 140.92 131.66 

81 180.77 173.07 128.27 122.45 

82 161.16 170.66 116.73 128.46 

83 207.95 213.79 135.95 150.31 

84 184.71 178.48 135.12 131.53 

85 181.97 170.15 140.29 130.22 

86 160.86 150.39 126.74 118.00 

87 178.48 168.01 135.24 127.18 

88 211.45 197.99 139.36 129.54 

89 158.04 145.45 126.58 115.42 

90 190.12 194.02 136.72 146.40 

91 174.77 168.63 132.38 128.18 

92 191.11 180.31 138.05 128.79 

93 189.11 175.93 146.92 135.50 

94 198.54 186.42 149.35 139.39 

95 201.43 186.91 150.88 138.40 

96 178.22 167.61 131.70 120.70 

97 166.69 157.76 129.26 122.45 

98 189.27 191.71 141.13 146.68 

99 193.62 181.92 145.43 136.24 

100 185.27 179.16 140.07 135.64 

101 146.43 144.69 115.39 115.06 

102 215.59 212.72 147.15 151.42 

103 184.99 184.49 131.71 133.33 

104 162.66 165.03 117.89 121.82 

105 223.84 222.11 143.94 147.51 

106 194.37 191.39 135.63 136.41 

107 159.58 161.08 117.50 120.16 

108 220.97 211.44 151.02 149.93 

109 192.93 187.13 141.33 138.11 

110 134.96 131.67 98.86 96.99 

111 163.47 158.70 127.42 124.79 

112 227.47 226.55 142.11 147.55 

113 183.43 179.91 129.98 129.10 

114 175.84 172.48 123.47 119.27 

115 138.04 133.11 99.76 95.47 
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116 240.07 234.82 134.54 138.10 

117 165.73 165.02 126.69 128.06 

118 172.35 177.60 129.80 137.15 

119 234.03 225.03 133.27 131.48 

120 203.14 199.69 138.30 138.03 

121 222.61 223.85 141.34 148.79 

122 146.59 145.92 105.35 107.19 

123 181.87 180.54 135.87 137.13 

124 154.81 153.23 109.08 110.32 

125 200.58 198.31 138.58 139.35 

126 231.28 228.72 134.29 138.22 

127 186.56 185.31 126.31 126.16 

128 159.91 156.49 124.94 123.29 

129 229.72 228.06 141.23 146.44 

130 175.86 172.27 134.31 132.94 

131 177.65 178.04 118.74 119.61 

132 153.12 150.15 117.93 116.88 

133 177.19 176.22 127.37 128.89 

134 181.65 178.59 138.24 136.88 

135 145.52 141.94 106.76 103.46 

136 169.94 167.89 129.97 129.75 

137 170.61 166.18 116.99 117.01 

138 210.12 206.57 140.33 139.40 

139 159.78 157.53 120.53 120.53 

140 175.37 173.58 132.49 133.53 

141 203.41 203.41 145.79 149.79 

142 164.10 160.96 114.50 111.90 

143 166.33 167.84 109.71 113.05 

144 227.11 222.82 132.60 137.85 

145 150.20 149.30 117.39 118.19 

146 185.37 181.36 134.09 132.64 

147 150.59 152.64 113.87 116.88 

148 187.16 184.98 130.29 130.98 

149 195.71 193.21 138.76 138.87 

150 164.00 161.21 108.63 107.93 

151 223.34 218.95 141.50 140.59 

152 234.74 228.45 139.56 136.20 

153 187.63 186.84 127.38 129.19 

154 175.85 175.18 134.57 135.60 

155 201.99 199.50 137.26 138.09 
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156 239.85 233.81 135.42 140.37 

157 173.56 169.05 123.42 119.83 

158 168.03 165.01 110.47 107.35 

159 165.75 169.50 121.38 126.71 

160 136.01 136.06 97.24 98.75 

161 147.24 148.05 109.63 111.58 

162 154.88 154.24 120.52 121.93 

163 194.63 197.12 137.36 142.98 

164 209.62 205.74 135.98 135.15 

165 172.84 169.99 121.50 119.38 

166 174.78 172.39 133.06 132.47 

167 177.18 172.49 130.39 127.67 

168 177.45 166.21 139.18 130.16 

169 177.37 171.05 127.88 122.50 

170 197.20 186.11 143.79 135.84 

171 204.61 199.79 145.53 146.44 

172 182.63 186.46 129.77 135.83 

173 194.72 183.48 141.80 134.34 

174 182.38 176.28 139.35 135.59 

175 172.22 162.00 123.71 116.14 

176 176.16 172.89 125.82 123.44 

177 209.64 204.85 147.56 146.97 

178 167.13 158.07 128.86 122.41 

179 177.05 167.75 128.63 122.23 

180 196.36 202.24 133.80 142.96 

181 216.52 205.90 143.06 136.11 

182 173.63 172.35 131.46 131.70 

183 183.95 177.58 131.96 128.22 

184 207.55 211.45 136.63 145.02 

185 189.06 179.43 134.26 126.27 

186 193.08 194.76 136.12 142.15 

187 209.99 198.49 146.21 138.09 

188 152.78 144.60 121.73 115.33 

189 163.61 156.68 121.13 115.94 

190 135.14 128.03 103.40 97.75 

191 194.18 198.99 130.87 142.20 

192 178.68 175.00 129.69 127.70 

193 174.62 166.99 120.61 113.61 

194 221.20 222.62 132.12 144.32 

195 171.55 166.05 125.38 121.48 
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196 153.50 147.65 119.23 115.49 

197 195.23 185.38 146.97 139.86 

198 150.66 145.73 117.37 113.41 

199 187.90 175.14 132.76 120.97 

200 197.93 186.95 136.25 128.67 

201 179.94 167.68 130.85 120.14 

202 186.75 177.60 144.27 137.23 

203 158.79 158.18 125.78 127.00 

204 173.82 164.19 126.08 118.34 

205 145.78 144.66 111.66 111.94 

206 164.81 155.69 122.41 114.35 

207 128.84 122.03 99.39 93.99 

208 196.21 181.39 134.10 120.25 

209 186.05 181.09 132.92 129.76 

210 130.26 133.24 91.89 95.92 

211 135.80 126.74 108.09 101.03 

212 171.64 160.77 123.07 113.36 

213 148.55 138.43 119.53 111.09 

214 209.60 201.20 150.71 145.80 

215 163.22 155.63 126.86 120.80 

216 155.55 147.03 111.45 104.52 

217 172.20 168.12 131.61 129.83 

218 200.45 189.81 143.02 135.88 

219 177.04 167.51 134.64 127.56 

220 183.01 173.07 135.06 127.92 

221 197.08 186.85 140.77 134.66 

222 157.93 149.40 123.00 116.02 

223 171.33 164.05 130.47 125.20 

224 200.81 190.55 141.28 133.06 

225 169.67 159.43 129.70 121.58 

226 248.54 238.68 138.14 129.40 

227 157.58 151.91 123.71 120.02 

228 162.01 155.27 125.34 120.27 

229 202.22 189.86 142.80 134.32 

230 168.54 161.27 130.46 125.06 

231 206.00 189.26 137.24 114.90 

232 167.69 157.86 114.85 106.62 

233 134.87 125.90 107.89 100.64 

234 170.70 162.92 131.37 125.74 

235 157.93 153.67 121.22 118.28 
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236 182.70 167.96 131.98 116.66 

237 151.63 144.50 111.28 105.95 

238 205.20 212.07 126.68 140.24 

239 169.86 160.49 135.08 127.73 

240 214.06 204.31 132.78 125.19 

241 129.11 122.20 97.89 91.71 

242 179.08 183.33 132.54 139.59 

243 156.60 149.81 118.46 111.93 

244 203.38 190.38 135.92 123.10 

245 201.62 190.36 137.89 128.81 

246 208.50 210.41 130.59 136.16 

247 151.42 143.57 118.54 112.86 

248 177.20 168.73 135.36 128.86 

249 156.39 150.61 122.87 118.55 

250 157.96 149.09 120.68 113.73 

251 218.05 209.61 155.23 149.95 

252 166.62 175.06 120.71 131.80 

253 168.05 161.52 128.15 123.02 

254 201.04 195.48 132.79 128.47 

255 174.49 166.43 125.13 119.20 

256 137.46 128.61 104.10 96.04 

257 165.64 158.30 123.65 116.52 

258 170.29 162.72 126.38 120.44 

259 172.09 167.73 133.16 131.14 

260 165.69 160.77 121.91 119.22 

261 179.77 176.22 125.34 123.52 

262 185.09 176.56 133.96 128.26 

263 175.68 166.01 124.16 114.95 

264 165.69 157.54 121.90 112.87 

265 193.49 181.78 129.84 120.25 

266 173.00 167.33 129.44 126.19 

267 189.90 184.53 136.23 133.50 

268 191.93 202.80 120.26 135.30 

269 146.67 140.57 112.99 108.20 

270 171.06 165.44 126.48 123.58 

271 196.40 186.96 139.30 133.21 

272 159.93 151.29 124.89 117.94 

273 209.06 202.27 135.43 130.10 

274 168.13 161.77 131.51 127.64 

275 183.64 186.11 134.53 140.07 
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276 176.22 169.03 127.35 121.96 

277 187.99 192.46 133.15 140.03 

278 201.77 191.74 137.31 131.49 

279 166.51 165.30 115.37 113.75 

280 164.15 175.42 122.51 136.20 

281 189.54 181.91 133.88 126.68 

282 215.41 205.93 133.10 125.94 

283 174.75 171.06 128.73 127.77 

284 150.38 142.06 113.49 104.79 

285 203.07 195.93 147.90 144.25 

286 221.10 212.84 139.39 133.34 

287 193.80 183.50 136.97 130.09 

288 175.36 164.90 131.13 122.78 

289 190.40 179.97 125.48 114.61 

290 195.97 187.16 145.40 140.04 

291 167.00 156.79 132.72 124.92 

292 205.72 197.50 132.95 125.01 

293 159.51 152.71 124.88 119.88 

294 169.53 161.87 123.49 116.89 

295 155.75 147.17 115.55 107.54 

296 174.91 166.33 130.46 124.66 

297 176.84 162.95 140.11 128.03 

298 174.00 167.45 133.38 128.52 

299 165.71 177.32 113.28 127.65 

300 187.07 189.79 134.19 140.69 
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Table S2-4 CH4 volumetric adsorption amounts of top 300 MOF candidates from excess 

CH4 adsorption in volume category, predicted by GCMC and MFA methods at T=298 K, 

P=35 bar, and delivery amount, releasing at T=298 K, P=5 bar, in the unit of cm3/cm3. 

 

# Total.MC  Total.DFT DeliveryMC DeliveryDFT 

1 253.01 244.20 101.56 98.63 

2 259.83 245.83 46.55 43.88 

3 263.20  89.27  
4 247.30 238.92 116.18 99.47 

5 248.09 234.05 77.30  
6 244.94 249.92 128.26 139.64 

7 243.04 235.93 102.28 99.89 

8 240.32 229.73 104.29 94.42 

9 236.35 220.64 64.35 46.51 

10 245.07 238.68 134.67 129.40 

11 253.25  80.22  
12 246.24 237.08 78.50 81.78 

13 240.07 234.82 134.54 138.10 

14 246.36  57.73  
15 256.08 243.98 94.92 93.18 

16 241.85 234.47 99.38 98.62 

17 239.85 233.81 135.42 140.37 

18 233.61 239.03 137.00 148.81 

19 240.55 234.43 89.97 91.34 

20 230.26 239.03 122.44 137.44 

21 235.69 175.48 70.51 18.00 

22 245.04 205.37 40.24 23.80 

23 234.94 229.33 120.54 120.34 

24 233.98 220.52 61.74 56.21 

25 234.94 234.18 124.03 130.22 

26 232.67 231.41 97.17 95.90 

27 249.01  37.19  
28 256.14 248.52 87.82 83.96 

29 238.50 221.24 84.13 83.40 

30 255.60 258.58 116.23 129.46 

31 235.29 228.16 104.53 105.12 

32 242.74 230.24 98.11 93.44 

33 239.53 230.84 77.84  
34 234.03 225.03 133.27 131.48 

35 234.11 228.33 107.62 113.38 
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36 231.24 203.78 39.87 25.78 

37 250.91 203.85 45.37 22.89 

38 243.37 230.13 39.66 37.81 

39 234.74 228.45 139.56 136.20 

40 231.28 228.72 134.29 138.22 

41 234.44 228.39 85.03 87.67 

42 233.85 225.48 119.91 115.40 

43 238.36 225.69 57.09 41.82 

44 237.43 227.89 64.71 65.76 

45 208.77 196.59 70.92 64.79 

46 236.07 224.73 95.11 86.89 

47 226.03 210.27 63.34 35.02 

48 231.11 229.58 136.05 139.60 

49 231.78 225.92 135.92 140.18 

50 232.64  46.63  
51 232.25 218.42 69.80 71.39 

52 231.58 220.96 76.16 62.52 

53 236.13 231.86 92.70 97.74 

54 231.21 239.00 119.29 126.90 

55 229.80  70.25  
56 235.50 218.38 93.88 82.36 

57 241.09 233.96 60.35 67.82 

58 230.76 224.08 127.08 128.66 

59 228.42 222.62 139.34 144.32 

60 233.19 220.42 97.04 92.42 

61 234.99 234.90 105.24 112.77 

62 224.09 217.30 125.34 122.63 

63 230.58 229.75 128.82 133.84 

64 230.10 229.65 111.03 117.05 

65 237.95 214.75 59.12 44.08 

66 223.24 179.64 49.06 27.16 

67 229.72 228.06 141.23 146.44 

68 234.32  69.56  
69 227.34 229.95 100.08 106.60 

70 222.73 217.12 92.01 87.60 

71 250.02 227.91 37.17  
72 231.48 223.23 120.67 113.96 

73 233.95 231.86 86.92 87.12 

74 227.07 215.37 107.06 96.47 

75 233.55 212.37 52.99 38.95 
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76 230.43 227.48 116.59 113.05 

77 233.58  40.96  
78 226.07 230.71 141.32 151.52 

79 225.59 226.84 97.24 100.23 

80 232.15 225.87 103.64 93.61 

81 229.03 221.48 86.56 78.96 

82 227.66 222.31 104.22 99.83 

83 231.81 223.08 97.85 85.11 

84 229.10 226.22 102.81 107.45 

85 231.92 226.33 86.27 88.81 

86 237.90 235.52 68.26 66.66 

87 226.67 224.98 108.32 118.41 

88 227.11 222.82 132.60 137.85 

89 231.56 228.94 77.24 77.41 

90 227.47 226.55 142.11 147.55 

91 226.98 228.64 107.73 109.85 

92 230.68 227.19 124.28 128.05 

93 228.48 211.54 67.21 64.01 

94 229.12 223.04 91.22 89.10 

95 230.39 223.06 90.81 92.95 

96 228.73 229.10 106.27 114.19 

97 228.50 223.55 74.50 74.41 

98 235.23  40.99  
99 222.33 202.07 75.62 28.11 

100 230.27  75.13  
101 230.10 220.46 101.24 89.39 

102 225.48 211.62 64.90 65.94 

103 236.22  87.21  
104 230.26 230.98 95.45 104.10 

105 226.21 212.32 79.71 43.88 

106 225.55 220.53 125.00 124.89 

107 227.47 220.84 93.39 97.85 

108 228.73 223.12 117.19 116.81 

109 236.25 202.23 80.22 26.16 

110 224.55 220.58 134.90 131.67 

111 228.24 220.26 97.24 90.70 

112 225.16 222.41 145.09 147.19 

113 225.68 215.37 106.23 98.30 

114 230.44 224.38 87.98 74.85 

115 226.24 222.52 108.40 109.17 
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116 227.95 227.81 121.74 129.82 

117 224.32 222.94 111.83 113.24 

118 231.89 212.39 64.29 61.02 

119 222.92 223.69 147.04 153.48 

120 228.37 229.72 103.94 114.70 

121 221.88 229.08 125.94 138.83 

122 229.37 228.01 115.51 122.16 

123 234.19  32.44  
124 229.58 222.74 81.60 83.40 

125 227.88 216.29 72.16 62.84 

126 227.69 227.72 132.28 133.13 

127 216.45 207.05 78.26 58.28 

128 222.96 176.69 70.19 17.01 

129 230.51 219.27 83.73 77.80 

130 229.06 214.87 70.01 56.96 

131 238.51 221.36 42.02 40.92 

132 229.79 219.24 71.53 62.29 

133 225.01 227.02 134.16 144.50 

134 229.50 223.93 87.86 87.87 

135 227.19 222.86 101.39 103.36 

136 212.24 197.83 86.99 74.42 

137 223.34 218.95 141.50 140.59 

138 222.61 223.85 141.34 148.79 

139 229.32 226.23 77.39 82.47 

140 219.93 205.82 81.45 78.17 

141 234.97 226.68 72.46 68.95 

142 222.66  56.79  
143 236.67 229.84 107.14 93.66 

144 226.81 218.09 89.48 83.52 

145 227.34 218.97 82.39 76.83 

146 224.54 221.98 83.65 79.68 

147 222.85 220.52 102.52 105.67 

148 231.22 223.19 99.82 95.00 

149 225.58 220.27 91.04 95.90 

150 225.45 222.81 102.40 105.16 

151 228.95  79.70  
152 229.37 217.32 56.34 52.84 

153 233.68 215.41 46.72 38.57 

154 219.33 200.46 72.77  
155 232.68  77.28  
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156 221.84 220.88 112.55 103.69 

