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ABSTRACT: Morse function is suggested to be more suitable for studying the gas
adsorption in porous frameworks than the Lennard-Jones and exponential-6 forms.
However, there have not been some widely used Morse-based van der Waals force fields
(vdW FFs) because of complicated parameterization. Combining rules is usually
suggested to reduce the parameterization by calculating the unlike-pair parameters from
the information of the like pair. A new set of combination rules (DRS) for Morse-based
FF has been proposed in our prior work and shown good performance in the simulation of
CH4 adsorption isotherms in covalent organic frameworks. Inspired by our prior work, we
developed an accurate van der Waals FF using high-level ab initio calculations with the
DRS combination rules. The validation was conducted by comparing the simulated gas
uptakes with the experimental values for various known porous materials. The agreement
between simulations and experiments is very good, showing the potential application of
the FF and the DRS combination rules.

1. INTRODUCTION

Recently, covalent organic frameworks (COFs) together with
metal−organic frameworks (MOFs) and other porous
materials have attracted significant interest due to their
versatility and unique property. The known outstanding
qualities of these materials are excellent gas adsorption and
separation for the high surface area, exceptional porosity, and
topological diversity.1−5 However, the selection of suitable
porous materials for gas adsorption and separation is a
significant challenge because of various framework structures.
Experimental investigation of adsorption and separation in
porous materials is limited because it is time consuming. Thus,
molecular simulation has become an important complement to
experiments in the screening and selection of suitable porous
materials.6

Successful conduction of gas adsorption simulation demands
force fields (FFs) to describe the intermolecular interactions
accurately, especially the van der Waals (vdW) interactions.
The vdW interaction in the FFs is a combination of repulsion
and attraction, which is different from the usual dispersion.
Generic FFs are widely used, but their accuracy is not always
satisfactory for gas uptakes. Peŕez-Pellitero et al. studied the
adsorption of CO2, CH4, and N2 in zeolite imidazolate
framework (ZIFs) and found that both universal (UFF)7 and
Dreiding8 force fields overestimated the isotherms for CH4 and
CO2 on ZIF-69 and ZIF-8.9 In addition, our prior work found
that Dreiding systematically underestimated uptake of gases,
such as H2, CH4, CO2, and N2, in porous materials, while UFF
systematically overestimated compared with the experimental

data.10 Therefore, developing a more reliable FF is important.
Since intermolecular interactions can be accurately calculated
by ab initio approaches, quantum mechanical (QM)
approaches are widely used to develop FFs. In most of the
derived FFs, the conventional Lennard-Jones (L-J 12-6)
potential is often used to describe the vdW interaction, while
Morse potential is usually used to describe the bonded
interaction.11,12 However, studies have proved that the Morse
potential model can also be used to describe the vdW
interaction and reproduces short- and intermediate-range
intermolecular interactions accurately.10,13−17 Hart declared
that conventional functional forms (L-J 12-6 and Exponential-
6) possess the wrong shape in the repulsion region.14 Our
recent work also proved this view and found that the L-J 12-6
potential failed in the simulation of gas density at a higher
pressure where the repulsive interaction plays a major role.10,17

Although it is well-known that the Morse potential possesses
wrong asymptotic characteristics, these may not be significant
in the simulation of gas adsorption in porous materials. Based
on this consideration, many works suggest using Morse
potential to simulate gas adsorption behaviors in porous
materials, as the vdW interaction energy is mainly determined
by the short and intermediate range in these cases. In 2010,
Goddard III et al. used Morse potential to predict the CH4
adsorption isotherms for covalent organic frameworks
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(COFs).15 Simulation results show that COF-102 and COF-
103 are excellent materials for practical methane storage. Han
et al. developed accurate Morse-based vdW FFs for predicting
the CO2 uptakes in MOFs and ZIFs and suggested a strategy
for improving the CO2 uptakes.

