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ABSTRACT: Decades of research have yet to yield porous adsorbents that meet the 

U.S. Department of Energy’s methane storage targets. To better understand why, we 

calculated high-pressure methane adsorption in 600 000 randomly generated porous 

crystals, or “pseudomaterials,” using atomistic grand canonical Monte Carlo (GCMC) 

simulations. These pseudomaterials were periodic configurations of Lennard-Jones 

spheres whose coordinates in space, along with corresponding well depths and radii, 

were all chosen at random. GCMC simulations were performed for pressures of 35 

and 65 bar at a temperature of 298 K. Methane adsorption was compared for all 

materials against a range of other properties: average well depths and radii, number 

density, helium void fraction, and volumetric surface area. The results reveal 

structure−property relationships that resemble those previously observed for 

metal−organic frameworks and other porous materials. We contend that our 

computational methodology can be useful for discovering useful structure−property 

relationships related to gas adsorption without requiring 

experimentally accessible structural data. 

he discovery of tunable, high-surface area, porous 

materials known as metal−organic frameworks 

(MOFs)1 has sparked considerable interest over the past two 

decades in developing adsorbents for various industrial 
 2−9 10−18 

applications including gas storage and separations,19−26 

catalysis,27−32 and sensing.33−36 In particular, the application 

of high-pressure methane storage has driven significant 

exploratory efforts in the MOF field. Although tens of 

thousands of MOFs have been synthesized, there are still 

potentially millions more that remain undiscovered.30,37,38 In 

addition to experimental efforts, large-scale computational 

screening has been used extensively on hundreds of 

thousands of real and hypothetical MOFs and related 

materials to find promising targets for methane storage.39−43 

In addition to identifying useful targets for synthesis, these 

large-scale screening studies have contributed significant 

insights via the discovery of clear structure−property 

relationships.44−48 Many researchers have utilized large 

libraries of hypothetical porous materials (5000 to 600 000 

materials) to observe structure− 

property relationships related to gas adsorption.16,40,41,47,49,50 

Despite these efforts, MOFs discovered to date (including 

the hypothetical ones) have not met the high methane storage 

targets set by the U.S. Department of Energy (DOE): 315 

cm3(STP)/cm3 at 35 or 65 bar and ambient temperature.51−53 

However, given the vast space of possible MOFs, it is not 

clear whether a performance ceiling has been reached or 

whether higher performing MOFs await discovery. A higher 

performing porous material could also be discovered in a 

different material class altogether (e.g., zeolites). 

In addition to libraries of MOFs, there are libraries of 

hypothetical zeolites,54,55 porous polymer networks 

(PPNs),39 
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and zeolitic imidazolate frameworks (ZIFs).56 In particular, a 

wide range of porous polymers have recently shown 

significant promise as CH4 (and also CO2 and N2) 

adsorbents.57−61 However, to date, virtually all attempts at 

creating large libraries of hypothetical porous materials have 

relied on modular chemical building blocks and design rules 

inherent to a particular material class. But what if new 

materials exist that do not obey previously observed design 

rules or that cannot be constructed from previously studied 

building blocks? Using these design rules alone to create a 

comprehensive library of porous materials might result in 

T 
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holes where new materials might exist. These holes might 

limit our understanding of the full range of 

structure−property relationships for porous materials. 

In this study, in an attempt to generalize 

structure−property observations of methane adsorption 

across disparate material classes, we have generated and 

studied porous “pseudomaterials”, periodic configurations of 

Lennard-Jones (LJ) spheres meant to represent arbitrary 

porous crystals. This pseudomaterials approach makes it 

possible to sample regions of the structure−property space 

that may have been missed by previous studies (at the 

expense of potentially sampling structure−property 

combinations that are not physically realizable).62 

In brief, our approach involved generating a library of 600 

000 porous crystals, represented by configurations of LJ 
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spheres within a unit cell. Six properties were then evaluated 

for each pseudomaterial: methane loading (at both 35 and 65 

bar), void fraction, volumetric surface area, average ε value, 

average σ value, and number density. We then generated 2D 

projections of the property space, where the data were 

grouped into bins that were colored by some third property; 

the result is a heatmap showing various structure−property 

relationships in three dimensions. 