157 222.18 215.27 147.86 148.31 

158 226.43 213.00 59.50 55.63 

159 221.01 218.27 118.24 115.76 

160 214.08 208.25 75.63 62.95 

161 226.96 214.37 96.23 92.69 

162 224.78 226.67 101.06 109.65 

163 226.77 217.54 126.34 115.90 

164 224.81 220.36 96.74 100.85 

165 229.55  76.40  
166 214.97 234.92 108.65 124.95 

167 221.83 224.26 117.57 123.74 

168 223.32 222.55 95.87 101.60 

169 221.08 215.19 110.30 112.98 

170 217.15  50.13  
171 222.86 212.77 62.73 41.75 

172 222.24 216.83 112.24 108.88 

173 221.46 210.47 109.75 104.31 

174 229.10 227.66 67.93 73.61 

175 222.97 217.69 107.55 108.87 

176 220.13 200.06 82.55 63.83 

177 224.77 224.26 120.67 119.56 

178 225.36  62.99  
179 234.19  55.48  
180 222.62 218.87 101.23 106.82 

181 215.06 207.02 103.20 96.00 

182 233.08 237.62 108.68 117.54 

183 225.29 220.38 97.24 102.38 

184 225.47  86.58  
185 223.84 222.11 143.94 147.51 

186 218.17 212.45 104.96 102.46 

187 223.18  76.58  
188 227.02 214.21 65.20 55.51 

189 224.97  55.62  
190 226.70 218.97 73.38 75.44 

191 227.57 212.33 79.66 46.42 

192 221.53 214.13 108.31 96.15 

193 220.90 216.22 117.36 117.67 

194 221.86 208.88 100.81 87.37 

195 240.28 245.20 115.49 117.31 
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196 223.21 216.58 73.87 83.17 

197 221.82 213.66 117.22 108.52 

198 225.60 219.17 62.24 57.64 

199 225.87 228.45 82.54 93.30 

200 227.09  70.10  
201 222.72 216.74 92.36 97.06 

202 221.75  81.06  
203 222.36 214.71 115.61 113.18 

204 235.00 204.65 31.55 22.11 

205 228.42 214.25 74.50 66.23 

206 220.62 220.82 137.11 142.22 

207 221.36 213.91 118.32 117.13 

208 221.01 230.59 110.95 129.51 

209 216.21 185.62 50.43 23.38 

210 223.22  87.65  
211 224.99 226.94 106.34 115.40 

212 218.47 215.43 80.79 77.44 

213 225.88 218.95 92.28 92.47 

214 230.90 218.53 64.76 54.40 

215 218.84 220.49 142.88 148.63 

216 220.59 224.13 92.63 101.50 

217 221.30 220.66 109.29 112.84 

218 231.50 227.65 81.08 78.60 

219 215.14 211.26 136.03 132.28 

220 221.69 218.68 136.49 139.54 

221 221.66 209.99 97.39 88.20 

222 222.53 215.88 94.43 83.91 

223 229.13  59.12  
224 221.12 213.20 104.54 96.74 

225 220.14 225.73 150.16 160.10 

226 221.51 227.76 121.62 130.52 

227 233.71 223.46 76.03 65.66 

228 225.14 227.26 91.43 99.73 

229 218.40 211.85 145.85 146.54 

230 225.98 212.95 78.81 63.24 

231 224.48 197.93 61.25 31.70 

232 222.79 213.90 66.46 70.61 

233 221.77 219.80 93.58 97.18 

234 222.84 218.65 131.91 137.48 

235 223.64 215.51 106.53 97.43 
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236 218.70  69.46  
237 229.08 214.40 42.44 34.01 

238 222.09 219.56 99.75 98.54 

239 224.52 215.42 101.87 98.20 

240 235.13  53.48  
241 218.71 218.60 93.40 92.57 

242 223.88 213.66 100.34 95.79 

243 225.58 230.37 122.74 127.75 

244 217.54 213.79 145.55 150.31 

245 232.07 206.42 46.32 35.58 

246 220.33 243.70 126.07 151.21 

247 222.01 221.43 103.71 107.54 

248 222.99 213.77 102.05 92.03 

249 221.20 213.85 97.59 95.48 

250 231.32 222.02 44.21 40.47 

251 207.27  17.23  
252 234.57 227.70 37.45 39.22 

253 234.05  66.73  
254 233.09 216.75 41.08 36.43 

255 219.05 205.64 117.64 102.09 

256 222.08 218.05 105.60 97.77 

257 230.72 211.59 71.50 48.63 

258 221.71 217.77 147.74 150.61 

259 219.89 220.60 124.36 132.01 

260 219.43 216.16 92.57 93.47 

261 223.97 221.89 97.61 99.10 

262 222.36 225.28 113.99 121.59 

263 207.26 209.08 118.70 119.82 

264 223.33 213.60 88.92 91.53 

265 219.68 225.13 139.24 148.10 

266 218.05 213.93 85.71 87.72 

267 217.59 222.06 103.11 111.91 

268 221.80 218.59 111.49 110.12 

269 223.07 214.94 86.15 80.73 

270 221.72 225.70 111.38 126.75 

271 223.63 218.46 106.98 99.66 

272 222.26 223.69 78.72 86.27 

273 230.95 221.50 42.40 39.13 

274 219.26 211.29 103.84 98.82 

275 230.78 203.74 38.73 33.80 
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276 220.12 216.09 99.58 99.16 

277 220.74 210.21 81.40 75.81 

278 219.49  69.61  
279 217.32 217.78 120.74 123.18 

280 218.19 216.29 109.28 111.24 

281 218.42 214.42 116.45 113.85 

282 210.88 216.80 97.40 105.40 

283 218.26 208.58 112.50 114.72 

284 219.65 218.90 137.84 145.44 

285 236.24 211.62 50.09 33.66 

286 221.49 213.70 134.71 134.11 

287 222.48 215.63 73.63 72.88 

288 225.88  41.00  
289 219.89 211.62 98.90 91.19 

290 211.26  74.56  
291 218.73 215.74 114.53 117.60 

292 221.26  61.58  
293 222.80 217.12 117.84 119.21 

294 221.54 214.27 89.50 93.48 

295 233.03 200.47 68.83 38.21 

296 222.67 220.01 65.65 66.59 

297 216.99 202.79 106.46 95.92 

298 225.12 191.58 47.96 28.73 

299 222.12 218.43 104.58 104.15 

300 222.96   74.07   

 

*: Blank space means the DFT calculation doesn’t converge, due to the numerical difficulty. 
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Table S2-5 CH4 volumetric adsorption amounts of top 300 MOF candidates from void 

fraction category, predicted by GCMC and MFA methods at T=298 K, P=35 bar, and 

delivery amount, releasing at T=298 K, P=5 bar, in the unit of cm3/cm3. 

 

# Total.MC  Total.DFT DeliveryMC DeliveryDFT 

1 64.04 63.06 53.51 52.98 

2 74.66 73.39 61.19 60.54 

3 77.80 75.60 63.36 62.02 

4 68.93 68.11 56.68 56.41 

5 68.55 67.30 56.73 56.05 

6 75.36 74.56 61.45 61.14 

7 63.64 63.02 53.05 52.93 

8 63.16 61.88 52.72 51.92 

9 67.61 66.72 55.91 55.54 

10 78.91 77.51 64.01 63.51 

11 64.88 63.93 53.98 53.50 

12 63.20 62.00 52.74 52.01 

13 74.65 72.97 61.50 60.57 

14 74.35 72.03 61.53 59.88 

15 74.35 72.97 61.28 60.57 

16 68.20 67.00 56.16 55.52 

17 72.21 70.86 59.63 58.90 

18 86.70 85.57 69.09 68.81 

19 68.54 67.19 56.55 55.76 

20 91.28 75.52 21.99 17.87 

21 78.52 77.32 63.71 63.35 

22 63.12 62.22 52.69 52.20 

23 75.69 73.90 61.86 60.86 

24 65.61 64.62 54.50 53.99 

25 65.88 64.57 54.84 53.97 

26 68.77 67.72 56.73 56.20 

27 73.33 72.03 60.45 59.88 

28 68.29 67.75 56.05 56.01 

29 84.19 82.81 67.21 66.71 

30 91.79 89.98 72.45 71.39 

31 78.00 76.54 63.21 62.46 

32 72.95 72.09 59.90 59.73 

33 74.65 72.97 61.50 60.57 

34 69.19 68.11 56.83 56.37 

35 68.73 68.04 57.30 57.12 
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36 89.06 87.24 70.49 69.86 

37 69.25 68.21 56.98 56.50 

38 100.40 97.41 77.96 76.30 

39 80.08 78.53 64.83 64.10 

40 68.90 67.78 56.90 56.32 

41 67.51 67.19 56.29 56.41 

42 88.34 86.19 70.55 69.22 

43 80.35 78.84 64.88 64.32 

44 74.63 73.59 61.57 61.05 

45 77.66 76.29 63.19 62.42 

46 72.50 71.73 59.87 59.73 

47 69.07 68.14 56.52 56.24 

48 76.36 74.67 62.27 61.39 

49 79.87 78.78 64.45 64.21 

50 72.66 71.73 60.12 59.73 

51 69.92 69.27 57.55 57.39 

52 72.08 71.34 59.24 59.11 

53 99.32 97.78 75.04 74.47 

54 84.57 82.59 67.77 66.51 

55 66.64 65.49 55.25 54.60 

56 80.27 78.39 65.16 64.13 

57 67.33 67.11 56.18 56.37 

58 90.86 89.05 71.56 70.72 

59 74.54 73.80 61.14 61.04 

60 69.48 68.18 57.27 56.49 

61 97.23 95.69 73.02 72.48 

62 97.76 96.85 75.24 75.28 

63 62.72 61.83 52.28 51.87 

64 68.02 66.76 56.11 55.36 

65 79.07 77.45 64.04 63.31 

66 73.41 71.87 60.47 59.53 

67 77.59 75.69 63.68 62.40 

68 80.78 79.97 65.10 65.10 

69 89.28 87.77 70.30 69.92 

70 68.43 67.08 56.26 55.55 

71 82.13 80.39 66.25 65.35 

72 81.95 79.86 65.89 64.77 

73 68.82 67.60 56.48 55.86 

74 66.36 65.58 54.86 54.63 

75 62.64 62.05 52.24 52.06 
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76 66.56 65.38 55.19 54.47 

77 49.19 59.11 41.64 51.69 

78 80.39 78.81 64.72 64.06 

79 69.93 68.26 57.31 56.29 

80 67.80 66.80 55.94 55.48 

81 97.99 96.88 74.60 73.97 

82 80.47 78.67 64.81 63.77 

83 66.41 65.31 55.08 54.50 

84 80.99 79.36 65.39 64.63 

85 81.72 80.08 65.63 64.98 

86 68.05 66.63 56.18 55.28 

87 113.36 112.48 84.69 83.85 

88 66.27 65.96 55.13 55.31 

89 69.45 68.54 56.89 56.55 

90 63.21 62.04 52.69 52.06 

91 67.26 66.24 55.77 55.38 

92 73.94 72.03 61.05 59.88 

93 68.26 66.96 56.09 55.42 

94 72.59 71.04 59.78 58.92 

95 68.27 67.01 57.06 56.29 

96 69.56 68.45 57.25 56.67 

97 82.12 79.99 66.47 65.25 

98 69.09 67.56 57.00 55.94 

99 72.46 71.49 59.25 58.89 

100 69.07 68.26 56.59 56.33 

101 88.31 86.70 70.78 70.05 

102 70.74 70.08 57.90 58.00 

103 79.03 77.73 63.98 63.52 

104 82.79 80.95 66.60 65.66 

105 85.10 83.84 68.41 67.94 

106 70.87 69.99 58.49 58.21 

107 80.38 78.91 64.70 64.15 

108 83.19 81.28 67.10 65.99 

109 71.92 70.12 59.15 57.98 

110 72.51 70.81 59.85 58.83 

111 68.05 67.45 55.92 55.94 

112 49.34 59.30 41.81 51.90 

113 106.84 104.85 79.18 78.35 

114 73.31 71.85 60.48 59.51 

115 75.64 74.00 62.04 61.09 
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116 95.79 94.46 76.08 75.63 

117 81.66 80.04 66.13 65.33 

118 74.49 73.96 61.11 61.14 

119 82.95 81.24 67.62 66.62 

120 73.66 71.87 60.59 59.54 

121 72.13 70.72 59.04 58.21 

122 82.51 81.02 66.21 65.68 

123 66.91 66.24 55.08 55.00 

124 49.02 59.00 41.41 51.55 

125 95.58 93.88 75.29 74.58 

126 104.04 103.01 80.85 80.66 

127 75.95 74.95 62.02 61.74 

128 81.93 80.69 65.76 65.38 

129 81.96 80.11 65.98 65.03 

130 88.85 87.35 71.26 70.44 

131 80.38 78.95 64.66 64.25 

132 94.71 93.91 75.09 75.17 

133 50.52 60.90 42.76 53.27 

134 77.07 75.47 62.87 62.04 

135 80.27 78.23 65.02 63.88 

136 51.37 61.90 43.19 53.88 

137 67.99 66.83 56.07 55.39 

138 69.48 68.80 58.01 57.78 

139 68.24 67.03 56.94 56.30 

140 72.20 70.92 59.47 58.85 

141 68.30 67.50 56.25 55.88 

142 80.51 79.09 64.75 64.16 

143 72.20 71.49 59.44 59.35 

144 81.77 80.86 66.07 65.93 

145 72.59 70.80 59.94 58.88 

146 69.49 68.09 57.09 56.26 

147 77.57 76.04 63.04 62.36 

148 73.87 71.94 60.75 59.54 

149 90.51 89.83 71.04 71.61 

150 69.73 68.99 58.21 57.97 

151 69.42 68.53 57.65 57.26 

152 68.49 67.60 56.29 55.89 

153 71.57 71.10 59.06 59.16 

154 78.35 77.29 63.63 63.30 

155 79.81 78.39 64.33 63.74 
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156 83.57 82.36 67.07 66.82 

157 80.03 78.97 64.21 63.94 

158 73.27 71.67 60.24 59.35 

159 66.30 65.74 55.25 55.18 

160 79.49 78.57 63.75 63.71 

161 87.30 88.04 70.08 71.44 

162 96.22 95.45 73.67 73.56 

163 92.51 91.03 73.46 72.50 

164 80.51 79.20 64.91 64.58 

165 107.64 106.25 80.16 80.47 

166 76.53 75.21 62.34 61.88 

167 84.97 84.79 67.16 67.70 

168 73.74 72.57 61.53 60.89 

169 81.41 79.95 65.25 64.72 

170 84.46 84.02 69.04 69.20 

171 71.89 70.67 59.14 58.61 

172 74.58 72.86 61.43 60.41 

173 76.82 75.96 63.07 62.87 

174 74.78 74.05 61.65 61.42 

175 71.75 71.16 59.87 59.79 

176 90.27 88.89 71.63 71.44 

177 76.05 75.27 61.73 61.48 

178 85.82 84.13 68.52 67.67 

179 71.60 70.49 59.13 58.63 

180 73.91 72.86 60.73 60.26 

181 71.36 70.03 58.58 57.81 

182 80.53 79.69 64.63 64.58 

183 66.53 65.57 55.53 55.02 

184 47.75 57.10 40.39 49.89 

185 79.29 78.56 64.05 64.07 

186 73.55 73.07 61.24 61.28 

187 81.32 79.98 65.70 65.22 

188 94.61 93.87 75.58 75.83 

189 50.20 60.41 42.41 52.77 

190 66.16 65.31 55.17 54.79 

191 92.43 91.02 73.24 72.47 

192 69.86 68.88 58.32 57.88 

193 72.99 71.62 60.00 59.27 

194 94.21 92.51 74.58 74.10 

195 78.13 76.95 63.18 62.78 
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196 99.74 98.19 77.59 76.98 