16

Although all of these works are of great importance in gas
adsorption simulations, the involved atom types are limited by
the complicated parameterization process in developing a
Morse-based FF. The general method to solve the problem of
complicated parameterization is to introduce combinatorial
rules. Three parameters need to be fitted for the Morse
potential, which are more than two parameters needed for the
L-J 12-6 form, thus making the parameterization more difficult
and the use of combination rules more necessary. However,
most of the popularly used combination rules are proposed for
the L-J 12-6 potential, while only few combination rules are
proposed for the Morse potential. Saxena et al. first proposed a
simple set of combination rules for the Morse potential and
used it to predict the properties of gaseous mixtures.18 They
found that their combination rules were reliable to represent
the equilibrium properties of some gaseous mixtures. Later,
Saran simplified the forms of Saxena et al. and achieved the
same goals.19 However, the successes of these combination
rules are somewhat dependent on the mixture systems
considered. Thus, Chang Loyoul Kong developed a more
fundamental set of combination rules in 1973 and found that it
was superior to the other two sets of rules in predicting the
second virial coefficients (B12) of Ne−Kr and Ne−Ar
mixtures.20 However, the forms of rules by Chang Loyoul
Kong are too complicated to be used in more realistic
applications. In view of this problem, our group developed a
new set of combination rules named DRS in prior work and
tested it by predicting the second virial coefficients of the
mixtures of noble gases.17 The new set of combination rules
has simple forms and shows great performance in all the test
systems without any single case of a serious failure.
In this work, we developed a vdW force field with DRS

combination rules for gas uptake simulations in zeolites, COFs,
MOFs, and ZIFs, and validate the FF parameters by comparing
the simulated and experimental uptake of gases in several
representative porous materials. In addition, we explored the
adsorption behavior of H2 in IRMOF-1 and IRMOF-3. The
results demonstrate that open metal sites are favorable binding
sites in the two IRMOFs. Although the FF parameters are not
specifically fitted to those particular systems, the agreements
between vdW FF simulations and experiments seem to be
excellent, showing the potential application of the vdW FF
based on the DRS combination rules in exploring gas uptakes
in porous materials.

2. METHODS

2.1. Nonbonded Interaction Potentials and Combi-
nation Rules. The nonbonded interaction is composed of the
vdW interaction and electrostatic interaction. Morse potential
is used to approximate the vdW interaction. The form is

U r D r r

r r

( ) exp (1 / ) 2

exp /2(1 / )

ij ij ij

ij

Morse
m

m

α

α

= { [ − ] −

[ − ]} (1)

where D is the well depth, rm is the well depth position, and α
determines the curvature of the potential at the minimum as
well as the steepness of the repulsive potential. σ is the distance

when Uij
Morse(σij) = 0. σ, rm, and α are related to each other

according to the relation of eq 2.

r (1 2 ln 2/ )mσ α= − (2)

The DRS combination rules for the three parameters, D, rm,
and σ, are given by eqs 3−5, respectively.17
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For electrostatic interaction, Coulomb potential was used.

U
q q

r4
i j
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Coulomb

0πε
=

(6)

where qi and qj are the electric charges of atoms i and j
obtained from the QM calculations. Rij is the distance between
the atoms i and j and ε0 is the electrical permittivity.

2.2. High-Level Ab Initio Calculations and FF Fitting.
We developed the parameters (D, rm, and α) by fitting the QM
results. Twenty binary clusters considered in this study are
listed in Table S1. Twenty-two like-pair interaction parameters
from the 20 binary clusters are listed in Table 1, thus 231 sets

of unlike-pair interaction parameters were obtained (see
Supporting Information Table S2). The QM-binding energies
of CH4−CH4, N2−N2, H2−H2, CO−CO, C2H2−C2H2,
C2H4−C2H4, O2−O2, and NH3−NH3 are calculated at the
CCSD(T) level,21,22 while MP223−27 was used for other binary
systems. Although the CCSD(T) method is more accurate
than the MP2 method for vdW interaction, clusters like
Al(OH)3(H2O)−Al(OH)3(H2O) are too expensive to be
calculated with the CCSD(T) method. Thus, we choose a

