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We use the modelled adsorbate (methane) and adsorbent (carbon nanotube) to explore the choice of site-to-site force fields
in order to bridge the gap between first-principles calculation and grand canonical Monte Carlo. By using the mature
classical Lennard-Jones potential-based results as benchmark, it is found if the first-principles calculation is performed at the
higher MP2/6-311G#*:* level, Morse potential model should be adopted to achieve the force field parameters. It is expected
that this work provides useful information for the building of the multiscale simulation method and the selection of accurate

force field models.

Keywords: first-principles calculations; grand canonical Monte Carlo simulation; Morse function; multiscale simulation

approach; carbon nanotubes

1. Introduction

Due to the fast development of nanostructure materials,
the properties of these materials need better understanding
in a wide range of length and timescales [1]. Thus, a
systematic approach is required to develop new materials
[2]. Recently, the multiscale theoretical approach, which
combines the first-principles calculations and the grand
canonical Monte Carlo (GCMC) simulations, has been
widely used to investigate gas adsorption (such as H,,
CH,) in different porous materials, including silicon
nanotube [3,4], Li;»SigoHgo fullerene composite [5],
silicon carbide nanotube [6], boron nitride nanotube [7],
carbon nanoscroll [8], covalent organic frameworks
(COFs) [9-11], metal-organic frameworks (MOFs)
[12—15] and pillared graphene [16]. In this multiscale
theoretical method, the first-principles calculations were
performed not only to obtain the binding energy between
gas and the materials, but also to explore gas adsorption
sites. By inputting the first-principles calculations into
GCMC simulations, we can obtain the gas uptakes of these
materials of interest under different thermodynamic
conditions. In previous publications, although all investi-
gators used the first-principles calculation to obtain the
binding energy, the choice of different methods and basis
sets would lead to the diversity of the calculated results.
In general, the second-order Mgller—Plesset (MP2)
perturbation theory, a kind of wave function-based
method, is usually deemed to be the high-level approach,
and could yield the more reliable results for the weak
interactions. The good agreement of experiment and

simulation indicated that the MP2 method with the cc-
PVTZ basis set used by Xiang et al. [15] does yield the
reliable binding interaction between H, and the MOF.
However, the MP2 method needs much more compu-
tational consumption and cannot be applied for the large
systems. As a result, an alternative less computational cost
method, i.e. density functional theory (DFT) method,
which does not consider the dispersion forces, was also
used extensively. Among these DFT methodologies
(including PW91, B3LYP and PBE) used in previous
work, the PBE functional with the TVZPP basis set could
give a similar result with the MP2 method [9,12—14]. The
basis set superposition error (BSSE) is critically important
to describe the non-bonding interactions [12] in the MP2
method, but is an unnecessary setting in the methods of
PWO1 and B3LYP [3,6,7]. Besides the methods of the
first-principles calculations, the fitting of force field is also
very important for the investigation of gas storage by the
GCMC simulations.

In some cases, it is difficult to exactly reproduce the
experimental results by computer simulations, due to the
difference of the experimental sample and simulation
assumption. Therefore, there are uninterrupted dissensions
for the first-principles calculations and the force field
fitting method, because the different basis sets and force
field models will yield obviously different results.
Accordingly, how to choose the basis sets and force field
models is the key to efficiently apply the multiscale
simulation method to the investigations of gas adsorption.
The choice of the basis sets determines the accuracy of the
binding energy between gas and host materials, while the
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force field model is the bridge between the first-principles
calculation and GCMC simulation.

In this work, we intend to explore the two issues of
how to select the basis sets and force field model. Since
methane is a non-polar molecule and it can be represented
by classical potential efficiently, which can act as the
benchmark to calibrate the results of the multiscale
simulations, we selected methane as a model adsorbate. In
addition, due to the simplicity and wide application of
carbon nanotube (CNT), we choose the single-walled
carbon nanotube (SWNT) as a model adsorbent. We obtain
the potential energy surface of CH, on the SWNTSs using
the first-principles calculations. Then, the results are used
to fit the Morse potential and Lennard-Jones (LJ) potential
in order to describe the site-to-site interaction between
methane and SWNTs. Furthermore, the results of classical
LJ (CLJ) potential with the parameter from united atoms
are regarded as the benchmark to evaluate the selections of
the first-principles calculations methods and the force field
models.