197 92.20 91.56 73.67 74.05 

198 85.54 83.92 68.42 67.80 

199 53.99 66.13 45.38 57.65 

200 90.58 90.09 72.27 72.71 

201 81.23 79.99 66.54 66.00 

202 79.68 78.92 64.53 64.61 

203 72.80 71.28 60.16 59.18 

204 74.94 74.42 61.95 61.81 

205 47.49 56.66 40.14 49.48 

206 49.71 60.01 41.95 52.36 

207 72.03 71.07 59.45 59.03 

208 81.53 79.69 65.64 64.77 

209 68.54 67.98 57.17 57.04 

210 68.61 67.45 56.28 55.70 

211 97.14 95.86 74.76 74.42 

212 71.79 70.68 59.13 58.63 

213 90.89 89.78 73.09 72.88 

214 96.17 93.88 75.55 74.39 

215 51.28 62.39 43.13 54.32 

216 79.94 79.24 64.21 64.36 

217 73.16 72.37 60.06 59.93 

218 76.47 75.39 63.22 62.64 

219 79.77 78.93 64.67 64.63 

220 76.16 74.90 62.07 61.58 

221 68.50 67.44 56.66 56.06 

222 73.30 71.89 60.32 59.53 

223 81.60 80.39 66.07 65.59 

224 71.26 70.47 59.23 58.94 

225 78.86 77.73 63.77 63.41 

226 113.21 110.19 86.39 86.19 

227 78.12 77.83 63.19 63.62 

228 79.81 79.41 64.61 64.93 

229 100.78 98.17 79.46 78.70 

230 55.66 68.74 46.69 59.89 

231 76.73 75.93 62.45 62.31 

232 72.12 70.91 59.34 58.81 

233 68.76 67.55 56.45 55.86 

234 73.53 72.73 60.68 60.51 

235 67.43 67.24 56.16 56.41 
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236 71.81 71.07 58.98 58.89 

237 47.54 56.60 40.18 49.40 

238 83.54 82.25 68.65 68.10 

239 79.74 78.75 64.38 64.11 

240 81.93 80.92 65.81 65.67 

241 73.70 72.80 60.87 60.53 

242 98.41 98.11 76.90 77.24 

243 98.79 98.61 78.48 79.24 

244 47.40 56.82 40.12 49.67 

245 77.53 76.02 62.99 62.29 

246 73.27 72.28 60.22 59.83 

247 67.67 66.96 56.44 56.20 

248 79.90 78.46 64.66 63.86 

249 74.76 74.08 61.10 61.15 

250 77.36 76.15 63.79 63.20 

251 83.57 82.83 68.28 68.04 

252 57.95 71.19 48.45 61.84 

253 77.30 76.87 62.38 62.59 

254 47.32 56.69 40.00 49.50 

255 77.54 76.57 62.51 62.24 

256 80.79 79.49 64.76 64.48 

257 77.46 75.97 63.17 62.52 

258 71.19 69.41 58.74 57.53 

259 74.01 73.40 60.62 60.68 

260 76.50 75.67 62.51 62.33 

261 79.80 79.61 64.55 65.13 

262 78.77 76.98 64.15 63.17 

263 75.64 75.15 62.33 62.40 

264 82.29 80.67 66.43 65.71 

265 73.60 72.66 60.69 60.30 

266 78.67 76.90 63.98 62.94 

267 67.59 66.64 56.51 55.97 

268 74.11 96.23 60.95 83.19 

269 100.68 99.16 76.96 76.58 

270 74.07 73.00 61.07 60.51 

271 79.94 79.37 64.24 64.50 

272 80.85 79.97 66.40 66.04 

273 78.80 78.22 63.49 63.69 

274 62.18 78.70 52.28 68.96 

275 68.83 68.72 57.00 57.36 
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276 79.77 79.21 64.37 64.50 

277 63.09 79.98 53.09 70.08 

278 80.29 78.86 65.21 64.65 

279 79.58 78.57 65.81 65.34 

280 98.84 98.52 77.99 78.79 

281 89.85 88.12 71.69 71.50 

282 73.36 72.38 60.30 59.89 

283 81.46 79.85 65.36 64.66 

284 74.73 73.70 60.32 60.05 

285 71.90 71.28 60.07 59.90 

286 77.02 75.75 62.40 61.82 

287 65.90 65.26 54.90 54.74 

288 73.45 72.15 60.49 59.78 

289 78.27 77.00 64.71 63.97 

290 47.23 56.61 39.93 49.45 

291 76.66 76.15 63.95 63.97 

292 51.45 61.93 43.32 53.94 

293 49.60 59.69 41.89 52.12 

294 74.46 73.46 61.17 60.67 

295 73.29 72.83 60.24 60.30 

296 101.93 101.29 80.09 80.60 

297 83.46 82.51 66.64 66.58 

298 113.51 110.92 84.72 84.78 

299 59.15 73.06 49.44 63.44 

300 72.73 71.78 60.08 59.64 
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Table S2-6 CH4 volumetric adsorption amounts of top 300 MOF candidates from surface 

area (m2/cm3) category, predicted by GCMC and MFA methods at T=298 K, P=35 bar, and 

delivery amount, releasing at T=298 K, P=5 bar, in the unit of cm3/cm3. 

 

# Total.MC  Total.DFT DeliveryMC DeliveryDFT 

1 174.20 168.18 128.72 125.36 

2 173.64 168.18 127.98 125.36 

3 174.47 168.18 128.90 125.36 

4 159.61 155.96 120.85 118.82 

5 159.62 155.96 120.45 118.82 

6 159.74 155.96 120.94 118.82 

7 158.25 155.96 119.16 118.82 

8 159.61 155.96 120.85 118.82 

9 161.14 155.96 121.82 118.82 

10 160.17 155.96 120.94 118.82 

11 159.74 155.96 120.94 118.82 

12 159.74 155.96 120.94 118.82 

13 159.74 155.96 120.94 118.82 

14 159.74 155.96 120.94 118.82 

15 159.74 155.96 120.94 118.82 

16 159.74 155.96 120.94 118.82 

17 159.74 155.96 120.94 118.82 

18 159.74 155.96 120.94 118.82 

19 159.51 155.96 120.76 118.82 

20 159.74 155.96 120.94 118.82 

21 161.63 155.96 122.48 118.82 

22 159.61 155.96 120.85 118.82 

23 162.23 155.96 123.18 118.82 

24 159.74 155.96 120.94 118.82 

25 159.74 155.96 120.94 118.82 

26 161.01 155.96 122.07 118.82 

27 159.74 155.96 120.94 118.82 

28 160.74 155.96 121.56 118.82 

29 159.61 155.96 120.85 118.82 

30 159.32 155.96 120.18 118.82 

31 159.74 155.96 120.94 118.82 

32 159.89 155.96 121.19 118.82 

33 159.74 155.96 120.94 118.82 

34 161.34 155.96 122.18 118.82 

35 159.74 155.96 120.94 118.82 
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36 159.74 155.96 120.94 118.82 

37 161.15 155.96 122.17 118.82 

38 159.51 155.96 120.76 118.82 

39 160.77 155.96 121.51 118.82 

40 159.61 155.96 120.85 118.82 

41 159.48 155.96 120.45 118.82 

42 160.18 155.96 121.03 118.82 

43 159.74 155.96 120.94 118.82 

44 159.74 155.96 120.94 118.82 

45 159.74 155.96 120.94 118.82 

46 158.50 155.96 119.72 118.82 

47 159.35 155.96 120.43 118.82 

48 159.51 155.96 120.76 118.82 

49 160.40 155.96 121.49 118.82 

50 159.74 155.96 120.94 118.82 

51 159.74 155.96 120.94 118.82 

52 161.24 155.96 122.07 118.82 

53 161.01 155.96 122.07 118.82 

54 161.01 155.96 122.07 118.82 

55 159.74 155.96 120.94 118.82 

56 159.29 155.96 120.20 118.82 

57 160.79 155.96 121.92 118.82 

58 159.74 155.96 120.94 118.82 

59 159.74 155.96 120.94 118.82 

60 160.74 155.96 121.56 118.82 

61 159.51 155.96 120.76 118.82 

62 159.74 155.96 120.94 118.82 

63 160.74 155.96 121.56 118.82 

64 159.74 155.96 120.94 118.82 

65 160.74 155.96 121.56 118.82 

66 158.42 155.96 119.56 118.82 

67 161.01 155.96 122.07 118.82 

68 159.48 155.96 120.11 118.82 

69 159.74 155.96 120.94 118.82 

70 159.74 155.96 120.94 118.82 

71 161.01 155.96 122.07 118.82 

72 159.74 155.96 120.94 118.82 

73 159.51 155.96 120.76 118.82 

74 159.74 155.96 120.94 118.82 

75 159.95 155.96 120.98 118.82 
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76 159.61 155.96 120.85 118.82 

77 159.74 155.96 120.94 118.82 

78 159.48 155.96 120.51 118.82 

79 159.32 155.96 120.18 118.82 

80 160.74 155.96 121.56 118.82 

81 159.29 155.96 120.20 118.82 

82 159.32 155.96 120.18 118.82 

83 159.61 155.96 120.85 118.82 

84 159.32 155.96 120.18 118.82 

85 159.74 155.96 120.94 118.82 

86 159.74 155.96 120.94 118.82 

87 159.74 155.96 120.94 118.82 

88 160.74 155.96 121.56 118.82 

89 159.32 155.96 120.18 118.82 

90 159.61 155.96 120.85 118.82 

91 159.74 155.96 120.94 118.82 

92 159.53 155.96 120.29 118.82 

93 161.34 155.96 122.04 118.82 

94 158.42 155.40 118.34 117.30 

95 159.36 155.40 119.10 117.30 

96 159.65 155.40 119.58 117.30 

97 158.37 155.40 118.40 117.30 

98 158.54 155.40 118.44 117.30 

99 158.01 155.40 117.71 117.30 

100 160.20 155.40 119.75 117.30 

101 158.42 155.40 118.34 117.30 

102 158.42 155.40 118.34 117.30 

103 158.42 155.40 118.34 117.30 

104 158.69 155.40 118.63 117.30 

105 158.54 155.40 118.44 117.30 

106 159.96 155.40 119.71 117.30 

107 158.60 155.40 118.63 117.30 

108 159.03 155.40 119.01 117.30 

109 159.52 155.40 119.08 117.30 

110 158.45 155.40 118.73 117.30 

111 159.52 155.40 119.08 117.30 

112 158.42 155.40 118.34 117.30 

113 158.54 155.40 118.44 117.30 

114 159.70 155.40 119.67 117.30 

115 159.03 155.40 119.01 117.30 
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116 160.19 155.40 119.94 117.30 

117 159.52 155.40 119.08 117.30 

118 158.19 155.40 118.09 117.30 

119 159.52 155.40 119.08 117.30 

120 159.70 155.40 119.58 117.30 

121 158.54 155.40 118.44 117.30 

122 158.42 155.40 118.34 117.30 

123 158.42 155.40 118.34 117.30 

124 160.78 155.40 120.64 117.30 

125 159.52 155.40 119.08 117.30 

126 158.54 155.40 118.44 117.30 

127 157.67 155.40 117.69 117.30 

128 158.45 155.40 118.73 117.30 

129 158.37 155.40 118.40 117.30 

130 158.42 155.40 118.34 117.30 

131 158.37 155.40 118.40 117.30 

132 158.54 155.40 118.44 117.30 

133 158.42 155.40 118.34 117.30 

134 160.20 155.40 119.75 117.30 

135 159.65 155.40 119.58 117.30 

136 163.65 159.82 121.08 119.18 

137 159.60 155.40 119.44 117.30 

138 159.65 155.40 119.58 117.30 

139 158.42 155.40 118.34 117.30 

140 158.42 155.40 118.34 117.30 

141 163.87 159.82 121.05 119.18 

142 160.20 155.40 119.81 117.30 

143 159.40 155.40 119.26 117.29 

144 159.03 155.40 119.01 117.30 

145 158.42 155.40 118.34 117.30 

146 159.70 155.40 119.58 117.30 

147 160.56 155.40 120.52 117.30 

148 160.70 155.40 120.38 117.30 

149 158.42 155.40 118.34 117.30 

150 158.42 155.40 118.34 117.30 

151 158.42 155.40 118.34 117.30 

152 163.65 159.82 121.08 119.18 

153 158.37 155.40 118.40 117.30 

154 163.58 159.82 120.87 119.18 

155 158.37 155.40 118.40 117.30 
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156 158.42 155.40 118.34 117.30 

157 159.12 155.40 119.16 117.30 

158 158.42 155.40 118.34 117.30 

159 159.76 155.40 119.52 117.30 

160 159.38 155.40 119.49 117.30 

161 158.42 155.40 118.34 117.30 

162 158.42 155.40 118.34 117.30 

163 158.42 155.40 118.34 117.30 

164 158.42 155.40 118.34 117.30 

165 158.42 155.40 118.34 117.30 

166 158.42 155.40 118.34 117.30 

167 158.42 155.40 118.34 117.30 

168 159.94 155.40 120.30 117.30 

169 158.42 155.40 118.34 117.30 

170 158.42 155.40 118.34 117.30 

171 160.23 155.40 120.18 117.30 

172 159.12 155.40 119.16 117.30 

173 159.52 155.40 119.08 117.30 

174 158.11 155.40 118.32 117.30 

175 158.61 155.40 118.74 117.30 

176 158.54 155.40 118.44 117.30 

177 198.48 203.54 126.06 135.80 

178 163.65 159.82 121.08 119.18 

179 165.44 159.82 122.48 119.18 

180 163.43 159.82 120.77 119.18 

181 159.12 155.40 119.16 117.30 

182 163.65 159.82 121.08 119.18 

183 159.65 155.40 119.58 117.30 

184 158.42 155.40 118.34 117.30 

185 158.42 155.40 118.34 117.30 

186 158.12 155.40 117.73 117.30 

187 163.65 159.82 121.08 119.18 

188 158.42 155.40 118.34 117.30 

189 158.42 155.40 118.34 117.30 

190 158.19 155.40 118.09 117.30 

191 158.42 155.40 118.34 117.30 

192 163.65 159.82 121.08 119.18 

193 159.45 155.40 119.48 117.30 

194 159.40 155.40 119.30 117.30 

195 158.42 155.40 118.34 117.30 
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196 159.73 155.40 119.51 117.30 

197 159.56 155.40 119.15 117.30 

198 163.65 159.82 121.08 119.18 

199 163.65 159.82 121.08 119.18 

200 164.24 159.82 121.28 119.18 

201 159.52 155.40 119.08 117.30 

202 158.42 155.40 118.34 117.30 

203 158.54 155.40 118.44 117.30 

204 163.65 159.82 121.08 119.18 

205 163.65 159.82 121.08 119.18 

206 158.42 155.40 118.34 117.30 

207 163.65 159.82 121.08 119.18 

208 163.65 159.82 121.08 119.18 

209 163.65 159.82 121.08 119.18 

210 163.76 159.82 121.15 119.18 

211 163.65 159.82 121.08 119.18 

212 163.65 159.82 121.08 119.18 

213 162.88 159.82 120.13 119.18 

214 163.84 159.82 120.84 119.18 

215 164.38 159.82 121.40 119.18 

216 156.39 154.49 113.51 113.66 

217 156.39 154.49 113.51 113.66 

218 156.39 154.49 113.51 113.66 

219 156.39 154.49 113.51 113.66 

220 156.39 154.49 113.51 113.66 

221 156.39 154.49 113.51 113.66 

222 157.83 154.49 115.06 113.66 

223 157.58 154.50 114.38 113.67 

224 157.87 154.49 114.81 113.66 

225 157.83 154.49 115.06 113.66 

226 157.38 154.49 114.33 113.66 

227 157.87 154.49 114.81 113.66 

228 158.70 154.49 115.92 113.66 

229 156.39 154.49 113.51 113.66 

230 156.39 154.49 113.51 113.66 

231 158.66 154.49 115.45 113.66 

232 156.39 154.49 113.51 113.66 

233 156.39 154.49 113.51 113.66 

234 156.39 154.49 113.51 113.66 

235 156.39 154.49 113.51 113.66 
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236 156.39 154.49 113.51 113.66 

237 158.75 154.74 117.29 115.25 

238 156.39 154.49 113.51 113.66 

239 156.39 154.49 113.51 113.66 

240 156.39 154.49 113.51 113.66 

241 159.36 155.55 116.33 114.92 

242 159.40 155.56 116.45 114.92 

243 159.64 155.55 116.99 114.92 

244 214.51 213.98 114.06 118.89 

245 212.07 210.89 123.66 128.46 

246 151.19 147.93 109.63 108.42 

247 190.10 195.34 127.12 136.47 

248 150.98 147.93 109.30 108.42 

249 191.10 196.44 126.66 136.60 

250 156.34 152.99 113.19 111.82 

251 205.37 205.49 120.06 125.70 

252 162.55 161.43 118.01 119.67 

253 151.40 145.88 116.06 112.52 

254 166.04 169.52 121.50 127.23 

255 152.01 145.88 116.27 112.52 

256 152.90 145.88 117.51 112.52 

257 165.46 169.42 121.25 127.21 

258 151.20 145.88 115.61 112.52 

259 152.82 145.88 117.19 112.52 

260 152.41 145.88 116.75 112.52 

261 151.40 145.88 115.96 112.52 

262 151.96 145.88 116.46 112.52 

263 150.96 145.97 115.36 112.57 

264 151.20 145.88 115.61 112.52 

265 158.60 156.44 114.17 114.43 

266 152.01 145.88 116.27 112.52 

267 152.40 146.00 116.99 112.60 

268 151.96 145.88 116.46 112.52 

269 151.88 145.88 116.43 112.52 

270 151.40 145.88 115.96 112.52 

271 152.82 145.88 117.19 112.52 

272 151.40 145.88 115.96 112.52 

273 153.14 150.28 110.02 109.27 

274 165.70 169.51 121.33 127.22 

275 150.47 145.97 114.91 112.57 
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276 151.52 145.88 116.06 112.52 

277 151.37 145.88 115.87 112.52 

278 151.76 145.97 116.26 112.57 

279 152.01 145.88 116.27 112.52 

280 151.98 145.94 116.47 112.58 

281 151.08 146.01 115.48 112.61 

282 151.01 145.88 115.69 112.52 

283 151.95 145.88 116.49 112.52 

284 151.20 145.88 115.61 112.52 

285 152.16 145.97 116.56 112.57 

286 152.01 145.88 116.27 112.52 

287 151.37 145.88 115.83 112.52 

288 152.01 145.88 116.27 112.52 

289 150.95 145.88 115.59 112.52 

290 151.07 145.88 115.56 112.52 

291 151.96 145.88 116.46 112.52 

292 151.49 146.00 116.18 112.60 

293 152.02 145.88 116.53 112.52 

294 151.40 145.88 115.96 112.52 

295 150.02 145.88 114.44 112.52 

296 152.01 145.88 116.27 112.52 

297 150.62 145.88 115.27 112.52 

298 155.56 153.20 111.92 111.71 

299 150.84 145.97 115.36 112.57 

300 152.90 145.88 117.51 112.52 
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Chapter 3. A Comprehensive Analysis of BET Surface Area for Microporous 

Materials 

Abstract 

Brunauer-Emmett-Teller (BET) method has been extensively used to characterize 

the surface areas of porous materials by semi-empirical fitting of gas-adsorption isotherms. 