Table 1. Like-Pair Morse FF Parameters Developed from
the QM Data

atom type D (kcal/mol) rm (Å) α ref

H___b 0.0235 3.250 10.600 10
H_ 0.0478 2.800 11.000 17
C_1 0.0578 5.010 7.000 this work
C_2 0.0934 3.960 10.400 this work
C_3 0.0550 4.900 9.000 17
C_R 0.1139 3.990 11.400 17
N_1 0.0799 3.791 12.546 this work
N_2 0.1366 4.424 10.242 this work
N_3 0.1673 4.684 9.998 this work
N_R 0.2415 3.241 11.587 this work
O_1 0.1227 3.280 18.000 this work
O_2 0.1555 3.170 12.100 10
O_R 0.7177 2.090 19.800 17
O_3_z 0.1234 3.380 11.000 this work
Si3 0.2392 4.000 18.000 17
B_2 0.0978 3.840 14.500 17
Al3 0.0911 5.500 9.800 this work
Na 1.0916 3.300 7.100 this work
Mg3+2 0.6141 3.866 6.179 this work
Zn3+2 1.1418 3.893 10.644 this work
Co6+3 8.8863 2.735 8.885 this work
Ni4+2 7.1833 2.871 10.016 this work
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more economical MP2 method to calculate the binding
energies of larger clusters. A QZVPP basis set was used.28 All
binding energies in the binary systems were corrected using the
basis-set superposition error by the full counterpoise
procedure.29,30 The QM calculations were performed using
the Gaussian 09 code.31 In the fitting procedure, we bring the
DRS combination rules in the fitting. Thus, only the like-pair
parameters are fitted, while the unlike-pair parameters are
calculated with the DRS combination rules, which simplified
the parameterization greatly. The Gradient Descent method
was used to solve the fitting in a multidimensional space. The
compiled fitting codes and a simple example of CO can be
found in Supporting Information. The energy as a function of
distance from the QM calculation and FF fitting are given in
the Supporting Information. The root-mean-square deviation
(RMSD) of all fits at the minimum is 1.14 kJ/mol.
We selected 15 heterodimers that are important for the

description of interactions between porous frameworks and gas
molecules to test the accuracy of the unlike-pair parameters
(Table S1) directly calculated with combination rules. It
consists of 969 binding energies calculated at the MP2/
QZVPP level, which includes Co(OH)3(H2O)−(N2, CO2,
H2), Mg(OH)2(H2O)3−(CO, H2, CO2, N2), Zn-
(OH)2(H2O)2−(CO2, N2, H2), B3O3H3−(CO2, N2), and
C6H6−(CO2, H2). The information about the 969 structures
can be found in the Supporting Information. A linear
relationship between the QM and fitted FF energy is obtained
as given in Figure 1, with a correlation coefficient of 0.95. The

correlations between the QM energy and the energy calculated
with the FF parameters can reveal the quality of the obtained
unlike-pair parameters. It is further suggested that the DRS
combination rules could be credible to be used to generate
unlike-pair parameters.
2.3. Grand canonical Monte Carlo (GCMC) Procedure.

Grand canonical Monte Carlo (GCMC) method was used to
determine the gas storage capacity and the gas density at
different pressures. To ensure an accurate measurement of
molecular loading, we ran 10 000 000 equilibration steps in the
equilibrium stage and 10 000 000 Monte Carlo steps in the
production stage. These simulations used zeolites (FER and
LTA32), ZIFs (ZIF-833 and ZIF-934), MOFs (IRMOF-1,35

IRMOF-3,35 IRMOF-6,35 M-MOF-74 (M: Mg, Co, Ni, and
Zn)36−38), and COF-5.39 The influence of the framework
charge on the CO2 uptake cannot be ignored. For a reliable
simulation of the CO2 uptakes, atomic charges of CO2 were
determined by the Mulliken population using the HF density,
while those of the frameworks of COF-5 and LTA were

obtained by the Mulliken population from the DFT
calculations. The DFT calculations were performed by the
DMol3 package40−42 using a PBE (Perdew, Burke, and
Enzerhof) functional43 and a double-numeric quality basis
set with polarization functions (DND). The charges of M-
MOF-74 (M: Mg, Co, Ni, Zn) frameworks were referred from
Pham et al.44 The density of different gases at different
pressures was analyzed in a 10 × 10 × 10 Å3 box using the
sorption module of Cerius2 software.45