2. Computational method

In this work, we considered the CH4 and (14,14) CNT
system, where the diameter of the (14,14) CNT is 1.9 nm.
For reducing computational consumption, the cluster
model method, i.e. a curved graphite sheet taken from the
(14,14) SWNT, was used in the first-principles calculation.
The first-principles calculations, containing PW91
exchange-correlation functionals based on the generalised
gradient approximation and MP2 methods, were per-
formed by the Gaussian 03 program package [17]. Figure 1
shows a schematic diagram of the cluster model used in the
first-principles calculation for the (14,14) SWNT. This
model contains 24 framework carbon atoms, and all the
terminals are saturated with H atoms. There are three
typical adsorption sites on nanotube surfaces: on-top,
bridge and hollow. Our configuration optimisation results
showed that, among different adsorption orientations,
methane adsorbed on the hollow sites with a C—H bond

vertical to the tube surface and other C—H bonds placed
geometrical symmetry, is the most favourable adsorption
mode for both inside and outside the SWNT. The
optimised structures are also presented in Figure 1.

Figure 2 shows the potential energy curves of CHy
interaction with the (14,14) CNT at three different
adsorption sites with the basis sets MP2/6-311G#x*
considering the BSSE. The interactions in hollow sites
are stronger than top sites and bridge sites, which also
prove that the hollow sites are the favourable adsorption
sites. The binding energy is 1.937 kcal/mol outside the
tube and 2.685 kcal/mol within the tube for the hollow site.
With the potential energy curves, we could gain the exact
adsorption position and binding energy.

In the first-principles calculation, different methods
can yield different binding energies [18—20] for the
methane adsorption on the CNTs. Moreover, by the same
method, the different basis sets also produce the different
results [20]. For appropriately selecting the basis set, we
calculated the binding energy by the CLJ potential in the
optimisation binding site, where the distance from the
centre of hexahydric ring and the carbon atom of CHy, is
3.6A. The CLJ potential  parameters were
er/kg = 148.1 K (with kg Boltzmann’s constant) and
o =0.381nm for methane interactions, and
eo/kg = 28.0K and o, = 0.34 nm for carbon interactions
[21], respectively. The parameters for the methane and
carbon atom interactions, obtained from the Lorentz—
Berthelot mixing rules, [22] are 62.2K and 0.361 nm,
respectively. Based on the CLJ potential, the calculated
binding energy is 1.69 kcal/mol when methane is out of the
(14,14) SWNT.

Table 1 shows the binding energies of CH, outside
the (14,14) SWNT with PW91 and MP2 methods at
the distance of 3.6 A from the nanotube surface to the
molecule. However, what we should mention is that the
equilibrium distances are different at different quantum
calculation levels, and also different with and without
BSSE corrections. Here, we used different methods and

Figure 1. Cluster model (hollow site) representing the (14, 14) CNT with the optimised structures: (a) top view and (b) side view.
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Figure 2. Potential energy curves of CH, adsorption in three
sites of the tube wall of the (14,14) CNT: H, hollow; T, top and B,
bridge.

basis sets at the optimisation-binding site to make a proper
selection. For the PW91 exchange-correlation functional,
the results are shown in Table 1(a) using a pair of basis
sets. The CH,4 molecule and its nearest six carbon atoms
are treated by different large basis sets (6-311G*,
6-311G**, 6-311 4+ G* and 6-311 + Gs:*), whereas the
other atoms are treated by the commonly used small basis
set 3-21G. It is found that the binding energy increases
with the addition of the polarisation and diffusion
functions in the basis sets. If one only adds the polarisation
functions for atoms, the calculation-binding energies are
almost the same, such as the 6-311G#* (0.999 kcal/mol) and
6-311G#** (1.027 kcal/mol) basis sets, as well as the
6-311 + G*  (2.295kcal/mol) and 6-311 + G*:x*
(2.299 kcal/mol) basis sets. Apparently, addition of the
diffusion functions shows significant effect. Compared to
1.69 kcal/mol, the PW91 method with the four pairs
of basis set could not give satisfactory results. If the
BSSEs are considered, the binding energy exhibits an
obvious decrease, about 20% of the no-BSSE results,
which suggests that it is not necessary for the PWO91
method to consider the BSSE. As the PWO91 under-
estimates the dispersion forces in molecules, the basis