■ METHODS 

Lennard-Jones Potential. Our pseudomaterials were 

constructed using LJ spheres, meant to represent different 

chemical species or moieties, to create structures for use in 

Grand Canonical Monte Carlo (GCMC) simulations of 

methane physisorption. The LJ potential is commonly used 

in computational studies of physisorption in porous 

materials and has been experimentally validated numerous 

times.44,47,49,63 There are well-documented limitations of the 

LJ potential in the context of adsorption, such as 

chemisorption or physisorption, where the binding is very 

strong (as is the case for certain gases and open metal sites). 

It may stand that even higher methane capacities may be 

attainable in systems that rely on chemisorption or take 

advantage of other physical phenomena not captured by LJ 

interactions. 

Generating Pseudomaterials. Pseudomaterials were 

generated by randomly positioning LJ spheres, which we 

refer to as pseudoatoms, within a randomly sized unit cell 

(see Figure 1). 

 

Figure 1. Renderings of (a) a synthesizable MOF, NU-125, and (b) 

a randomly generated configuration of LJ spheres, or 

pseudomaterial. 

 

The unit cell dimensions were bounded between 25.6 and 

51.2 Å in each of the crystallographic directions (with the 

lower bound twice the cutoff length used for gas−gas and 

gas−crystal interactions: 12.8 Å) (Table 1). The number of 

LJ spheres within a unit cell was bounded between 1.49 × 

10−5 and 0.02122 atoms/Å3, where the lower boundary 

ensured that each unit cell contained at least two atom sites 

and the upper boundary corresponded to 10% of the number 

density of iron. 

Table 1. Pseudomaterial Generation Steps and Related 

Parameter Ranges 

pseudomaterial generation step parameter range 

1 select lattice constants 25.6−51.2 Å 

2 select number density 1.49 × 105 to 0.02122 

atoms/Å3 

3 position pseudoatom sites N/A 

4 select four sets of LJ parameters (one 

for each pseudoatom type) 
σ: 1.052−6.549 Å; 

ε: 1.258−513.264 K 

5 assign each pseudoatom site to one of 

the four pseudoatom types 
N/A 

Pseudoatom types were defined by their LJ parameters: σ, 

the van der Waals radius, and ε, the potential well depth. 

Values for σ were bounded between 1.052 and 6.549 Å and 

values for ε between 1.258 and 513.264 K. This range of LJ 

parameters was based on the Universal Force Field (UFF),64 

where σ/ε values were allowed to be 50% lower or greater, 

respectively, than the minimum and maximum values 

present in the UFF. Whereas a particular pseudomaterial’s 

unit cell may contain hundreds of pseudoatoms depending 
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upon the randomly selected number density, the number of 

pseudoatom types was limited to four in all pseudomaterials. 

In this study, we generated a library of 600 000 

pseudomaterials: two independent sets of 300 000 materials 

for each methane loading pressure. 

Simulating Properties. After each pseudomaterial was 

created, its atomistically detailed structure was used in a 

GCMC simulation to calculate methane adsorption at 298 K 

and either 35 or 65 bar. These pressures were chosen 

primarily because the community has converged on these 

two pressures as benchmarks for high-pressure methane 

storage. It may interest the reader to know that 35 bar is the 

typical pressure of U.S. interstate natural gas pipelines, and 

65 bar is the upper limit achievable with inexpensive two-

stage compressors.51 Pseudomaterials were treated as rigid 

structures, where pseudoatom site positions were held 

constant throughout the simulation. Void fractions were 

calculated using a Widom insertion method65 using a helium 

probe (σ = 2.96 Å). Volumetric surface areas were calculated 

in a Monte Carlo search, rolling a nitrogen probe (σ = 3.31 

Å) over the surface of the unit cell. All of these properties 

were calculated using a simulation software package for 

adsorption in nanoporous materials called RASPA.65 

As expected, the more pseudomaterials we generated, the 

larger the volume of the structure−property space we 

sampled (see Figure 2). However, we also expected that at a 

certain size the library would be sufficiently large such that 

no new features would be observed with the addition of new 

pseudomaterials. Figure 2 demonstrates that, when generated 

at random using our approach discussed in the Methods 

section, several hundred thousand pseudomaterials were 

needed before the addition of new materials became 

redundant. It was not until tens of thousands of materials had 

been sampled (Figure 2c) that the upper limits of methane 

capacity were observed. Also, certain combinations of 

properties were much more likely than others. For example, 

we found that the randomly generated pseudomaterials most 

commonly had void fractions between 0.5 and 0.9, as can be 

seen most clearly in Figure 2d. 