Recent advances in materials synthesis question the exact meaning of the BET surface area 

and its applicability to a wide variety of microporous materials with the pore structure 

precisely defined at the atomic scales. There has been much debate in the recent literature 

on whether the BET surface area provides a faithful representation of the geometrical area 

if the pore structure is exactly known and whether the BET area is practically meaningful 

beyond the adsorption model. In this work, we provide a comprehensive analysis of the 

BET surface areas for both model and realistic microporous materials using the grand 

canonical Monte Carlo simulation for the adsorption of nitrogen gas at 77 K. Extensive 

simulation data for over 1000 materials indicate that the BET and geometrical surface areas 

are in general of the same order of magnitude but the standard BET method yields little 

information on the geometrical accessible surface areas.  
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Introduction 

Porous materials are used in extensive chemical reaction and separation processes. 

The practical performance a porous material is often tied up with the internal surface areas 

per unit weight or volume, which is conventionally measured by gas adsorptions. The 

initial idea of “surface area measurements” stems from Langmuir’s pioneering work for a 

comprehensive description of monolayer adsorption97,98. The Langmuir adsorption 

isotherm was later extended by Brunauer Emmett, and Teller by considering more realistic 

multilayer adsorption of gas molecules at the surface99,100. Nowadays BET adsorption 

isotherms have been routinely used for determining the specific surface areas of both 

amorphous and crystalline porous materials such as activated carbons and metal organic 

frameworks (MOFs). While the true geometrical area of an amorphous porous material is 

hardly known, the atomic structure of a crystalline material is experimentally accessible, 

opening an independent verification of the BET surface area.  Although the BET method 

remains a popular choice to assess the surface area of new materials101,102, it has been 

widely speculated that it does not provide a true measure of the geometrical area other than 

a relative adsorptive property to compare different materials101,103,104. The applicability of 

the BET method to micro- or sub-micro porosity characterization is even more 

controversial because it involves more complicated adsorption mechanism related to 

micropore filing effects101,105-107. As the BET method assumes uniform adsorption of gas 

molecules on a flat surface without lateral interactions, it works best for adsorbents with 

macropore or large mesopores107,108. For microporous materials (pore size < 2 nm), recent 

experimental and computational investigations revealed that the BET analysis provides 
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only an apparent “surface area” occupied by the adsorbate molecules on the strongest 

adsorption sites instead of the true geometrically accessible area103,104,109. For the recently 

synthesized MOFs or mixed zeolites with complicated multimodal pore structure with 

extremely high surface areas, the N2 adsorption isotherms at 77K exhibit stepwise behavior, 

suggesting that the BET method may fail to perform a linear fitting in any pressure 

region103,110,111. The pressure range suitable for the linear fitting of the BET method is even 

more controversial due to the fact that the degree of linearity does not validate any 

hypothesis of the BET surface area itself102,104. In order to aid the selection of pressure 

range, the BET consistency criterion has been recommended to check the validity of the 

BET method105,106. By investigating a set of experimentally synthesized MOF materials, 

Snurr and coworkers indicated that the BET surface area does not necessarily agree with 

the geometrical surface area even when the consistency criterion is fulfilled109. However, 

the conclusion is contradictory with their earlier publications that show good agreement 

between the BET and geometric surface areas29,95. From a fundamental perspective, the 

BET method is essentially an empirical procedure that is dependent not only on the 

theoretical assumptions but also on empirical parameters such as the cross-section area (

2a ) of adsorbed gas molecules. Even for nitrogen adsorption, the molecular parameter 

might be altered with different surface structures and interactions108,112-115.  

The purpose of this work is, by extensive Monte Carlos simulations, to provide a 

comprehensive understanding of the relation between the BET and geometric surface areas 

for both the conventional models of amorphous porous materials and for crystalline open 

framework materials. We firstly apply the BET model to slit pore systems where the 
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geometrical surface area is defined without ambiguity. By systematically adjusting the 

surface interaction strength and the pore size of a slit pore, we show that the lattice size (

a ) occupied by each nitrogen molecule is not fixed, which may result in inconsistent BET 

and geometrical surface areas. To assess the surface area of open framework materials, we 

select 1200 representative hypothetical MOF structures from an online database prepared 

by Snurr and coworkers15. The database includes top 300 MOF materials with the largest 

surface area, top 300 with the largest void fraction, top 300 with the largest volumetric 

adsorption capacity, and top 300 materials with the largest weight adsorption capacity. The 

ranking criteria are based methane adsorption, which is consistent with our previous work 

for material screening116. The diversity of these materials renders an excellent benchmark 

for the comprehensive examination of the BET method for characterization of the surface 

areas of adsorbents with a wide range of porosity, topology and guest-host interactions. 

Unlike non-ordered porous materials, the geometrical area of MOFs can be independently 

calculated by rolling the specific probe (mostly N2) over the atoms of the crystal structure 

of interest28-30. The geometric surface area measured with the N2 probe is usually named 

as the nitrogen accessible surface area (NASA), which can be used as a contrast to non-

ordered porous materials. NASA can also be used to determine ideal textural parameters 

from the crystalline structure and compare with the standard BET surface areas. With the 

nitrogen adsorption isotherms at 77K generated by the grand canonical Monte Carlo 

(GCMC) simulations, we can apply the BET method to determine the BET surface areas 

for all the materials considered in this work and compare the results with the corresponding 

NASAs defined with different N2 probe sizes that are commonly used in the 
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literature29,48,96. We find that the BET analysis of the surface area is highly sensitive to the 

pore size, structure heterogeneity, and adsorbate-adsorbent interactions. Importantly, there 

is no simple correlation of the BET surface areas with NASAs.  

Methods 

Nitrogen accessible surface area (NASA)  

We calculate NASA for each crystalline material based on the method introduced 

by Walton et al.95.  The geometric area is determined from the loci of a probe particle that 

is randomly placed at a predefined distance d  from individual atoms of the adsorbent 

without overlapping with other atoms. The surface area for the ith atom is   

 
  
s

i
= f

i
×p ×d

i

2
  (45) 

where 
 
f

i
 is the fraction of randomly generated locations where the probe particle does not 

overlap with atoms of the framework material. The total accessible surface area of the 

material  can be ready calculated by adding up the surface areas of all the framework atoms, 

 
1

n

NASA i

i

S s


   (46) 

Apparently, the procedure depend on parameter d  for each atom. In this work, we will 

assess the geometric surface area using the Lennard-Jones (LJ) diameter LJd , the van der 

Waals diameter vdwd , and the Barker-Henderson diameter BHd . The LJ diameter is defined 

as 

 
  
d

LJ
= (s

ff
+s

ss
) / 2   (47) 
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where 
ff  and ss are the LJ diameters for the probe molecule (N2) and an atom of the 

adsorbent material. The van der Waals diameter corresponds to the separation between two 

atoms where the LJ potential exhibits a minimum: 

 6 2vdw LJd d   (48) 

According to previous investigations29,96, the van der Waals diameter provides the best 

estimation of the pore sizes and projection areas of adsorbate117, provided that the 

interaction between the atoms from the material and the probe molecule can be described 

as the LJ potential. 

In addition to the two definitions probing distance commonly adopted in the 

literatures28,118, we also calculate the geometric area using the Barker-Henderson diameter 

BHd , which depends on temperature and the LJ diameter48 

 
*
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1 0.2977

1 0.33163 0.0010477
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d T
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  (49) 

where *T  is the reduced temperature defined as 
  
T * = k

B
T / e , 

 
k

B
 is the Boltzmann 

constant, and 
 
e = e

ff
e

ss
 is the LJ energy parameter for the probe interaction with 

individual atoms of the absorbent.   

Brunauer-Emmett-Teller (BET) Surface Area 

We calculate the BET surface area for each material based on the linear fitting of 

the adsorption isotherm for nitrogen gas at 77 K99: 

 0 0

0 0 0 0

/ 11

(1 / ) m m

P P k P

n P P n k n k P

 
   

  
  (50) 
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where n  is the adsorption amount. For both slit pore and MOFs we used the total amount 

of gas molecules in the system, which has negligible difference with excess adsorption 

amount at this subcritical condition. P  is the gas pressure in the bulk, 0P  is the saturation 

pressure (1 atm for nitrogen at 77 K), 0k is a parameter proportional to the exponential of 

the surafec adsorption energy, and mn  is the effective monolayer capacity defined by the 

BET model. Both mn  and 0k  can be extracted from the linear regression of the nitrogen 

adsorption isotherm with Eq.(50). In particular, parameter mn  is directly related with the 

BET surface area, which is calculated by assuming that the pore surface is completely 

covered with the gas molecules 

 2

BET mS n a    (51) 

where 2a  is the cross-sectional area of each nitrogen molecule in the monolayer. It is taken 

as 0.162 2nm  by convention, assuming that the monolayer density is the same as that of 

bulk liquid102. In other words, the average lattice size a  is empirically set as 0.4 nm  in the 

BET method. 

Because the BET model is not universally applicable to all adsorption isotherms, 

we use the following two consistency criteria as proposed by Rouquerol et al.102,119 to 

ensure that the BET fitting is in the reasonable pressure region: 

a. 0k
 
should be positive since it represents the exponential of the adsorption 

energy in the BET model; 

b. the pressure range should be limited to the region where 0(1 / )n P P  increases 

with 0/P P . 
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Two additional criteria were proposed in Rouquerol’s original work, which were 

problematic to implement as indicated by  Gómez-Gualdrón et al.109. It has been long 

recognized that the BET surface area is highly sensitive to the range of pressure selected 

for fitting the adsorption isotherm and to the size of the probe molecule used to determine 

the surface area. Among numerous attempts to settle down this problem, the BET 

consistency criteria has been widely accepted to check the validity of the BET method. 

However, as discussed by recent publications, the satisfaction of the four consistency 

criteria is still not sufficient to validate BET area as a true measurement of surface area of 

the material. 

Grand canonical Monte Carlo (GCMC) simulations 

In this work, all adsorption isotherms used in the BET fitting were obtained from 

GCMC simulations. To obtain N2 adsorption isotherms at 77 K for both model slit pores 

and MOFs, we carried out standard GCMC simulations using the Towhee program120. We 

used the united atom model for the gas molecules (N2) and the rigid molecular model for 

the nanoporous materials. The LJ potential is used to describe all atomic pair interactions. 

The cross LJ parameters are given by the Lorentz-Berthelot combination rule. For 

crystalline materials, the MC simulations were performed on 2x2x2 unit cells of adsorbents 

under the three dimensional periodic boundary conditions. Similar numbers of gas 

molecules were simulated for the slit-pore models (ok. The van der Waals interactions were 

evaluated using 12.9 Å cutoff in shifted potential style. Each GCMC simulation run 

includes 106 moves for equilibration and another 106 moves for data collection. MC moves 

include molecular insertions, deletions, and translations of the gas molecules. Chemical 
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potentials used in the simulations were calculated from the MBWR equation of state41. The 

structures of the MOFs are from the crystalline information files (CIFs)7,10,11,13,15,39,40,121. 

Carbon slit pore model is represented by the Steele wall 10-4-3 potential, which is 

commonly used in experimental characterization of amorphous materials such as activated 

carbons19,20. 

The same model parameters were used in both BET surface area and NASA 

determinations. Specifically, we used the universal force field (UFF) for all the framework 

atoms of the adsorbent materials38. For both adsorption isotherm and NASA calculations, 

N2 molecules are described as a 1-site LJ core with diameter 3.572ff   Å and energy 

93.98ff K  . The same parameters were used in our earlier publication122. It is worth 

noting that simulation of N2 77 K adsorption is typically based on the 3-sites all atom model 

for N2 molecules123. We found that the united atom model agrees well with the all atom 

model for describing the isotherms at conditions of interest in this work. Similar 

conclusions were made by Do et al113. One major advantage of the 1-site model is that it 

speeds up the calculations by at least one order of magnitude in comparison with the all 

atom model for N2.  

Results and Discussions 

In the following we compare systematically the BET surface area with NASA for 

both amorphous and crystalline porous materials. The slit pores are used to represent 

amorphous materials as conventional used in the literature. In addition to comparing the 

BET and the geometrical surface areas, the model system allows us to examine the effects 

of pore size and surface energy on the empirical parameters used in the BET model and 
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helps understand how and why the BET method fails under certain thermodynamic 

conditions. For crystalline porous materials, we first consider a set of experimentally 

synthesized MOFs and zeolites, which includes IRMOFs discussed in an earlier publication 

by Walton el al.95. A similar procedure is extended to examine a larger database including 

1200 hypothetical MOFs within 4 representative categories.  

Figure 2 (A) shows the adsorption isotherms for nitrogen gas in slit pores with the 

pore width ranging from that for a nanopore ( / 2.5H   ), a micropore ( / 5H   ), to that 

for two mesopores (
  H / s =10, 20), where  s = 3.572  Å represents the LJ diameter for 

each nitrogen molecule. As well documented, the adsorption isotherms are quite different 

for nano, micro and meso pores. For a nanopore ( / 2.5H   ), the surface excess increases 

monotonically with the bulk pressure. The adsorption isotherm deviates from the 

Langmuir-like behavior because of strong intermolecular correlations. When the pore size 

increases, the adsorption isotherm exhibits several inflection points due to layering 

transitions inside the slit pore, accompanied by noticeable hysteresis between adsorption 

and desorption isotherms. When the pore size is sufficiently large such that the gas 

molecules near two parallel surfaces are not correlated, the adsorption isotherms become 

independent of the pore size (e.g., approximately the same for /H  = 10 and 20 as shown 

in panel A). Nitrogen adsorption in a single surface resemble typical type II isotherms 

according to the IUPAC classification105.  

Figure 2 (B) presents the BET fitting for the four adsorption isotherms. Clearly, the 

range of pressure where the BET linearity holds is different for different pores. For the 

smallest pore ( / 2.5H   ), the BET method is applicable only to the low pressure region 
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due to fact that the BET model ignores intermolecular interaction between gas molecules, 

which is strong even at low pressure for small pore as shown on panel (A), where we can 

see the inflection point (corresponding to point B in BET theory which is the monolayer 

capacity mn )102 in the isotherm curve is reached at much smaller pressure for / 2.5H  

compared to other three pore widths. Also due to the same point B shared by the three other 

pore widths, they have the same BET fitting results as shown on panel (B), where the 3 

lines collapse together. With the BET surface area obtained from panel (B) we compared 

its ratio to the geometrical for different pore widths and surface interactions in Panel (C), 

where we can see that for larger pores, the BET surface areas are more consistent with 

geometrical areas, though BET method tends to give a systematic larger surface area with 

increasing surface interactions. However, for small pores the BET method underestimates 

the surface area regardless of the surface interaction energy. For slit pores with stronger 

surface interaction ( / 0.70sf ff   ), this effect might be cancelled by the systematic larger 

BET area with increasing surface energy. For smaller pore with relative weaker interaction, 

the BET method significantly underestimates the surface area as shown in panel C for the 

case / 0.40sf ff   and / 2.5H   . 