Molecular Simulation 1159

sets plus the diffusion functions could be the compara-
tively reasonable choice. For using only one basis set,
shown in Table 1(b), the results from MP2 method are
larger than the PW91 method based on the same basis set.
By considering the BSSE, the MP2 method gives two
acceptable results based on the 6-311G* (1.589 kcal/mol)
and 6-311G#** (1.859 kcal/mol) basis sets, compared to
the CLJ result. So, it is relatively suitable to employ the
PWI1 method with the 6-311 + G** basis set and
the MP2 method with the 6-311G* and 6-311G#** basis
sets in the first-principles calculations to describe our
system.

In Figure 3, we present the comparison of potential
energy curves of CH, adsorption in hollow sites for CLJ,
PW91 methods without BSSE, and MP2 methods with
BSSE. The results of the PW91 method show the same
binding site as the CLJ out of the tube, where the distance
from the centre of hexahydric ring and the carbon atom of
CH, is 3.6 A. However, the binding energy of the PW91
method (2.30 kcal/mol) is bigger than the CLJ (1.69 kcal/
mol). Within the tube, the similar situation can be
observed. The binding energy from the PW91 method is
3.22kcal/mol, also bigger than the CLJ (2.09 kcal/mol).
The binding sites in the MP2 methods exhibit a slight
change nearer to the tube than the PW91 method. The
binding energies based on 6-311G* and 6-311G#** basis
sets, are 1.61 kcal/mol (3.50 A) and 1.94 kcal/mol (3.45 A)
out of the tube, respectively, while within the tube, they
are 2.27kcal/mol (3.45A) and 2.68kcal/mol (3.40 A).
Apparently, the PW91 method is not good to describe the
cases studied here. In fact, the long-range van der Waals
(vdW) interactions between methane and CNTs play an
important role in this work, while the DFT cannot describe
the long-range electron correlations that are responsible
for vdW dispersion forces. However, quantum chemistry
techniques (MP2) can describe this long-range correlation
effect. This may be the main reason for the difference
using MP2 and PW91 methods. In addition, it is found
from Figure 3 that the binding energies inside the tube are
larger than the outside.

To feasibly bridge the gap between the first-principles
calculation and the GCMC simulation, we used LJ and

Table 1. Binding energy (kcal/mol) of CH,4 outside the (14, 14) SWNT; results obtained from different basis sets: (a) the PW91 methods

and (b) the PW91 and MP2 methods.

PWO1 PWO1 MP2

(a) E E-BSSE b) E E-BSSE E E-BSSE
- - - 6-31G* 0.829 0.069 2.087 1.032
6-311G* 0.999 0.276 6-311G* 0.648 0.296 2.547 1.589
6-311G#** 1.027 0.283 6-311G** 0.671 0.309 2.826 1.859
6-311 + G* 2.295 0.456 6-311 + G* 1.036 0.309 5211 1.944
6-311 + G 2.299 0.470 6-311 + G 0.936 0.346 4.998 2.190

Note: E-BSSE means the binding energies are counterpoise corrected by BSSE. The values presented are in kcal/mol.
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Figure 3. Comparisons of potential energy curves of CHy
adsorption in hollow sites: (a) PW91 method and CLJ and
(b) MP2 methods and CLJ. PW91 means a pair of basis sets: 3-
21G and 6-311 + G#**, MP2_a means the MP2/6-311G* basis set
and MP2_b means the MP2/6-311G: basis set.

Morse potential functions to describe the interaction
between the fluid molecule and the nanotube. The first-
principles calculation results of CH, with SWNTs were,
respectively, fitted to a LJ potential and a Morse potential
by the site-to-site methods. In most research of newly
emerging materials, like COFs and MOFs, the site-to-site
method is necessary to represent the interactions between
gas and different type atoms in the material. In our
previous publications, [9—11], we investigated hydrogen
storage in Li-doped COFs using multiscale approach, in
which the first-principles calculation results have been
successfully fitted into the Morse function via the site-to-
site. method, and then the input GCMC simulation for
evaluating adsorption of hydrogen in Li-doped COFs.
Therefore, here we mainly investigate which potential
model is more reasonable in the site-to-site fitting method.
In the LJ and Morse potential functions, methane molecule
is treated as a pseudoatom with the centre of mass on the
site of carbon atom, due to its non-polar spherical
structure. For clear presentation, the Morse potential is
given as follows:

Ui =2D[x> — 2x], x=exp <—;/<r> - 1), )

i
e

where r; is the interaction distance in A. D, yand r, denote
the well depth, the stiffness (force constant) and the
equilibrium bond distance, respectively.