Once our library was sufficiently large, we were able to 

observe the distribution of materials across various 2D 

projections (see Figure 3). We observed that the highest 

methane loadings (regardless of pressure) occurred at void 

 

Figure 2. 2D histograms for samples of (a) 200, (b) 2000, (c) 20 

000, and (d) 200 000 pseudomaterials from a library of 300 000 

pseudomaterials. Plots show projections of the structure−property 

space in methane loading (at 35 bar) with respect to helium void 

fraction and are colored by the number of pseudomaterials in each 

of 40 × 40 equally sized bins. 

 

fractions between 0.7 and 0.9 and at volumetric surface areas 

exceeding 3150 m2/cm3. This is similar to what has been 

reported previously by others for MOFs.44 We found that our 

pseudomaterials most commonly had volumetric surface 

areas between 1350 and 3600 m2/cm3, as shown in Figure 

3c,f. (Note that panels c and f of Figure 3 are nearly identical, 

as expected, because the properties displayed do not depend 

on pressure.) We also found that the highest surface areas 

occurred in a void fraction range of 0.7 to 0.95. Not 

surprisingly, a larger distribution of pseudomaterials 

occupied the high methane loading domain in the 65 bar 

library. Most notably, we observed the highest volumetric 

surface area pseudomaterials associated with the highest 

methane loadings. It is important to point out that these 

observations are based on the simulated interactions of 

methane with an atomistically detailed porous crystal 

structure and that the influence of mean geometric properties 

such as void fraction and surface area are only being inferred 

in a later data analysis stage (as opposed to predicting 

methane adsorption directly from void fractions and surface 

areas). 
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Two critical parameters of this LJ-based model are, of 

course, the influence of the ε and σ values on methane 

loading. Because each pseudomaterial contained a range of 

both, we used average values in plotting structure−property 

relationships. The average ε value in a pseudomaterial 

provided a measure of the availability of strong (or weak) 

binding sites in the pseudomaterial. In Figure 4, we show the 

relationship between this average ε value and void fraction, 

surface area, and methane loading at both pressures. Figure 

4a,c shows that, at void fraction values above ∼0.3, the 

presence of strong binding sites (here represented by high 

average ε values) was necessary to maximize methane 

loading. Also, median average ε values typically 

corresponded to median methane loading; 

 

Figure 4. 2D projections of the structure−property space colored by 

average ε value for all pseudomaterials within each 40 × 40 bin. 

Projections shown here: methane capacity with respect to void 

fraction (a,c) and methane capacity with respect to surface area 

(b,d). The top row of plots corresponds to an operating pressure (for 

methane adsorption simulations) of 35 bar (a,b) with results at 65 

bar below (c,d). 

 

 

Figure 3. 2D histograms for the full library of 300 000 pseudomaterials. Plots show different projections of the structure−property space 

colored by number of pseudomaterials in each of the 40 × 40 equally sized bins. Projections shown here: methane capacity with respect to 

void fraction (a,d), methane capacity with respect to surface area (b,e), and surface area with respect to void fraction (c,f). The top row of 

plots corresponds to an operating pressure (for methane adsorption simulations) of 35 bar (a−c) with results at 65 bar below (d−f). 
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Figure 5. 2D projections of the structure−property space colored by 

average σ value for all pseudomaterials within each 40 × 40 bin. 

Projections shown here: methane capacity with respect to void 

fraction (a,c) and methane capacity with respect to surface area 

(b,d). The top row of plots corresponds to an operating pressure (for 

methane adsorption simulations) of 35 bar (a,b) with results at 65 

bar below (c,d). 

 

however, sometimes high surface area pseudomaterials were 

able to store more methane than ones with higher ε values 

but lower surface areas (see Figure 4b,d). At 65 bar, we saw 

higher methane loadings out of lower average ε-value 

pseudomaterials; this demonstrated, as one might expect, 

that increasing the pressure decreased the need for strong 

binding sites given the same porosity. 

We also looked at similar relationships considering the 

average σ values (see Figure 5). Interestingly, we observed 

that both the highest methane loadings and highest surface 

areas occurred when the average atom/moiety sizes 

(represented here by average σ values) were the smallest. 