3. RESULTS AND DISCUSSION
3.1. Gas Density Simulation. To validate the parameters

developed by the new combination rules, we first compared the
predicted gases density with the experimental data from the
National Institute of Standards and Technology. The predicted
densities of C2H4 and CO2 are shown in Figure 2b,d together
with the energy curves as a function of distance (Figure 2a,c).
Here, we used the Mulliken atomic charges for the electrostatic
potential that were derived from the QM calculations. The
atomic charges for C_2 and H_ in C2H4 are −0.2028 and
0.1014, respectively, while those for C_1 and O_2 in CO2 are
0.572 and −0.286, respectively. At the minimum, the fitting
percentage error is 1.1% (QM: −5.48 kJ/mol, FF: −5.54 kJ/
mol) for C2H4 and 19.2% (QM: −4.24 kJ/mol, FF: −3.43 kJ/
mol) for CO2. The FF parameters reproduce reasonably well
the QM binding energies for C2H4. The percentage error for
the CO2 energy curve at the minimum is somewhat large as
shown in the inset in Figure 2c, but it is acceptable to take into
account that three configurations are used in the fitting. Root-
mean-square deviation (RMSD) of the attractive points for
C2H4−C2H4, CO2−CO2, and other 12 like-pair systems are
listed in Table S3. Most of the RMSD are below 1 kJ/mol
(0.19−0.88 kJ/mol). The max RMSD was found in the fitting
of C3NH5−C3NH5 (2.03 kJ/mol), but this deviation is not
significant considering that the most stable interaction is 12.38
kJ/mol. Our new FF parameters (Tables 1 and S2) reproduce
well these repulsive and attractive binding energies as shown in
Table S3, Figures 2a,c, and S1−S12. In Figure 2b, the C2H4
density was simulated from 1 to 100 bar. The predicted C2H4
density using the new vdW parameters at 100 bar is 332.94 kg/
m3, which is well in agreement with the value of 330.63
referenced from the NIST. However, the predicted C2H4
density both by UFF and Dreiding significantly deviates from
the experimental values (512 kg/m3 for UFF and 85 kg/m3 for
Dreiding). In Figure 2d, we simulated the CO2 density at 298
K. As CO2 undergoes a phase transformation above 70 bar, the
simulation was conducted from 1 to 60 bar. The relative errors
of the simulated density with UFF and Dreiding FFs are 50
and 36%, while that with vdW FF is 5%, when the pressure
reaches the phase transformation point. Compared with UFF
and Dreiding FFs, the vdW FFs are more reliable for predicting
the gas density.

3.2. Gas Uptakes in Porous Materials. To validate the
reliability of the FF parameters, we further conducted GCMC
simulations for various kinds of porous materials including
zeolites, MOFs, COFs, and ZIFs. We compared the simulated
gas uptakes in these porous materials with the experimental
values.
Figure 3a,b shows excess CH4 adsorption isotherms in FER

and IRMOF-6. The predicted excess uptake in FER of 13.49
mg/g at 0.9 bar and 309 K is very close to the experimental
result of 13.76 mg/g at 0.9185 bar and 309 K (Figure 3a).46

The UFF and Dreiding apparently overestimated the

Figure 1. Correlations between the QM energy and FF energy for the
vdW interactions between heterodimers.
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adsorption value; besides, the adsorption trend was not right.
In Figure 3b, the methane sorption isotherm of IRMOF-6 was
simulated in the pressure range 0.1−50.0 bar and temperature
298 K. The predicted excess methane uptake in IRMOF-6 is
226.8 cm3 (standard temperature and pressure STP)/g (151.2
mg/g) at 40 bar, in excellent agreement with the experimental
value of 240 cm3(STP)/g (171 mg/g) at 298 K and 36.5 bar.35

The excess uptakes calculated using UFF are 435.2 and 156.3
cm3(STP)/g for IRMOF-6 at 40 bar and 298 K, which lead to
serious discrepancies. Dreiding underestimated the CH4

uptake in IRMOF-6. The CH4 uptakes in COFs (COF-5,

COF-10, COF-12, and COF-13) was conducted in our prior
work, which also showed great agreement with the
experimental values.17 The simulated results suggest that our
FF parameters developed using the new combination rules
provide a good estimation of the methane uptakes in different
porous materials.
We have computed the adsorption isotherms for H2 in

MOFs and ZIFs and compared the simulation data with the
experimental results shown in Figure 3. In the case of IRMOFs,
we see from Figure 3c,d that the simulations using the vdW
force field agree very well with the experimental data. The

Figure 2. Comparison of the fitted FF (FF) energies with QM results: (a) C2H4−C2H4 and (c) CO2−CO2. Density calculated by a combination of
GCMC simulations and the developed FF parameters: (b) C2H4−C2H4 and (d) CO2−CO2. Here, C atoms are brown, O red, and H white. The
insets show the accuracy in fitting to the equilibrium distance.