To explore the effects of potential models (i.e. LJ and
Morse potentials) on adsorption of gas, the simulations of
methane adsorption in SWNT bundles at room tempera-
ture were performed using the GCMC method. In the
GCMC simulation, the temperature, the chemical potential
and the volume are specified. The LJ and Morse potentials
were used in the GCMC simulations for comparison.
SWNT bundles were arranged in a diamond array, with the
8A spacing between the tube walls of the neighbouring
tubes [22]. The periodic boundary conditions were applied
in the three dimensions. The cut-off radius was five times
the collision diameter. An initial configuration was
generated randomly before the GCMC simulation. For
each state point, the GCMC simulation consisted of
1 X 10 steps to guarantee equilibration, and the following
1 x 107 steps were used to sample the adsorption amount.

3. Results and discussion

We used GCMC simulation to evaluate the adsorption of
methane in the (14,14) CNT arrays at 7 = 298 K. By fitting
the first-principles calculation results to potential models, the
potential parameters obtained from site-to-site methods,
were put into the GCMC simulation to represent the
interaction between the methane and the carbon atoms or the
tube surface. The excess gravimetric and volumetric adsorp-
tion capacities were calculated. All the adsorption data were
compared with the results based on the CLJ potential, where
the CLJ potential used in the GCMC simulation, is also the
site-to-site method. The calculated maximal excess adsorp-
tion capacity is 168 g CHy/kg C and 169 v/v at P = 6 MPa.
Our calculation result is comparable to the one of 160 v/v at
3.5 MPa and 303 K reported by Kaneko and co-workers [23].
Considering the difference of the conditions and methods, it
is believed that the CLJ-based GCMC data are reasonable,
and could be used as the benchmark to calibrate our fitted
force fields-based GCMC results.

In this section, we mainly compare the results from the
CLJ and the ones fitted by the site-to-site method. Figure 4
shows the methane excess adsorption capacity at
T=1298K and P = 1-8 MPa, where the binding energy
is taken from the first-principles calculations at the MP2/6-
311G#* level. The Morse-fitting and LJ-fitting indicate that
the potential energy curves of the first-principles
calculations were fitted into the Morse and LJ models,
and the obtained parameters subsequently acted as input of
the GCMC simulations. It can be found from Figure 4 that
the methane uptakes obtained by LJ-fitting method are in
excellent agreement with the CLIJ results, while the
uptakes obtained by Morse-fitting method are significantly
smaller than the CLJ results. In particular, at P = 6 MPa,
the excess gravimetric and volumetric uptakes from
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Figure 4. Methane excess adsorption capacity at 7= 298 K,
where force fields are from the MP2/6-311G* method.

LJ-fitting method are 159 g CHy/kg C and 160 v/v, which
are close to 168 g CHy/kg C and 169 v/v from the CLJ
potential, while the ones from Morse-fitting method are
115 g CHy/kg C and 116 v/v, respectively. Obviously, if the
MP2/6-311G* method is used in the first-principles
calculations, we should use the site-to-site LJ-fitting to
obtain the force field parameters.

Figure 5(a) shows the force fields from the LJ-fitting
and Morse-fitting by the site-to-site method and the first-
principles calculation results at the level of MP2/6-311G*.
The equilibrium tube-molecule distance is 3.5 and 3.45 A
based on the MP2/6-311G* level, respectively, outside and
inside of the (14,14) CNT. At this binding site, the force
fields, both from LJ-fitting and Morse-fitting, are in
excellent agreement with the first-principles calculation
results. However, when CH,4 molecule departs from this
equilibrium site, both of the force fields give a slight
deviation from the first-principles calculation results.
Apparently, it can be observed from Figure 5(a) that the
width of the LJ potential is larger than the Morse potential,
which may be the reason for the difference of the two force
field-based GCMC results.