Figure 3 shows the N2 lattice size parameter (a) and the energy parameter ( 0ln k ) 

used in the BET model obtained from linear fitting of the adsorption isotherms for different 

slit pores. Panel (A) shows that the lattice size is between 0.38 to 0.42 nm for N2 molecule 

relatively insensitive to the pore size and the surface energy. While these values are within 

the conventional range used to apply the BET method, the lattice size is much larger than 

0.4 nm for smaller pores. The larger lattice size for nanopores is consistent with what we 
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see from Figure 2. If the same lattice size for nitrogen is adopted for applying BET method 

to calculate the surface area, the smaller pores tend to underestimate the geometric surface 

area. Figure 2B shows that the adsorption energy decreases with increasing the pore width, 

and becomes constant when the pore size is sufficiently large (when the two surfaces are 

not correlated). The BET energy parameter becomes larger for pores with stronger surface 

energy (larger /sf ff  ) as shown in the inset of panel (B). 

Figure 4 compares the BET surface areas with two different definitions of NASA 

for 12 experimentally synthesized porous materials. Here the 6 IRMOFs were previously 

discussed by Walton et al.95 who concluded that the BET method provided a good 

representation of the geometric surface areas. Overall, the BET surface area is consistent 

with NASA calculated with the van der Waals diameter (NASA2), even though we see 

noticeable overestimation of the surface area except for IRMOF-14. For comparison, 

Figure 4 also includes the geometric area (NASA1) calculated with LJ diameters. In that 

case, the BET method severely overestimates the surface areas of all the materials. The 

difference between NASA1 and NASA2 arises from the systematic larger probe size 

selected to calculate the geometrical area using the van der Waals diameters than that based 

on the LJ diameters. Within these limited number of materials selected, it appears that the 

BET method provides a reasonable estimation of the geometric surface areas for porous 

materials with complex structures and diverse surface interactions. As indicated in an 

earlier theoretical study by Gelb and Gubbins107, the BET method tends to systematically 

overestimate the surface areas of porous systems with highly confined structure and 

complex surface curvature. 
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Figure 5 compare the BET and geometric surface areas for a large library of MOFs 

including 1200 diverse geometrical structures and surface interactions. In addition to the 

LJ and van der Waals diameters commonly used for definitions of NASAs as shown in 

panel (A) and (B), we added in panel (C) to show how the BET surface area correlates with 

the geometrical area defined by the Barker-Henderson (hard-sphere) diameter. Overall, the 

correlation of the BET area with the hard-sphere defined geometrical surface area (NASA3) 

is consistent with geometrical surface area calculated with pure LJ diameters (NASA1). In 

both cases, the BET method systematically overestimates the surface area especially for 

the materials ranked according to void, weight and volumetric categories. By contrast, the 

van der Waals diameter (NASA2) gives a much better agreement with the BET surface 

area. Even though the BET surface area correlates better with NASA2 than the other two, 

it still shows a large scattering of data in the MOFs ranked according to the volumetric and 

surface categories. In all cases, the BET surface area is not a proper characterization for 

the true geometrical surface areas of materials with complex structures and surface 

interactions, in particular for materials with small the specific surface areas.  

Recent experiments indicate that the BET surface area provides a poor 

representation of the geometric area also for materials with multimodal pore size 

distributions103,104. To illustrate the effect of pore size distribution, we consider also a 

mixed pore model for amorphous material. In figure 6, we consider 3 combinations of 

different pore sizes with the same surface interaction / 0.55sf ff    that approximately 

mimics carbon graphite materials. For mixed-pore systems containing a nanopore (

/ 2.5H   ) as shown in panel (A) and (B), the BET fitting results are very sensitive to 
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the mixing fraction f . For systems containing only large pores as shown in panel (C), 

however, the BET fitting results are independent of the mixing fractions. As summarized 

in panel (D), the BET method tends to give a systematic larger surface area for system 

mixed only with larger pores ( / 5,10H   ), though it is not affected by the pore size 

distribution of the system. However, for the systems including nanopores (e.g., / 2.5H  

), the BET surface area highly depends on the pore size distribution of the system.  As the 

fraction of small pores increases, we see more deviation of BET surface area from true 

geometrical surface area. This effect can be further verified from Figure 5 for materials in 

the surface category. Because most materials in this category have a high fraction of 

nanopores, the underestimation of surface area by the BET method is more obvious than 

the other three cases shown in Figure 5. 

Conclusions 

In this work, we provide a systematic and comprehensive analysis of the BET 

method for estimation of the surface areas of porous materials. GCMC simulation was used 

to calculate nitrogen adsorption at 77K for both model amorphous and crystalline materials. 

By comparing the BET surface area with geometric surface areas for over 1000 materials 

with complex structures and heterogeneous interactions, we find that the performance of 

BET analysis on surface area characterization is sensitive to the pore size, the structure 

heterogeneity as well as adsorbate-adsorbent interaction. For materials with small specific 

surface area, the BET surface area and NASAs are totally uncorrelated. Nevertheless, a 

positive correlation can be identified if the geometric surface area is defined according to 

the van der Waals diameter.  
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Figure 3-1. (A) Schematic illustration of BET model; (B) Slit-pore model for amorphous 

porous materials. (C) A representative framework material (MOF-5).    
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Figure 3-2. (A) The gas adsorption amount predicted from GCMC simulations for N2 

adsorption at 77K in slit pores of different pore widths; (B) The BET fitting of the 

adsoprion isotherms;  (C) The ratio of the BET surface area with respect to the geometrical 

surface area of the model slit pores with different widths and surface energies. In panels A 

and B, the reduced surface energy is 
2

* /sf sf N   =0.55, where
2N   stands for the LJ 

energy parameter for nitrogen, /H  is the reduced pore width. In panel (B), the symbols 

are from GCMC results, and all the dash lines are fitted results from BET method with 

different colors representing different reduced pore widths. The reduced surface potential 

0.55 corresponds to the carbon graphite. 
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Figure 3-3 The effects of pore size and surface energy on the two BET model parameters: 

(A) the average lattice size (a )occupied by a single N2 molecule and (B) a parameter related 

to the adsorption energy, 0ln(k )
. The inset shows how the adsorption energy changes with 

surface interation energy   
e

sf

*

 for slit pores different widths. 

 

Figure 3-4 Comparison of the calculted BET surface area with two N2 accessible surface 

areas (NASA) defined according to the Lennard-Jones (LJ) diameter LJd
  (NASA1) and 

the van der Waals (vdw) diameter vdwd
 (NASA2), respectively. 
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Figure 3-5 The BET surface areas calculated with consistency criteria for 1200 

hypothetical MOFs compared with (A) NASA1, (B) NASA2 (C) NASA3 calculated with 

the LJ dimater, the vdw diameter, and the Barker-Henderson (BH) diameter BHd
 , 

respectively, for both the adsorbate and adsorbent atoms. The black square, red circle, black 

trangles and magenta trangles refer to the top 300 MOFs ranked in the void fraction, weight 

adsorption capacity, volumetric adsorption capacity, and surface area capacity in the 

database prepared by Snurr and coworkers. 
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Figure 3-6 The BET fitting results for mixed slit pores of different widths (A) /H  =2.5 

and 5.0, (B) /H  =2.5 and 10, (C) /H  = 5.0 and 10, and the corresponding ratios of 

the BET surface areas with respect to the geometrical areas for different combinations of 

mixture and mixting fraction (D). For all the cases, 1f , 2f , 3f  and f stand for the fraction 

of the smaller pore in the mixture. 
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Chapter 4. Differential Heat of Adsorption and Isosteres 

Abstract 

Heat of adsorption is a basic thermodynamic property extensively used not only for 

understanding thermal effects and heat management in industrial gas storage and separation 

processes but also for development and validation of adsorption models and materials force 

fields. Despite a long history of theoretical studies and a vast experimental literature, 

controversies often arise in the thermodynamic analysis of heat effects due to various 

assumptions used to describe gas adsorption and inconsistencies between direct 

calorimetric measurements and isosteric heat obtained from various adsorption isotherms. 

Here we present a rigorous theoretical procedure to predict isosteric heat without any 

assumption on the geometry of porous adsorbents or operating conditions. Quantitative 

relations between the differential heat and various isosteres have been established with the 

grand-canonical Monte Carlo simulation for gas adsorption in amorphous as well as 

crystalline porous materials. The inconsistencies and practical issues with conventional 

methods for the analysis of heat effect have been clarified in the context of the exact results 

for model systems. By resolving a number of controversies on heat analysis, the theoretical 

work is expected to have broad impacts on both the fundamentals and industrial 

applications of gas adsorption processes.   

 

  



 

125 

4.1. Introduction 

Heat of adsorption is one of the most fundamental thermodynamic quantities to 

describe surface phenomena 31. It is directly related to adsorbate-adsorbent interactions that 

are essential for assessment and screening of porous materials useful for gas storage and 

separation 32-34 and for thermal managements of industrial processes including various 

forms of pressure swing adsorption 35,36. Because heat effects are generally more sensitive 

to the adsorbent-adsorbate interactions than adsorption isotherms 124, a combination of heat 

and isotherm measurements provides complementary information for understanding gas 

adsorption processes. In spite of its apparent importance, both experimental measurement 

and theoretical predictions of heat effects have been controversial; even the term “heat of 

adsorption” has been subject to a variety of interpretations and debates 61,125,126.  

Two experimental procedures are commonly used to assess heat of adsorption 127. 

One is through calorimetry measurement of the heat released during the adsorption process, 

and the other is by measuring adsorption isostere, i.e., a quantitative relation between 

pressure and temperature at a constant amount of the substance adsorbed (viz., the 

adsorbate) by a certain amount of the adsorbent. For practical applications, isostere 

measurements are more popular than calorimetry because direct detection of heat effects is 

often complicated and more expensive in particular at non-ambient conditions. 

Nevertheless, customized setups have been reported to combine volumetric (or gravimetric) 

isotherm experiments with calorimetry 125. While the direct and indirect approaches are 

supposed to yield identical results, ambiguity often arises from different definitions of 

isostere and the adoption of different thermodynamic models to fit the adsorption 
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isotherms127-130. The experimental results for isosteric heat are sensitive to adsorption 

isotherms, particularly if the data are available only for a limited number of temperatures. 

Besides, the thermodynamic analysis of isostere measurements is typically based on 

numerical fitting of adsorption using semi-empirical models such as the single-site or dual-

site Langmuir models98,131, the Tόth model132-134, or the virial equation135-137. Although the 

semi-empirical parameters can be correlated with the binding affinity between the 

adsorbate and adsorbent molecules8, they are significant only within the context of specific 

isotherms. In addition, diverse models have been adopted to calculate the isosteric heat 

from adsorption isotherms61. These models differ not only in the definition of isostere but 

also in material characteristics such as pore volume and surface area138,139. The isostere 

analysis may lead to inconsistencies or even erroneous conclusions at highly non-ideal 

conditions138,140.  

Difficulties in dealing with the isosteric heat are mostly affiliated with the definition 

of the adsorbed phase, a concept introduced first in the pioneering works of J. W. Gibbs 

for the thermodynamics of heterogeneous systems. While the Gibbsian thermodynamics is 

convenient to describe surface properties, the interfacial region is depicted as a two-

dimensional dividing surface without any volume. The isosteric heat is often interpreted as 

the energy to transfer an adsorbate molecule from the bulk to the adsorbed phase at some 

fixed thermodynamic conditions of the system such as constant temperature, pressure, and 

adsorbed amount. Unlike bulk systems, however, the properties of the adsorbed phase 

cannot be defined solely with the surface excess for each component. In particular, the 

Gibbsian formulism predicts an unphysical isosteric heat when the adsorption isotherm 
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exhibits a maximum141. To circumvent the divergent problem, T. L. Hills142 proposed an 

alternative adsorption model by replacing the surface excess with absolute variables. 

Instead of using the Gibbsian formulism, the absolute adsorption model is focused on gas 

molecules in the adsorbed region3,141. For gas adsorption in porous materials, the adsorbed 

region is defined in terms of the difference between the dead space (i.e., the space in the 

cell accessible to gas molecules) and the bulk region61. The volume of the adsorbed region, 

also referred to as the pore volume, is typically calculated from nitrogen or argon 

adsorption at their respective normal boiling temperature. The volume of the dead space is 

calculated from helium adsorption at ambient temperature and pressure. It has been noted 

that the dead space could be larger than the geometrical volume of the system due to helium 

adsorption143,144. While the absolute adsorption model avoids the singularity of isosteric 

heat at high pressure, it is not applicable to adsorption in large pores except at low 

pressures61.  

In this work, we introduce a rigorous thermodynamic procedure for heat analysis 

that is free of inconsistency yet convenient for practical applications. The grand-canonical 

Monte Carlo simulation is used to demonstrate the relation between the differential heat 

and different isosteres for gas adsorption in amorphous and crystalline model porous 

materials. By avoiding problematic division between the bulk and adsorbed phases or semi-

empirical estimation of the pore volume, the new theoretical procedure enables a faithful 

description of heat effects important for diverse applications of gas adsorption processes. 

The controversial issues with conventional isostere methods have also been clarified in the 

context of the exact results. 
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4.2. Theoretical Developments 

To establish a rigorous thermodynamic procedure for heat of adsorption, we 

consider gas adsorption, as shown schematically in Fig. 1, that mimics a typical 

experimental setup for simultaneous measurement of adsorption heat and isotherm145. For 

simplicity, our discussion is focused on a pure gas but a similar procedure is applicable to 

mixtures. The differential heat of adsorption, designated as 
 
q

d
, reflects the difference 

between the molar enthalpy of the gas in the bulk phase, 
 
H

b
, and the differential internal 

energy, 
  
(¶U / ¶N )

T ,V
, 

 
  
q

d
= H

b
- (¶U / ¶N )

T ,V
 . (52) 

Eq.(52) follows the first law of thermodynamics for the sampling cell, a semi-open system 

that has a constant temperature, overall volume, and adsorbent amount. In other words, the 

differential heat reflects the heat released from the sampling cell upon adding an 

infinitesimal amount of the adsorbate at constant temperature, overall volume, and the 

adsorbent amount. The heat effect is measureable through differential calorimetry and 

depends on the thermodynamic conditions of the sampling cell including the adsorbent 

amount and bulk pressure (or equivalent, the chemical potential of the adsorbate).  While 

the molar enthalpy depends on temperature T and pressure P of the bulk phase, 

  
(¶U / ¶N )

T ,V
 represents the change in the internal energy of the entire cell in response to 

transferring  dN  moles of gas at fixed T and cell volume V. It should be noted that the 

change in the internal energy includes contributions from both adsorbent-adsorbate and 
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adsorbate-adsorbate interactions. The differential heat of adsorption can be directly 

measured with microcalorimetry146 or calculated from Monte Carlo simulation using the 

ensemble fluctuation method147. 

 Isostere heat is derived from a thermodynamic relation between the differential heat 

of adsorption and isotherms. By “isosteric” it is meant that the gas loading is treated as a 

constant. Because the adsorption cell has a fixed volume and the total amount of adsorbent, 

the differential internal energy is given by  

  dU = TdS + mdN  (53) 

where  S  denotes the total entropy of sampling cell, and m  is the gas chemical potential. 

From Eq.(53), we have 
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where the second equality follows the Maxwell relation 
  
(¶S / ¶N )

T ,V
= -(¶m / ¶T )

N ,V
. In 

practical applications, the chemical potential is often expressed in terms of gas fugacity, 

 f , 

 
  
m = m

0
+ RT ln f  (55) 

where  R stands for the gas constant, and 
 
m

0
 is the gas chemical potential at the reference 

state, i.e., the adsorbate as a pure ideal gas at the system temperature and unit pressure. 

Replacing the chemical potential in Eq.(54) with the gas fugacity leads to 
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where 
  
H

0
 is the gas molar enthalpy at the reference state. Combining of Eqs. (52) and (56) 

gives 

 

  

q
d

= DH
b
- RT 2 ¶ln f

¶T

æ

èç
ö

ø÷
N ,V

º q
t
  (57) 

where  
  
DH

b
º H

b
- H

0
 is the residual molar enthalpy of the bulk gas, and 

 
q

t
 is referred to 

as the total isosteric heat. Because Eq.(57) is derived from the fundamental equation of 

thermodynamics and the Maxwell relation, it is valid irrespective of the changes in the 

absorbent structure or phase transitions in the system (e.g., capillary condensation or 

wetting). As discussed below, 
 
q

t
 is different from the isosteric heat conventionally used 

in the literature.  

According to Eq.(57), the differential heat of adsorption and the total isosteric heat 

are identical. It represents the difference between the residual molar enthalpy of the bulk 

gas and the residual “partial molar enthalpy” of the gas inside the sampling cell. We note 

that the total isosteric heat is not a true partial molar property because it is evaluated at a 

fixed cell volume and the total amounts of the adsorbate and the adsorbent in the cell. 