Figure 3. Predicted (symbols) and experimental (dashed lines) excess uptake isotherms.
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simulated maximum excess of IRMOF-1 is 5.40 wt % at 40.0
bar, which is very close to the experimental value of 5.93 wt %
at 40.1 bar.47 The simulated maximum excess of IRMOF-3 of
5.22 wt % at 40.0 bar is also in excellent agreement with the
experimental value of 5.02 wt % at 40.7 bar.47 The predicted
results using UFF are twice as high as the experimental values,
while the simulated values of Dreiding are a bit under-
estimated. In Figure 3e, we compare the predicted excess H2
uptake in ZIF-9(Co) with the experimental. The vdW FFs
somewhat overestimate the H2 uptakes at lower pressure, but
fit very well with the experiment values when the pressure
increased. The experimental hydrogen uptake for ZIF-9 at 38.6
bar is 1.37 wt %.47 The simulated hydrogen uptake with vdW
FF for ZIF-9 at 40.0 bar is 1.47 wt %. The two values are very
close. Because there is no Co, Mg, and Ni element in the
Dreiding FF, Figure 3e−g only compares the vdW FF with
UFF. The UFF result at 40.0 bar is 2.06 wt % for ZIF-9, which
is an obvious overestimation of the hydrogen adsorption
capability of ZIF-9. We compared the predicted excess H2
uptake in ZIF-8(Zn) with the experimental values in Figure
S13.47 The uptake of H2 is underestimated in ZIF-8 whether
using vdW or Dreiding FF. However, the predicted pressure
(30.0 bar) corresponding to the maximum excess uptake is
very close to the experimental value (32.2 bar). Both FFs
reproduce the corrected adsorption trends of H2 in ZIF-8. In
general, the adsorption capacity of H2 simulated by UFF is
obviously higher than the experimental value, which is almost
twice the experimental value. In addition, the predicted
maximum excess uptake pressure is systematically lower than
the experimental result. Explicitly, the simulated and
experimental maximum excess uptake and the corresponding
pressure for each material are listed in Table 2.
Figure 3f,g compares the predicted excess N2 adsorption

isotherms for Ni-MOF-74 and Mg-MOF-74 with the
experimental results.2 In Figure 3g, the simulated N2 uptakes
in Mg-MOF-74 with vdW FF are clearly closer to the
experiment values than to the UFF FF. Although the predicted
N2 adsorption isotherms in Ni-MOF-74 are somewhat higher
than the experiment values for both FFs, the vdW FF
reproduces the experimental value better than UFF does. In
Figure 3i, we compare the theoretical simulation of the CO2
adsorption capacity in the silicon−aluminum zeolite LTA
(contain Na+) with the experimental data.48 The predicted
results show that the uptakes simulated using UFF, Dreiding,

and vdW FF are very similar. However our vdW FF reproduces
the experimental changing trend better than the others.
Similarly, Figure 3h shows that the vdW FF also reproduced
the excess CO2 adsorption isotherm for COF-5 better than
UFF and Dreiding FF did compared with the experimental
results.49

We found that the newly developed vdW FF parameters
with the DRS combination rules yielded the best overall
agreement with the experimental gas densities and adsorption
isothermals, particularly at higher pressures. The deviation
between the experimental and computed gas densities with
generic FFs UFF and Dreiding starts small and increases with
increasing pressures, as seen in Figure 2b,d. One possible
explanation could be that the accuracy of the parameters of the
generic FFs is not always satisfactory for porous materials. In
addition, the L-J 12-6 form used in the generic FFs is too stiff
to describe the repulsion region of vdW interactions. Although
it is generally considered that the conformations near the
potential well are more important, the repulsive interaction will
play an important role in the simulations of gas densities and
uptakes when the pressure increases. Another, perhaps more
important, reason is that the Lorentz−Berthelot (LB)
combination rules used in the generic FFs may not be reliably
suited for gas adsorption simulation. Although the LB
combination rules used in the UFF and Dreiding FFs are by
far the oldest and most common approach, there are works
that reported that it led to inaccurate mixture properties for
some systems.50−52 Additional evidence also can be found in
our previous work.16 The deviations between the predicted
and experimental gas densities using the UFF and Dreiding
FFs are not significant when used in the simulation of the gas
densities of molecules like N2, O2, and H2 (except for the H2
density simulated using UFF), which only contain like-pair
parameters but significant when used in the systems (CH4,
C2H4, and CO2), which contain unlike-pair parameters
calculated with the LB rules.

3.3. Isosteric Heat of Adsorption. The heat of
adsorption (Qst) is one of the most important surface
characteristics used to evaluate the adsorption performance
of porous materials and can be calculated from the ensemble
average of the energy/particle fluctuations in GCMC
simulations. As the third test of our force field, we computed
the low-coverage CO2 Qst (a loading smaller than 0.01 of CO2
per M2+) and compared it with the experimental and simulated