Conversely, large atom sites/moieties corresponded with 

below-average surface areas and methane loadings. The very 

highest methane loadings were not achievable above a 

certain average σ value; however, below this domain, 

average σ values were constant at constant surface areas. 

These low to medium-high methane loadings were much 

more strongly influenced by the availability of strong 

binding sites than by the average pseudoatom size. 

Finally, we considered the effect of number density on 

methane loadings. First, we divided our two 300 000 material 

libraries into low, medium, and high number density groups. 

Then, we colored by methane loading and plotted average σ 

value with respect to average ε values (see Figure 6). We 

found that the highest methane loadings were observed 

among medium-to-high number density pseudomaterials. 

The highest methane loadings were observed in those 

pseudomaterials with higher-than-average ε values and 

lower-than-average σ values. With high number densities, 

methane loading clearly depended on both σ and ε (see 

Figure 6d,g). However, at lower number densities, methane 

loading was independent of σ (see Figure 

6a,e). 

Figure 7 shows pseudomaterial structures from disparate 

regions of the structure−property space. In low methane 

loading pseudomaterials (I, III, and V), we see fewer strong 

binding sites than in higher methane loading 

pseudomaterials (II and IV). Pseudomaterial IV had a lower 

average σ value than pseudomaterial II, which contributed to 

its higher methane loading. Pseudomaterial IV was 

substantially less porous than pseudomaterial V, which also 

lacked a dense network of strong binding sites. When 

examining these structures, we continued to see that strong 

binding sites (high average ε values) as well as relatively low 

σ values and an appropriately high level of porosity made the 

best methane adsorbents. 

In conclusion, we have used a novel approach to examine 

structure−property relationships of physisorption in porous 

materials, namely, by generating and screening libraries of 

“pseudomaterials,” periodic configurations of LJ spheres, 

each representing a particular chemical species or moiety. 

The use of these more abstract structures allowed us to 

flexibly explore the space of porous materials and avoid 

potential limitations and challenges in generating structures 

using chemical building blocks and design rules. 

We generated two libraries of 300 000 pseudomaterials 

and for each material simulated methane capacity at 35 and 

65 bar. We then compared the methane capacities for each 

material with their helium void fraction, volumetric surface 

area, average σ values, average ε values, and number density. 

We found the randomly generated pseudomaterials most 

commonly had void fractions between 0.5 and 0.9 and 

volumetric surface areas between 1350 and 3600 m2/cm3. 

The highest methane loadings occurred at void fractions 

between 0.5 and 0.9 and at surface areas exceeding 3150 

m2/cm3. Strong binding sites were necessary for higher 

methane loadings, as 
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were smaller atoms/moieties and medium-to-high number 

densities. 

Finally, we looked at several individual structures from 

different regions of our structure−property space. We 

continued to see that strong binding sites (high average ε 

values) as well as relatively low σ values and an 

appropriately high level of porosity made the best methane 

adsorbents. It is important to note that in this broad and 

abstract search we did not find candidate materials that meet 

the DOE’s methane storage targets, despite the relaxation of 

many constraints on realism. Fundamentally, there appears 

to be a trade-off between strong binding and volume, and 

maximum methane capacity under these conditions appears 

just below these targets. 

 

Figure 6. 2D projections of the structure−property space in average σ value with respect to average ε value colored by methane capacity. The 

plots represent subsets of the 300 000 pseudomaterial library containing low (a,d), medium (b,e), and high (c,f) number density 

pseudomaterials. The top row of plots corresponds to an operating pressure (for methane adsorption simulations) of 35 bar (a−c) with results 

at 65 bar below (d−f). 

 

Figure 7. Renderings of pseudomaterials from different regions of the structure−property space. The plot (top left) shows where each 

pseudomaterial is located with respect to void fraction and methane loading: (I) low void fraction and low methane loading, (II) medium low 
void fraction and medium methane loading, (III) medium void fraction and low methane loading, (IV) medium high void fraction and high 
methane loading, and (V) high void fraction and low methane loading. 
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We believe this pseudomaterials approach offers useful 

information for efficiently creating structure−property maps 

for gas adsorption that experimental researchers who seek to 

design new adsorbents can use not only for methane storage 

but also for a broad range of gas adsorption applications. 
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