Strictly speaking, here the enthalpy cannot be defined in the conventional sense because 

the pressure of an inhomogeneous system is not a scalar variable. Nevertheless, like a 

partial molar property in bulk thermodynamics, the total isosteric heat depends on 

thermodynamic conditions of the entire cell including the cell size and the total amounts of 

gas and absorbent. Another point worth noting is that Eq.(57) is exact and immaterial to 

any specification of the adsorbent.  
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In adsorption measurements, the experimental results are conventionally reported 

in terms of isotherms, i.e., the surface excess as a function of the bulk gas pressure at 

different temperatures. The total gas amount inside the adsorption cell is typically not of a 

major concern because it depends on the system size 148,149. In terms of the density profile 

of gas molecules inside the sampling cell,   r(r) , the surface excess can be calculated from 

 [ ( ) ]bd     r r   (58) 

where b  is the number density of the gas molecules in the bulk, and the integration 

extends to the entire cell volume. Whereas the total gas amount inside the cell depends on 

the system size, such dependence is less significant for the surface excess because the local 

density 
  r(r)  reduces to b  at macroscopic scales.  

 Conventionally, the isosteric heat, here designated as 
 
q

ex
 for its connection to the 

surface excess, is defined according to the Gibbsian adsorption formulism31 

 

  

q
ex
º DH

b
- RT 2 ¶ln f

¶T

æ

èç
ö

ø÷
G ,V

  (59) 

In the low-pressure limit, the gas fugacity can be replaced with the bulk pressure, and 

Eq.(59) reduces to the Clausius-Clapeyron equation150. Whereas the excess isosteric heat 

is often reported in the adsorption literature, it diverges when the surface excess versus 

pressure exhibits a maximum, i.e., when 
  
(¶G / ¶P)

T
= 0138. The singularity can be avoided 

by using the absolute formalism, which expresses the isosteric heat in terms of the absolute 

adsorption instead of the surface excess61 
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q
a
º DH

b
- RT 2 ¶ln f

¶T

æ

èç
ö

ø÷
N

a
,V

 . (60) 

In this work, we refer to 
 
q

a
 as the absolute isosteric heat for convenience. In Eq.(60), the 

absolute adsorption amount is defined as 

 a b PN V    (61) 

where 
 
V

p
 denotes the pore volume of the absorbent. The pore volume can be measured 

from nitrogen adsorption at 77 K or argon adsorption at 87 K near the atmospheric 

pressure61. At such conditions, the pore volume is assumed to be the same as the volume 

of liquid condensed inside the porous material. The latter is estimated from the gas 

adsorption amount at the saturation pressure and the corresponding liquid density. 

4.3. Results and Discussions 

The main difference between the total isosteric heat (
 
q

t
), the excess isosteric heat 

(
 
q

ex
), and the absolute isosteric heat (

 
q

a
) lies in what is fixed in evaluation of the partial 

derivative of the gas fugacity with respect to temperature. While such difference is 

innocuous at low pressure, the discrepancy becomes significant as pressure increases, 

which explains at least in part why controversies often arise when the heat effect is 

analyzed in terms of adsorption isotherms. To make quantitative comparisons, in the 

following we consider gas adsorption in slit pores and two representative framework 

materials. The slit-pore model is commonly used in experimental characterization of 

amorphous materials such as activated carbons19,20. In addition to validating the exact 

thermodynamic relations, this model allows us to illustrate the effects of pore size and 
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surface energy on the differential heat. For gas adsorption in crystalline porous materials, 

we consider silica zeolite with mordenite framework inverted (MFI) structure 121 and metal 

organic framework (MOF) Cu(hfipbb)(H2hfipbb)0.5 
151,152.  In both cases, we generate 

“experimental data” for the differential heat of adsorption, the adsorption amounts and the 

corresponding isosteric heat using the grand-canonical Monte Carlo simulations 

(GCMC)20,85,153-155. The MC simulations were typically performed on 2×2×2 unit cells of 

the adsorbents with 3-dimensional periodic boundary conditions. The van der Waals 

(VDW) interactions were evaluated using 12.9 Å cutoff in the shifted-potential style. Each 

GCMC simulation run consists of 106 MC moves for equilibration and another 5×106 

moves for data collection. MC moves include insertions, deletions, and translations of the 

gas molecules. Chemical potentials used in the simulations were calculated using the 

MBWR equation of state. The data of each simulation trajectory was divided into 10000 

blocks in order to perform the ensemble fluctuation calculation for isosteric heat of 

adsorption. All MC simulations were carried out using the Towhee program120. The force 

field parameters, along with the details of the materials structure and GCMC calculations, 

are given in Supporting Information (SI).  

 Figure 2 shows the total gas amount  N , the absolute adsorbed amount 
 
N

a
, and the 

surface excess G  for the adsorption of krypton and hydrogen in a slit pore at 298 K over a 

broad range of pressure. Here the Steele 10-4-3 potential is used to describe interaction 

between a gas molecule and each surface of the slit pore with the parameters corresponding 

to those for typical activated carbons153. The two gases were selected because they provide 

representative adsorption behavior at supercritical conditions. Also shown in Fig 2 are the 
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differential heat of adsorption and the isosteric heat calculated according to Eqs.(57), (59) 

and (60), respectively.  

As expected, the total, absolute, and excess adsorption amounts and their 

corresponding isosteric heat are quite different. For both hydrogen and krypton adsorption 

in the slit pore, the absolute adsorbed amount is always less than the total amount of gas 

inside the pore. The difference can be attributed to the fact that different gases are used to 

calculate the pore volume and the dead volume61. While both the total and absolute 

amounts increase monotonically with the gas pressure, the surface excess shows a 

maximum around 10 bar for krypton adsorption (Fig. 2B), leading to the divergence of the 

isosteric heat. Such a singularity has been discussed before by Salem138, Myers141 and 

others, and represents a major issue for the analysis of isosteric heat involving micropores. 

Interestingly, the absolute isosteric heat may also diverge at higher pressure. While the 

numerical issue with a maximum (or a minimum) in the excess isotherm has been well 

documented, less known is the divergence of the absolute isosteric heat, i.e., the isosteric 

heat derived from the absolute amount of adsorption. As shown in Fig. 2(A) and 2(C), the 

absolute amount of adsorption exhibits a maximum around 40 bar for krypton and, 

correspondingly, the absolute isosteric heat also goes to infinity. Because the molecular 

size for H2 is much smaller than that for Kr and has weaker attraction energy, both the 

absolute amount and the surface excess rise monotonically with pressure. As a result, the 

isosteric heat has a finite value. However, both the excess and absolute models predict the 

isosteric heat much larger than the differential heat of adsorption predicted from the 

ensemble fluctuation method (Fig. 2D). By contrast, the latter agrees fully with the total 
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isosteric heat, confirming that Eq.(57) is the only thermodynamic consistent way to obtain 

the isosteric heat from adsorption isotherms.  

Figure 3 presents Kr adsorption in nine slit pores with three representative surface 

potentials and three pore widths. The performance of different isosteric models varies 

drastically with the pore size and the surface energy. In all cases, the surface excess shows 

a maximum in the adsorption isotherm and, as a consequence, the excess isosteric heat 

diverges. For Kr adsorption in a 0.9 nm slit pore with a weakly attractive surface (
  
e

sf

* =0.4), 

the absolute isosteric heat is significantly larger than the differential heat of adsorption, in 

particular as the gas pressure increases. As the surface attraction increases (εsf
*=0.7), the 

absolute isotherm also shows a maximum thus the absolute isosteric heat diverges at an 

intermediate pressure, similar to that obtained from the excess model. For a larger pore (1.8 

nm) but with the same surface energy, the absolute adsorption model overestimates the 

differential heat of adsorption in the entire pressure range. As the surface energy increases, 

this discrepancy becomes less apparent in Henry’s law region. However, the absolute 

isosteric heat deviates from the differential heat of adsorption at high pressure. For even a 

larger pore (3.6 nm), the discrepancy between absolute and total adsorption models 

becomes negligible. In this case, the absolute adsorption model may be justified to 

represent the total amount of gas molecules in the system.  

The different trends in the isosteric heat of adsorption with increasing pressure can 

be explained in terms of different contributions from surface interaction, pore geometry 

and gas-gas interactions19. For the slit-pore model, the pore width is one of the most crucial 

factors in determining the overall trend of the isosteric heat. At low pressure, the heat of 
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adsorption arises primary from the adsorbate-adsorbent interactions, which increases with 

the gas pressure as more surface area is occupied. At high pressure, the surface energy is 

compensated by gas-gas interactions in the bulk phase, which leads to the decline of the 

adsorption heat. As more and more gas molecules are accumulated inside the pore, both 

gas-gas and gas-solid interactions become less attractive and eventually turn into repulsion. 

In the high-pressure region, the interplay of the attraction and repulsion branches of the 

gas-gas and gas-solid interactions determines the trend of the isosteric heat. For krypton 

adsorption in a small pore (0.9 nm), the maximum adsorption heat occurs at a lower 

pressure as the surface energy increases. For the larger pore (1.8 nm), the differential heat 

of adsorption first shows a maximum due to saturation of surface binding, then a minimum 

as the intermolecular repulsion becomes significant, and eventually rises with the pressure 

because of the surface repulsion. For adsorption in a large more (3.6 nm), surface repulsion 

becomes less important so that the isosteric heat declines at high pressure. Fig. S1 shows 

individual contributions to the internal energy for krypton adsorption in different slit pores. 

It is worth noting that the pressure effect on the differential heat as shown in Fig. 3 is very 

different from those predicted by the Fowler-Guggenheim156 or the Hill-de Boer 

equation157. The mean-field methods predict that the heat of adsorption varies linearly with 

the loading, which approximately holds only at high pressure.  

Because the differential heat of adsorption resembles partial molar properties, we 

expect that it is dependent on the system size, or more precise, the composition of the entire 

sampling cell. Such effect is apparent if we consider gas adsorption in Henry’s law region, 

i.e., as the gas pressure approaches zero. In the limit of zero loading, the heat of adsorption 
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depends only on the adsorbate-adsorbate interactions. As shown in SI, the differential heat 

of adsorption for a monatomic ideal gas (IG) is given by  

 

   

q
d

IG = RT - N
AV

j(r)exp[-bj(r)]drò
exp[-bj(r)]drò

= RT - < u
ext

>   (62) 

where 
  j(r) is the total potential energy of a gas molecule at position  r  for its interaction 

with the adsorbent, 
 
N

AV
 is the Avogadro number, and 

 
< u

ext
>  represents the molar 

external energy. As the system size increases, the gas-solid interaction becomes less 

significant for individual molecules. Therefore, the differential heat of adsorption declines 

along with the molar external energy. In the thermodynamic limit, 
 
q

d

IG = RT  because the 

denominator in Eq.(62) approaches infinite. By contrast, the isostere heat based on the 

surface excess is given by 

 

   

q
st

IG = RT - N
AV

j(r)exp[-bj(r)]drò
{exp[-bj(r)]-1}drò

  (63) 

which remains finite in Henry’s law region. 

Figure 4 shows the pore-size dependence of the isosteric heat at two representative 

pressures. At the low pressure (0.01 bar), the total isosteric heat is well represented by 

Henry’s law. In this case, the differential heat of adsorption approaches  RT  for large pores 

as predicted by Eq. (62). However, the isosteric heat derived from excess model is very 

different. It drastically overestimates the differential heat of adsorption especially for large 

pores. Interesting, the system does not exhibit significant non-ideality even at 20 bar. As 

shown in Fig. 4(B), the surface excess is virtually independent of pore size in both cases 

while the total amounts continuously increases with the pore width.  
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We have also tested thermodynamic consistency between the differential heat of 

adsorption and various forms of isosteric heat for gas adsorption in nanoporous materials 

like MOFs, ZIFs and zeolites. Because of strong confinement and heterogeneous 

interactions, the conventional isostere models may result in problematic predictions in both 

low and high-pressure regions. Figure 5 illustrates various forms of heat for CH4 adsorption 

in MFI zeolite and H2 adsorption in Cu(hfipbb)(H2hfipbb)0.5. We see that both the excess 

and absolute models fail to reproduce the differential heat of adsorption at high pressure 

similar to that occurred in the slit-pore model. The isosteric heat of adsorption predicted 

by these conventional models diverge in the high pressure region that is most relevant for 

industrial applications such as gas storage and purification35,36. For H2 adsorption in the 

MOF material, both the excess and the absolute models predict the isosteric heat with 

significant deviation from the differential heat of adsorption even at low pressure. The 

discrepancy in Henry’s law region is consistent with that shown in Fig. 4A and may lead 

to more problems because the conventional models are commonly used to calibrate 

calorimetric equipment129,145,158,159. The inconsistency between isosteric heat of adsorption 

predicted from excess or absolute adsorption models and calorimetry data has been a 

controversial issue without a thorough explanation for a long time127,159. By comparing the 

different forms of isosteric heat, we provide an understanding that has been long overdue. 

4.4. Conclusions 

We present a rigorous thermodynamic framework for heat analysis without any 

assumptions on the geometric measures of the absorbent or operating conditions. 

Thermodynamic consistency between the differential heat of adsorption and different 
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forms of isosteric heat has been calibrated with simulation data for gas adsorption in model 

porous materials over a broad range of conditions. While the total isosteric heat, as defined 

in Eq.(57), is fully consistent with the differential heat of adsorption, the excess or absolute 

isosteric heat may lead to significant deviations from the exact results at both low and high 

pressure. Because the total isosteric heat is evaluated in terms of the total amount of gas in 

the sampling cell, it is independent of any specific experimental procedure to estimate the 

pore volume (or the dead space) as conventionally used in alternative isostere equations.  

It should be noted that the Gibbsian thermodynamics is exact for any multiphase 

systems including gas adsorption discussed in this work. The conventional applications to 

heat analysis are problematic because the isosteric heats were defined in terms of dubious 

assumptions instead of rigorous derivations. While a common belief in the literature is that 

the difference between various definitions of isosteric heats of adsorption largely 

disappears at low pressure, we have demonstrated both analytically and numerically that 

the difference can be significant even in the ideal-gas region (i.e., Henry’s law region). The 

discrepancy among different forms of the isosteric heat increases with the system size. We 

find that the absolute adsorption model works the best at low to intermediate pressure for 

absorbent with large micropores or mesopores and strong affinity to the adsorbates. For 

gas adsorption in nanoporous materials such as MOFs and zeolites, the conventional 

isostere models fail to reproduce the differential heat of adsorption at either low or high 

pressure. The exact thermodynamic model introduced in this work can be easily 

implemented in experimental and computational investigations of heat effects for 

adsorption processes including gas storage and separation.  
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Figure 4-1. (A) Schematic set up for gas adsorption measurements; (B) The slit-pore 

model for amorphous porous materials; (C) A representative framework material.   
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Figure 4-2. Gas adsorption and isosteric heat for H2 (A, C) and Kr (B, D) in a slit pore at 

298 K. In both cases, the pore width is 0.9 nm, and the reduced surface energy is 

  
e

sf

* º e
sf

/ e
N

2

=0.55, where
  
e

N
2

   stands for the LJ energy parameter for nitrogen. The 

solid, dash-dotted, and dashed lines represent the total, absolute and excess amount of 

adsorption, respectively (A, B), and the corresponding results for the isosteric heat (C, 

D). In C and D, the solid squares are the differential heat of adsorption generated from 

the ensemble fluctuation method, and the open circles are the corresponding results at the 

low-pressure limit. 
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Figure 4-3.  Effects of the reduced surface energy (εsf
*) and pore width (0.9 nm, 1.8 nm 

and 3.6 nm) on the isosteric heat for Kr adsorption in model slit pores at 298 K. Lines and 

symbols follow the same meanings as those in Fig. 2. 
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Figure 4-4. (A) Dependence of the total and excess isosteric heat of adsorption on the 

pore size. The red and blue circles represent the differential heat of adsorption at 0.01 bar 

and 20 bar bulk pressure, respectively. The solid and dashed red lines are predicted from 

Eqs.(62) and (63), respectively. The blue line is the total isosteric heat at 20 bar. (B) The 

total (solid lines) and excess (dashed lines) adsorption amounts at 0.01 bar and 20 bar. In 

both cases, T=298 K and the surface energy is εsf
*=0.55. 

 

Figure 4-5. Isosteric heat for (A) CH4 adsorption in silicate MFI at 298 K and (B) H2 in 

Cu(hfipbb)(H2hfipbb)0.5 at 243 K. The insets show the three-dimensional structures of the 

corresponding porous materials. Lines and symbols follow the same meanings as those in 

Figs. 2 and 3. 
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Support Information 

This supplementary material details the Grand Canonical Monte Carlo (GCMC) 

simulations employed in this work and the ensemble fluctuation method for calculation of 

the isosteric heat of adsorption. 