Table 2. Maximum Excess Uptakes and Pressure of Materials

pressure (bar) maximum excess uptakes (wt %)

material name exp. vdW Dreiding UFF exp. vdW Dreiding UFF

IRMOF-1 40.1 40.0 40.0 40.0 5.93 5.40 4.20 12.76
IRMOF-3 40.7 40.0 40.0 40.0 5.02 5.22 3.56 11.07
ZIF-8 32.2 30.0 30.0 30.0 3.46 2.99 2.47 5.77
ZIF-9 38.6 40.0 40.0 1.37 1.47 2.06

Table 3. Simulated and Experimental Heats of Adsorption (in kJ/mol)

calcd

porous materials gas exp. vdW UFF others

Mg-MOF-74 CO2 39,53 47,54 42,55 4456 39.0 32.6 41,56 3857

N2 18,54 2157 15.7 13.5 2557

Co-MOF-74 CO2 34,56 3754 35.7 29.2 3456

Ni-MOF-74 CO2 39,56 4154 35.4 32.3 3756

Zn-MOF-74 CO2 2756 25.4 25.6 30,56 3258
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values of other authors (Table 3).53−58 Qst determines the
interactions between gas molecules and framework. Four
isoreticular M-MOF-74 analogues were used here for which
there is a huge amount of existing computational data. In Mg-
MOF-74, the measured Qst of CO2 shows that it has a wide
range from 39 to 47 kJ/mol.53−56 The calculated values using
vdW force field is 39.0 kJ/mol, which is in agreement with the
simulated data of both Queen et al.56 (41 kJ/mol) and
Valenzano et al.57 (38 kJ/mol) and within the experimental
range. In Co-MOF-74, the Qst of CO2 calculated using vdW FF
is also within a tolerable range compared to the measured and
simulated values.54,56 These results indicates that vdW FF gives
the correct description of the interaction between CO2 and the
open metal atoms in Mg-MOF-74 and Co-MOF-74. For the
Qst of N2 in Mg-MOF-74 and CO2 in Ni-MOF-74 and Zn-
MOF-74, the obtained vdW values (15.7, 35.4, and 25.1 kJ/
mol, respectively) are slightly smaller than the experimental
and simulated values.54−58 As shown in Table 3, the vdW FF
calculations significantly improve the accuracy of these Qst
calculations over the UFF FF predictions compared with the
experimental and simulated Qst of other authors.
3.4. Adsorption Behavior. To explore the adsorption

behavior of H2 in IRMOF-1 and IRMOF-3, the average density
obtained from the GCMC simulations was used, as shown in
Figure 4a−h. The dot output field represents a density
distribution of H2 molecules in the lattice framework. As
shown in Figure 4, the average densities are small at low
pressure and increase with rising pressure. At low pressure
(Figure 4a,e), hydrogen molecules tend to accumulate in the
open metal sites. With the increase of pressure, a small amount
of hydrogen molecules accumulate around the benzene and

amino groups. The simulation results show that hydrogen
molecules have a strong interaction with open metal (Zn) but
a relatively weak interaction with benzene and amine. We
combine the energy and density distribution information by
creating a surface of constant density (isovalue = 0.01) and
colored it by potential energy. In Figure 5a−h, blue area has
lower energy and red has higher energy. The red region
demonstrates that the open metal sites are favorable binding
sites in the two IRMOFs, which is consistent with the results
from the density field analysis in Figure 4. A comparison of the
hydrogen adsorption behaviors in IRMOF-1 and IRMOF-3
shows that the amino group is in the favor of H2 adsorption.

4. CONCLUSIONS

In summary, we proposed the DRS combination rules for
Morse potential in our prior work and tested the reliability by
predicting the second virial coefficients of gaseous mixtures.
Test results showed that the DRS rules work very well for all
the considered mixed binaries without any single serious failure
case. We further used the DRS combination rules in deriving
the vdW FF parameters and simulate the adsorption isotherms
of CH4 in COFs. The overall agreement was good, which
supports further applications of this new set of combination
rules in more realistic simulation systems. Therefore, we
extended our previous efforts of deriving vdW FFs parameters
for adsorption of gases from high-level ab initio calculations in
porous materials. Using the derived FF, we simulated the
densities of gases and their uptakes in COFs, MOFs, ZIFs, and
zeolite using the GCMC method. The simulation results are in
good agreement with the experimental results, which supports

Figure 4. Simulated average density (g/cm3) colored by field for H2 in (a)−(d) IRMOF-1 and (e)−(h) IRMOF-3.

Figure 5. Isodensity surface colored by potential energy for H2 in (a)−(d) IRMOF-1 and (e)−(h) IRMOF-3.
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the further use of vdW FF and the DRS combination rules in
gas adsorption simulations.
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