Molecular Models and Simulation Methods 

We used the united atom model for all gas molecules and the rigid molecular model 

for the nanoporous materials, and the Lennard-Jones (LJ) potential is used to describe all 

atomic pair interaction energies for realistic materials:  

 

12 6

( ) 4
ij ij

ij iju
r r

 

    

     
     

r   (S.64) 

where the cross parameters are given by Lorentz-Berthelot combination rule 
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The carbon slit pore model is represented by the Steele Wall 10-4-3 potential: 
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  (S.66) 

where 
3114  nms  is the graphite carbon number density and nm335.0  is the 

graphite interlayer spacing, and sf  and sf  are size and energy cross parameters of the 

wall-fluid Lennard-Jones potential. For a slit pore with width H, the fluid molecule will 

interact with two graphite slabs, thus the full external potential is written as: 

 ( ) ( ) (H )ext sf sfz V z V z      (S.67) 



 

145 

The LJ parameters for example MOF Cu(hfipbb)(H2hfipbb)0.5 is from the universal 

force field (UFF)38, while parameters of MFI is from previous computational studies 160,161. 

The structures for both realistic materials are from experimental determined crystalline 

information files (CIFs)121,152. 

Adsorption isotherms and of gas molecules in both model adsorbent and realistic 

materials were predicted using the conventional GCMC simulation method. The MC 

simulations were performed on 2x2x2 unit cells of adsorbents under 3D periodic boundary 

conditions. The van der Waals (VDW) interactions were evaluated using 12.9 Å cutoff in 

shifted potential style. Each GCMC simulation run includes 106 moves for equilibration 

and 5x106 moves for data collection. MC moves included insertions, deletions, and 

translations of the gas molecules. Chemical potentials used in the simulations were 

calculated using the MBWR equation of state. The data of each simulation trajectory was 

divided into 10000 blocks in order to perform the ensemble fluctuation calculation for 

isosteric heat of adorption. MC simulations were carried out using the Towhee program120. 

Ensemble Fluctuation  

Isosteric heats of adsorption are predicted by ensemble fluctuation during the 

GCMC simulations, which is the standard way to obtain the isosteric heat directly with 

simulation147, when the isotherms are collected at the same time. The ensemble fluctuation 

method is essentially the equivalent way to determine the isosteric heat of adsorption 

directly from the differential change of internal energy of the entire cell in simulation124,162,  
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where fluctuation of X and Y is (X,Y)f XY X Y  . 

To relate the isosteric heat of adsorption with isotherms, we apply Gibbs-Duhem 

Equation, we apply Eq.(6), 

 0

, ,

ln
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T V N V

U f
h k

N T

    
    

    
   

As a result, the isosteric heat of adsorption obtained by ensemble fluctuation method is 

consistent with Eq.(7) as shown below, 
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Appendix 

Derivation of Eq.(10) and Eq.(11) are showing below: 

In Henry’s law region, the total gas amount is proportional to the pressure, and Henry’s 

constant is defined as: 
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   (S.69) 

 refers to total or excess adsorption, respectively. And we consider total gas amount first. 

The gas-gas interaction is neglected in Henry’s region, so the gas amount can be expresses 

as 

 exp[ ( )]tot

bN d   r r   (S.70) 

Since bulk phase is ideal gas, Eq.(7) will be reduced to the following equation: 
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Combining Eq.(S.7) and Eq.(S.8), we have Eq.(11) 
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Eq.(12) is similarly derived with a definition of {exp[ ( )] 1}ex

bN d    r r , so 
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Figure S4-1. Gas-gas interaction energy (red line with circles) and gas-solid interaction 

energy (blue line with square) with increasing loading for Kr adsorption in slit pore of 

0.9nm, 1.8nm and 3.6nm from (A) to (C) at 298K, and we choose εsf
*=0.7 as an example 

to explain the different trends of isosteric heat of adsorption for different pore width on 

Fig.2. 

 

Table S4-1. Size and Potential Parameters for He, N2, Kr, CH4, H2 and Steele Wall, and 

the four different values of εss correspond to εsf
*= εsf / εff, N2=0.3, 0.4, 0.55 and 0.7. 

Gas σff , Å εff /kB, K 

He 2.602 10.41 

N2 3.572 93.98 

Kr 3.636 166.4 

CH4 3.73 148 

H2 2.958 36.7 

Steele Wall σss , Å εss /kB, K 
 3.4 8.5, 15, 28, 46 
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Chapter 5. Study of Differential Heat of Adsorption by Classical Density Functional 

Theory 

Abstract 

 In order to gain further understanding of thermal effects related to gas adsorption 

in different porous materials, we formulate a theoretical procedure to predict the isosteric 

heat and calculate the differential heat of adsorption using the classical density functional 

theory (DFT). Compared with the ensemble fluctuation method conventionally used for 

differential heat calculations, DFT is able to predict the heat of adsorption together with 

adsorption calculations with no increase in the computational cost. The superior 

computational efficiency opens up new opportunities to calibrate empirical force fields 

with both adsorption isotherms and calorimetry data from experiments. Importantly, the 

classical DFT is directly applicable to high-pressure conditions relevant to gas storage and 

to gas separation involving pressure swing adsorption processes where calorimetry data are 

sparse.  
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5.1. Introduction 

Heat of adsorption is one of the most fundamental thermodynamic quantities to 

describe surface phenomena31. It is directly related to adsorbate-adsorbent interactions that 

are essential for assessment and screening of porous materials useful for gas storage and 

separation 32-34 and for thermal managements of industrial processes including various 

forms of pressure swing adsorption (PSA) 35,36.  

In this work, we apply the rigorous thermodynamic procedure for heat analysis that 

is free of inconsistency yet convenient for practical applications with classical density 

functional theory. The thermodynamic relations between grand potential and internal 

energy is used to demonstrate how to calculate the differential heat self-consistently in 

model slit pores and crystalline porous materials. By avoiding problematic division 

between the bulk and adsorbed phases or semi-empirical estimation of the pore volume, 

the new theoretical procedure enables a faithful description of heat effects important for 

diverse applications of gas adsorption processes. In addition, DFT represents a powerful 

tool for studying gas adsorption compared with standard GCMC simulations; it is able to 

predict the isotherm and isosteric heat self-consistently. 

5.2. Theory and Methods 

Consider the heat effect for gas adsorption based on the working conditions of a 

calorimeter shown schematically in Fig. 1. According to the first law of thermodynamics 

for the open system, the differential heat for injecting dn  mole of gas into the adsorption 

chamber (calorimeter cell) with a fixed volume V  is 

 T bdQ dU H dn   (72) 
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where TdU is the change in the internal energy of the entire chamber, and bH  is the 

molar enthalpy of the bulk gas at the reservoir temperature T  and pressure P .  

 The differential heat of adsorption, designated as dq , reflects the difference 

between the molar enthalpy of the gas in the bulk phase, bH , and the differential internal 

energy, 
,( / )T VU N   

 
,

T
d b

T V

UdQ
q H

dn n

 
    

 
 (73) 

 

The negative sign here refers to the differential heat measured by the calorimeter, which 

is opposite to the system energy change. 

We may compare Eq.(73) with the differential energy of adsorption, which is 

given by  
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T V
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n

 
   

 
 (74) 

 

for the adsorption of a one-component gas. The difference between the differential heat 

and the absolute value of the differential energy of adsorption amounts to the reversible 

work of compression for addition of the gas molecules 

  
dq U PV ZRT    (75) 

 

where Z  stands for the compressibility factor of the bulk gas.  

The total internal energy inside the calorimeter cell TU  can be separated into an 

intrinsic part inU , and an external part extU , both are extensive properties proportional to 

the total number of gas molecules N . 
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 ( )T in ext in extU U U N u u     (76) 

The intrinsic energy accounts for the kinetic energy and the potential energy of gas 

molecules free of the gas-absorbent interactions, and the latter is included in the external 

energy     

 ( ) ( )extU d    r r r  (77) 

where ( ) r  stands for the density profile of gas molecules inside the cell, and ( ) r  is the 

potential energy for a gas molecule due to the presence of the absorbent. It should be 

noted that the integration in Eq.(77) extends to the entire space (i.e., the calorimeter cell 

with macroscopic volume V ). In this work, we do not distinguish gas molecules in the 

bulk or the adsorbed phase. While such distinction is possible in the framework of 

Gibbsian thermodynamics, unnecessary confusion may arise in practical applications. At 

fixed T  and P  for the bulk gas, the per molecule intrinsic internal energy and the 

external energy, inu and extu , are constants.  

Statistical Mechanics Derivations 

 To calculate the heat of adsorption rigorously, we calculate the total internal 

energy from the statistic-mechanical equations. For gas adsorption at given T  and P  in 

the bulk, we use the grand canonical ensemble for the adsorption chamber 

 
  
W = -k

B
T lnX   (78) 

where the grand partition function is  

  exp N E 


       (79) 
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In Eq.(79), N  and E  stands for the number of gas molecules and the total system 

energy at microstate   , respectively. The total internal energy includes three 

contributions: the kinetic energy of ideal gas molecules, the gas-gas interaction potential, 

and the gas-absorbent external energy. It is related to the grand potential by 

 
,V ,V

U N N
 


  

 

     
       

    
. (80) 

It can be shown that, for a monatomic ideal gas, Eq.(80) yields an internal energy density 

the same as that given by Eq.(77).  

Ideal-gas limit  

We may illustrate the above procedure with the adsorption of a monatomic ideal 

gas. In this case, the intrinsic internal energy per molecule is 

 3 / 2in Bu k T   (81) 

and the external energy per molecule is 

 ( ) ( ) / ( )extu d d    r r r r r   (82) 

The density profile of ideal-gas molecules is given by the Boltzmann equation  

 0( ) exp[ ( )]   r r   (83) 

where 0  is the bulk gas density at T  and P ,  and 1/ ( )Bk T  .  

 Alternatively, the internal energy per molecule may be expressed in terms of the 

single molecule canonical partition function   

 
ln

V

u




 
  

 
  (84) 
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where 3 exp[ ( )]d    r r ,  and  is the thermal wave length of the gas molecule.  

From Eq.(73), we can find differential heat from the adsorption of an ideal gas 

 0

0d AV AV extq H N u RT N u      (85) 

where AVN  is the Avogadro constant, and AV BR N k  is the gas constant. For a 

monatomic ideal gas (reference state), the molar enthalpy is 0 5 / 2H RT . 

To connect Eq.(85) with the Clapeyron equation conventionally used in the 

adsorption literature, we note that the reduced chemical potential of a monatomic ideal 

gas 3ln( )IG P    is related to the single molecular canonical partition function  
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The Gibbs-Duhem equation is given by 

 
3 3 3
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  (87) 

It can be shown that the last term in Eq.(87) corresponds to the external energy per 

molecule, i.e. 
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  (88) 

Rearrangement of Eq.(87) yields  
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  (89) 



 

159 

At ideal gas limit, this equation will be reduced to the conventional Clausius-

Clapeyron Equation, which is most widely used to calculate isosteric heat of adsorption 

from isotherms at different temperature8. 

 0 2

,,

ln ln
d AV

N VN V

P P
q N RT

T

   
     

   
  (90) 

It can been proven from the single molecular canonical partition function that 

Eq.(90) is closely related to the external energy per molecule at the ideal gas limit for 

monatomic gas molecules: 
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  (91) 

And then we show the thermodynamic consistency between Eq.(90) and Eq.(73) 

is only valid under the ideal gas limit: 

 0

0d AV AV extq H N u RT N u      (92) 

DFT method 

In the framework of the classical density functional theory (DFT), the grand 

potential is given by 

 [ ( )] ( )[ ( ) ]F d      r r r r . (93) 

where [ ( )]F  r  stands for the intrinsic Helmholtz energy.  Following the conventional 

definition, the Helmholtz energy is 

 [ ( )] ( ) ( )A F d    r r r r  (94) 

 

where the intrinsic Helmholtz energy is 
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 3( ){ln[ ( ) ] 1} [ ( )]exF d F        r r r r . (95) 

The density profile is given by the Euler-Lagrange equation 
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ex
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r r r

r r

. (96) 

where ( ) / ( )ex F  r r . Substituting Eqs.(95) and (96) into (93), we may obtain a 

simplified expression for the grand potential 

 ( )[ ( ) 1] [ ( )]ex exd F         r r r r . (97) 

In the absence of intermolecular interactions, Eq.(97) reduces to the grand potential of a 

monatomic ideal gas as expected. With the density profile solved from Eq.(96) , we 

evaluate the grand potential from Eq.(97) and subsequently the internal energy from 

Eq.(80) numerically.  

 For a one-component system, we have 
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As a result, the differential heat is 
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1 1
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 (99) 

 

where bS  is the molar entropy of the bulk gas.  For a monatomic gas, the bulk molar 

entropy includes an ideal gas term given by the Sackur–Tetrode equation and an excess 

that can be calculated from an equation of state:  

 3ln( ) 5 / 2 ex

b bS R S      (100) 
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The differential heat is a thermodynamic quantity independent of the gas 

molecular mass. However, Eq.(99) suggests otherwise because the thermal wavelength is 

related to the molecular mass. The dilemma can be resolved by considering that 0  is 

temperature (or  ) dependent when the partial derivative /     is evaluated at a 

fixed chemical potential. To show this explicitly, we may write the grand potential in 

terms of an ideal part and an excess: 

 
id ex    (101) 

where 
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It can be shown that the ideal part leads to an internal energy per molecule  
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Apparently, Eq.(104) is independent of the molecular mass. Because the ideal 

contribution includes a temperature derivative at each position, it is not as convenient as 

direct evaluation of 
 ¶bW / ¶b  numerically. So in the following results and discussion, we 

applied Eq.(99) for differential heat calculations from DFT method. 

Ensemble Fluctuation method 

Differential heat of adsorption can also be predicted by ensemble fluctuation during 

the GCMC simulations, which is the standard way to obtain the differential heat directly 
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with simulation147, and the isotherms are collected at the same time. The ensemble 

fluctuation method is essentially the equivalent way to determine the heat of adsorption 

directly from the differential change of internal energy of the entire cell in simulation124,162,  
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where fluctuation of X and Y is (X,Y)f XY X Y  . 

The details of the derivation follows the statistical mechanic concept we have 

shown in previous section. The total internal energy includes the kinetic part kU  (ideal 

gas contribution) and the configurational part cU : 

 k cU U U    (106) 

The configuration part can be expressed as: 
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where NU is the potential energy, and kinetic part is only related with temperature, so we 

have  
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After rearrangement of Eq.(109), it can be expressed as: 
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And because the second order derivative of grand potential is actually the 

fluctuation of number of molecules inside the system, so we have 
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Then after decomposing the internal energy to two parts, 
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We can write the final form as  
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5.3. Results and Discussions 

In previous works116,163, we have demonstrated that the classical DFT performs 

well for the adsorption isotherm over a broad range of pressure. In DFT calculations, we 

use the MBWR equation of state to relate the gas pressure and chemical potential in the 

bulk, and the modified fundamental measure theory to account for the repulsive 

interactions between gas molecules in formulating the excess Helmholtz energy 

functional. Among different versions of DFT methods, Weighted Density Approximation 

(WDA) version works generally better for gas adsorption in supercritical conditions, 

which are mostly interested in gas storage and separation. So in this work, we also used 

the WDA to account for the excess Helmholtz energy originated from intermolecular 
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attractions. The Lennard-Jones (LJ) potential is used for gas-gas interactions for all the 

calculations. All the LJ parameters used in this work are summarized in Table 1. The 

details for GCMC simulation and the slit pore model are the same as described in the 

supporting information of previous chapter. 

We first calibrate the DFT predictions with results from standard GCMC 

simulations inside model slit pore system. While such calibration has been reported 

extensively for adsorption isotherms, we are unaware of previous applications of DFT for 

predicting isosteric heat for gas adsorption in supercritical region.  Figure 2 shows, as an 

illustrative example, the differential heat of adsorption of a LJ fluid (Krypton) in a slit 

pore predicted from DFT in comparison to GCMC results at 298K in the entire pressure 

region. Here the reduced pore width is 1.5nm ( / 4H    for Kr), and we also include the 

results from the conventional Clapeyron equation Eq.(90). We can see that the Clapeyron 

equation only works for ideal gas region where the pressure is low and intermolecular 

interactions are negligible between gas molecules as we explained rigorously in previous 

section. It overestimated the heat from the intermediate pressure region even for the 

model slit pore system with simple geometry. While DFT predicts the differential heat of 

adsorption consistently with ensemble fluctuation method from GCMC in the entire 

pressure range as shown on both panels of Figure 2. 

Next, we consider several examples for heat effect in there dimensional 

nanoporous materials. Here we show Ar and CH4 adsorption in silica zeolite with 

mordenite framework inverted (MFI) structure 121 and CH4 adsorption in metal organic 

framework CuBTC40. The structures of the materials considered in this work are all rigid 
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and from experimentally determined Crystalline Information File (CIF). For silicate MFI, 

we applied the zeolite force field widely used in the computational works, which has 

been calibrated with gas adsorption isotherm especially for zeolites161, and for CuBTC, 

we applied the generic force field UFF38.  Differential heat of adsorption calculated from 

DFT with Eq.(99) is compared with both GCMC ensemble fluctuation method and the 

available calorimetry data as shown in Figure 3,4 and 5, which are all in the low pressure 

region (around 1 bar). Considering the experimental uncertainty ±1.1 kj/mol as explained 

in the experimental paper for calorimetry measurement145,158,159, both the theoretical 

results agree quite well with calorimetry data, which further validate our thermodynamic 

procedure. Besides that, it indicates that successful application of both empirical force 

field used in the computational work since in the low pressure region, the adsorbate-

adsorbate interactions are negligible and adsorbent-adsorbate interaction dominates as we 

shown in deriving Eq.(92). For all the three cases shown here, we can see that in the low 

pressure limit, due to negligible adsorbate-adsorbate interaction and the structural 

symmetry for all crystalline materials, the most favorable adsorption sites are actually 

equivalent for gas molecules to bind, so the initial differential heat is almost constant 

with increasing pressure in this region. This effect is even more obvious for smaller and 

relatively weaker gas molecules like Ar as shown in Figure 3. 

In Figure 6, we also show the differential heat calculated in the non-ideal gas 

region for CH4 adsorption in CuBTC as an example. The DFT results calculated by 

numerical evaluation of the differentiation of equilibrium grand potential at different 

temperature agrees well with GCMC simulation in the entire pressure region considered. 
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We can see that when pressure further increase from the ideal gas region, the differential 

heat of adsorption will decrease, which means that after all the favorable adsorption sites 

are occupied, the adsorbate-adsorbent interaction will decrease and while the adsorbate-

adsorbate interaction increases. It worth noting that by applying the classical density 

functional theory, the equilibrium grand potential is obtained during the isotherm 

prediction without any extra computational cost, so the prediction of differential heat of 

adsorption is much more efficient compared with conventional Monte Carlo simulation 

as we indicated in previous publications for material screening with classical DFT116,163. 

5.4. Conclusions 

In this work, we formulate a theoretical procedure for analyzing the isosteric heat 

and calculate the differential heat of adsorption with the grand potential of the 

inhomogeneous system obtained at different thermal conditions by applying the classical 

density functional theory. Compared with the differential heat calculated from the 

ensemble fluctuation method with GCMC, the heat of adsorption can be predicted in a 

both efficient and accurate manner. In addition, we have shown that the Clausius-

Clapeyron equation is valid only in the ideal gas limit. By analyzing gas adsorption and 

heat effect in both low pressure limit and non-ideal gas region, we demonstrate that the 

classical DFT represents a powerful tool for studying gas adsorption. The new 

thermodynamic framework is able to predict the isotherm and isosteric heat self-

consistently.  
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Figure 5-1. Schematic set up for gas adsorption isotherm and heat measurement in the 

calorimter cell. 

 

Figure 5-2. Isosteric heat for Kr adsorption by a slit pore at 298 K in the Henry’s law 

region (A) and non-ideal region (B). In both cases, the pore width is 1.5 nm, and the 

reduced surface energy is  
* /sf sf ff   =0.55, where

ff  stands for the LJ energy 

parameter for Kr. The solid and dashed lines represent the isosteric heat from Eq.(99) and 

Eq.(90), respectively. Black squares are calculated from the ensemble fluctuation method 

using GCMC simulation, and the error bars are within the square. 
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Figure 5-3. Adsorption isotherm (A) and corresponding differential heat of adsorption 

(B) for Ar in silicate MFI at 306 K. As shown in Figure 5-2, the solid lines are from DFT 

calculations, the open spuares are from Monte Carlo simulation, and the black solid 

circles represent the experimetal results from reference158. 

Figure 5-4. Adsorption isotherm (A) and corresponding differential heat of adsorption 

(B) for CH4 adsorption in silicate MFI at 296 K. Lines and symbols follow the same 

meanings as those in Figure 5-3. The experimetal results are from reference145. 
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Figure 5-5. Adsorption isotherm (A) and corresponding differential heat of adsorption 

(B) for CH4 adsorption in silicate CuBTC at 298 K. Lines and symbols follow the same 

meanings as those in Figure 5-3 and 5-4. The experimetal results from reference164. 

Figure 5-6. Adsorption isotherm (A) and corresponding differential heat of adsorpt (B) 

for CH4 adsorption in silicate CuBTC at 298 K. Lines and symbols follow the same 

meanings as those in Figure 5-3 and 5-4. The experimetal results are from reference164. 
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Table 5-1. Size and energy parameters for Kr, Ar, CH4 gases and for the Steele wall. 

Gas σff , Å εff /kB, K 

Kr 3.636 166.4 

Ar 3.405 119.8 

CH4 3.73 148 

Steele Wall σss , Å εss /kB, K 

 3.4 28 
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Chapter 6. Modeling Gas Diffusivity in Porous Materials: Transition-State Theory, 

String Method, and Excess Entropy Scaling 

Abstract 

We provide an efficient computational procedure for rapid and more accurate 

prediction of the self-diffusivity of gas molecules in nanoporous materials by integrating 

the string method and the transitional-state theory (TST) for inter-cage hopping at low 

pressure and the excess entropy scaling law for gas diffusion at high pressure. The 

theoretical predictions have been calibrated with results from molecular dynamics (MD) 

simulations for the diffusion coefficients of methane and hydrogen gases in several 

representative metal organic framework (MOF) materials with a rigid pore configuration. 

Combined with the classical density functional theory (DFT) for predicting the excess 

entropy, the new theoretical procedure enables a rapid prediction of adsorption isotherms, 

isosteric heat and transport coefficients important for the computational design and 

screening of nanostructured materials for gas storage and separation  
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6.1. Introduction 

Molecular transport in nanoporous materials plays a crucial role in emerging 

nanotechnologies for gas storage and separation1-3. While the literature is vast for diffusion 

in porous materials, direct measurement of gas diffusion in nanopores was possible only 

during the past few decades4. Although practical applications are often concerned with the 

phenomenological transport or the Fickian diffusion coefficient, the self-diffusivity of gas 

molecules in nanoporous materials has been widely studied from both experimental and 

theoretical means2,5,6. Because self-diffusivity is closely connected with the transport 

diffusion coefficients and can be directly measured from PFG-NMR experiment7,8, it 

provides a useful benchmark for calibration of theoretical developments to study various 

transport processes3,9-11.  

Theoretical predictions of self-diffusivity are mostly based on molecular dynamics 

(MD) simulations. The self-diffusion coefficients can be obtained by analyzing the 

trajectories of gas molecules according to Einstein’s equation12,13. While the computational 

procedure is rather straightforward, one of the major difficulties with standard MD 

simulations is that the gas diffusion coefficient in nanoporous materials is extremely small 

(~ 12 210 /m s ),  which is often beyond the time scale accessible to typical simulations14,15. 

Among various indict methods, the transitional-state theory (TST) is often used to predict 

the kinetic coefficients of infrequent events such as gas hopping among various cages of 

nanoporous materials15-19. In principle, TST is able to account for the flexibility of both the 

pore structure and gas molecules. Whereas in general such flexibility may play a major role 
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in dynamic processes20, it has been shown that its influence is relatively insignificant on 

the diffusivity of small gas molecules in nanostructured materials14.  

In this work, we use a simplified version of TST to predict the self-diffusivity of 

small gas molecules (such as H2 and CH4) in the nanoporous materials at infinite dilution. 

The dynamic correction18,21 is not included in our calculations because we are mainly 

concerned with hydrogen and methane storage and separation. To estimate the diffusion 

barrier7, we need to define a diffusion pathway that connects different low energy states. 

Conventional methods are extremely time consuming, especially when the materials 

involves multiple pores with three-dimensional complexity. Because the diffusion pathway 

is defined around the saddle point of the potential energy surface, such difficulty can be 

greatly alleviated with the aid of the string method22. We have tested the new procedure 

for H2 and CH4 diffusion in several metal organic framework (MOF) materials. The string 

method defines the diffusion pathway along the energy gradient. By contrast, a 

conventional method is based on the grid searching and the cluster analysis18,21. At 

conditions beyond the infinite dilution limit, we can calculate the self-diffusivity using the 

excess entropy scaling method10. Toward that end, we combine the diffusivity result from 

TST prediction and the excess entropy predicted by the classical density functional theory 

(DFT). We demonstrate that the new procedure for self-diffusivity calculation can improve 

the computational efficiency by at least one order of magnitude.  
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6.2. Theoretical Methods 

String Method 

In this work, TST is applied only to diffusion of a spherical gas molecule in a rigid 

porous material at the infinite dilution. As a result, the free energy landscape reduces to the 

potential energy, which corresponds to the external energy for the gas molecule due to 

interacting with the framework,  
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For convenience, the external energy is mapped into the 3-D space by considering only the 

Lennard-Jones (LJ) interactions: 

 

12 6

( ) 4
ij ij

ij iju r
r r

 

    

     
     

  (115) 

For all MOF materials considered in this work, the framework structures are from 

experimental Crystal Information Files (CIFs)23,24 and assumed to be rigid. The UFF force 

field is used for all framework atoms25, and the LJ parameters are the same as those used 

in our previous publications26,27. 

To implement the string method, we define a minimum energy pathway, ( )p s , 

( 0 1s   ) (where s  is the normalized reaction coordinate on the path), to connect the 

initial state and the final state that are identified from the minimum external potential 

energy.. The diffusion path is generally defined along one axis that passes through the 

transition state. The saddle point on the energy surface corresponds to the void center 
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linking neighboring cages (i.e., initial and final states). The diffusion path is defined such 

that the tangent   along the path is parallel to the energy gradient, 

 ( ) 0ext extV V       (116) 

where 
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dp s dp s dp s

ds ds ds
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is the normalized tangent along the path and * donates the inner product defined as 

   *f g f g d  r r r . The above equation is then solved by a modified steepest descent 

algorithm, 
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where k  is the Lagrange multipliers, and t  is a fictitious time for evolving the equations 

on the energy landscape. 

Transitional-state Theory 

We use a simplified version of TST method to estimate the self-diffusivity at 

infinite dilution condition18: 

 21

2S
D k   (119) 

where   is the length of the corresponding diffusion pathway, and k  is hopping rate over 

the rate-limiting barrier E as indicated in Fig.1b) with red arrows: 

 exp( E/ RT)k v    (120) 
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where v  is the pre-exponential factor which is assumed to be 1012 for MOFs. The 

simplified TST method is justified because, for most cases, the rate-limiting energy barrier 

is sufficiently high compared with other barriers in the diffusion pathway. 

The rate-limiting barrier is not always straightforward to identify for materials with 

arbitrary pore structures (as shown in Fig.2b). In this case, we need to apply the more 

general TST method and calculate the self-diffusivity with the following equation7,28,29 for 

the hopping rate: 
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where the integral is performed through the two energy minimum states, and sdx is the 

saddle point. 

Excess Entropy Scaling Method 

As discussed in Chapter 2, the equilibrium density profile
  r(r)  can be calculated 

from the classical DFT calculations.  From the density profile, we can calculate the 

adsorption amount based on the number of gas molecules in the MOF material and the 

system volume: 
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where 
  
P

0
= 1atm  and 

  
T

0
= 25 oC stand for the standard state (STP). As usual, the 

adsorption amount is expressed as the volume of gas adsorbed at the standard-state 

condition in unit volume of material. 
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          Given the equilibrium density profile, we can also calculate the excess entropy 

from thermodynamic relation: 
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The self-diffusivity is obtained by a combination of the excess entropy scaling rule: 
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where  is the weighting factor to determine the contribution of gas-surface interaction 

and gas-gas interaction, freev is the  fraction of free volume that are accessible to gas 

molecules, 
  
D

0
 is the diffusivity at infinite dilution limit, which can be obtained either 

from MD simulation as previously published in our group10 or from TST as in this work, 

and 
 
D

E
 is the contribution from gas-gas interactions as discussed in Chapter 2. 

6.3. Results and Discussions  

Figure 1a) shows the diffusion pathway for H2 in MOF-5 at 298K.  Because of the 

small size H2 gas molecule, the pathway is not complicated and the resulting diffusion 

barrier is relatively low. As shown in Figure 1b), the energy parallel is about 3.5 / molkJ . 

While for a larger gas molecule such as CH4 diffusion in the same material, Figure 2a) 

indicates that the diffusion pathway is quite complicated with zigzag type of curves due to 

the higher confinement with respect to the larger molecule. As a result, the energy barriers 

shown on Figure 2b) are much higher than those in 2a). For this case, we cannot simply 
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determine the rate-limiting barrier. To apply Eq.(120) for calculating the hopping rate, we 

need to calculate the overall diffusion barrier using Eq.(121). 

Figure 3 summarize all the results from this work combing TST with the string 

method to calculate the self-diffusivity of either CH4 or H2 in several MOF materials. We 

can see excellent agreement of the theoretical results with MD simulation data10,29. By 

contrast, previous application of TST compares poorly with the simulation results.  

Finally, in Figures 4 and 5, we compare the self-diffusivity of both gases for the 

entire pressure range predicted with the new procedure introduced in this work with pure 

MD simulation and with a previous method by combining MD with entropy scaling from 

DFT10. We can see that the new results are all within the error bar of simulation, and 

consistent with previous calculations for the entire pressure range. The computational time 

required for TST combined with string method to generate the diffusivity at infinite dilution 

limit is within 10 mins, while the MD simulation requires more than an hour. By replacing 

MD data at infinite dilution with TST method for kD , we can further improve the 

calculation efficiency of self-diffusivity by applying Eq.(124).   

6.4. Conclusions 

The string method allows us to directly calculate the diffusion pathway along the 

energy gradient, which is proved to be both efficient and accurate for determining the 

minimum energy pathway and the corresponding energy barrier. We have shown the great 

potential of string method in combination with TST to calculate self-diffusivity, which 

overcomes one of the major drawbacks with the conventional implement of TST method. 

Due to the huge number of existing structures of nanoporous materials and the underlying 
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potential for their versatile applications in gas storage and separation, it is urgent to develop 

efficient computation methods to predict and compare the diffusive and separating 

properties of different porous materials. Toward that end, the theoretical procedures 

introduced in this work will help identify the best performing materials and their structure-

properties relationships to guide rational design and synthesis of novel materials.    
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Figure 6-1. a) Diffusion pathway of H2 in MOF-5 at 298K; b) The corresponding 

diffusion energy barrier predicted by string method as indicated with the red arrow. The 

black stars represent the atoms belonging to the framework, and the blue line is the 

calculated diffusion pathway. 
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Figure 6-2. a) Diffusion pathway of CH4 in MOF-5 at 298K; b) The corresponding 

diffusion energy barrier predicted by string method. The black stars represent the atoms 

belonging to the framework, and the blue line is the calculated diffusion pathway. 
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Figure 6-3.  The overall comparison of TST predicted self-diffusivities of CH4 and H2 

diffusion in CuBTC and four IRMOFs with MD results27,165. Black squares are results 

from this work, and the red circles are from previous calculations from reference166. The 

gas molecule is H2 without specific label.  

 
Figure 6-4. Comparison of the calculted self-diffusivity of CH4 in MOF-5 from the new 

procedure with MD simulation and previous method by combining MD with entropy 

scaling from DFT27. 
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Figure 6-5. Comparison of the calculted self-diffusivity of H2 in MOF-5 from the new 

procedure with MD simulation and previous method by combining MD with entropy 

scaling from DFT27. 
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Chapter 7. Conclusions 

In this thesis, we have calibrated four versions of classical DFT methods for high-

throughput screening of MOFs for gas storage. The theoretical predictions are validated 

with extensive simulation data for both total gas uptake and the delivery capacity. Best 

materials for methane storage and best version of DFT method for material screening have 

been identified. The high computational efficiency renders classical DFT a suitable choice 

for high-throughput calculations. 

Chapter 3 is denoted to clarifying controversial issues regarding the heat effect. We 

have shown that the differential heat of adsorption, which is fully consistent with directly 

measured heat from experimental calorimetry, can be derived rigorously only from the 

entire cell analysis by considering the total gas amount. In addition, we found that the 

isosteric heat of adsorption depends on system size and composition. 

Chapter 4 intends to resolve the debate on whether BET surface area is consistent 

with geometrical surface area for different classes of porous materials. We have shown that 

the BET area is not necessarily correlated with geometrical surface area by performing 

standard BET method a large library of 1200 MOFs with diverse structures and interactions 

with gas molecules. 

Chapter 5 is dedicated to the development of more computational efficient 

procedure to calculate gas self-diffusivity in nanoporous materials.  An efficient calculation 

of transport properties is crucial for future work related with gas separation. We have 

demonstrated that, by combining the string method, the classical transitional-state Theory, 

and the excess entropy scaling method, and the classical DFT calculations, the new 
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procedure is extremely computationally efficient without losing accuracy compared with 

standard molecular dynamic simulations. 

This dissertation work helps establish quantitative relationships between the 

material building blocks and the thermophysical properties of confined fluids. The 

theoretical developments will speed up the widespread use of computational methods for 

high-throughput discovery and better utilization of nanoporous materials. 

 