Figure 6 shows the methane excess adsorption capacity
at T = 298 K, where binding energy is taken from the first-
principles calculations at the MP2/6-311G#*3* level. In this
case, the adsorption isotherm of methane obtained by
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Figure 5. Force fields from the LJ-fitting and Morse-fitting by
site-to-site method: (a) at the level of MP2/6-311G#* and (b) at the
level of MP2/6-311Gs3: out (outside) and in (inside).

Morse-fitting method is slightly smaller than the CLJ
results, and in basic agreement with the CLJ one, while the
isotherm obtained by LJ-fitting method is significantly
larger than the CLJ result. In particular, at P = 6 MPa, the
excess gravimetric and volumetric uptakes from Morse-
fitting method are 159 g CHy/kg C and 159 v/v, which are
close to 168g CHy/kg C and 169 v/v from the CLJ
potential, while the ones from LIJ-fitting method are 197 g
CHy/kg C and 199 v/v, respectively. Compared to the
MP2/6-311G* method, if the MP2/6-311G** method is
used in the first-principles calculations, we should use the
site-to-site Morse-fitting to obtain the force field
parameters. Actually, it coincides with our previous results
that the site-to-site Morse-fitting produces the accurate
adsorption isotherms of hydrogen in Li-doped COFs [11].
If the site-to-site LJ-fitting method is used, the adsorption
of gas would be overestimated significantly.

Figure 5(b) shows the force fields from the LJ-fitting
and Morse-fitting by the site-to-site method and the first-
principles calculation results at the level of MP2/6-
311G**. Compared to the MP2/6-311G* level, the
equilibrium tube-molecule distance changes to 3.45 and
3.4 A based on the MP2/6-311G#** level, respectively,
outside and inside of the (14,14) CNT. Basically, the LIJ-
fitting and Morse-fitting force fields are in good agreement
with the first-principles calculation results. However,
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Figure 6. Methane excess adsorption capacity at 7= 298 K,
where force fields are from the MP2/6-311G:** method.

apparently, Morse force field reflects the first-principles
calculations more accurately, compared to the LJ-fitting
force field.

Table 2 lists the parameters of the site-to-site LI-fitting
and Morse-fitting at MP2/6-311G* and MP2/6-311G#*x*
levels and the PW91 method. At the same MP2 level, the
parameters € and D have almost the same value in the
LJ-fitting and Morse-fitting. The main difference is from
the binding site, which is consistent with the observation
from Figure 5. For the PW91 method, due to the bigger
parameters, the binding energy is 2.30 kcal/mol outside the

Table 2. Parameters of the LJ potential and Morse potential fit
by site-to-site from the results of MP2 and PW91 method.

L] Morse

e a D fe
(kcal/mol)  (A)  (kcal/mol) 3 (A)

MP2/6-311G*
Out 0.126 3.508 0.125 11.024  4.012
In 0.145 3.467 0.144 11.248  3.946
MP2/6-311G#*
Out 0.153 3.452 0.154 11.068  3.948

In 0.176 3.405 0.174 11.268  3.888
PWI1

Out 0.172 3.667 0.159 10.009  4.202

In 0.202 3.542 0.182 9.664  4.092
CLJ 0.128 3.605

tube and 3.22 kcal/mol in the tube, which are 1.5 times
larger than the CLJ results. Therefore, we believe that the
PWO91 method is not suitable for using in GCMC to
investigate gas adsorption. Actually, if we adopt the
PWO91-based results to perform the site-to-site Morse-
fitting and LJ-fitting to obtain the force field parameters, an
absolutely overestimated uptake would be achieved, where
the maximal excess gravimetric capacities reach 231.72 g
CHy/kg C for the Morse-fitting and 257.65 g CHy/kg C for
the LJ-fitting, which are unacceptable, because they are
extremely larger than the CLJ result (168 g CHy/kg C).

4. Conclusions

Owing to the diversity of atom types of novel materials,
like COF and MOF, the site-to-site force field is
commonly used to calculate the interaction between
adsorbate and adsorbent. Here, by using methane and
SWNT as adsorbate and adsorbent models, we investigate
how to choose the force fields to bridge the gap between
the first-principles calculations and the GCMC simulation.
The PWO91 and MP2 methods were applied to calculate the
binding energy curves. By using the mature CLJ potential-
based results as benchmark, it is found if the first-
principles calculation is performed at the MP2/6-311G*
level to obtain the binding energy, the LJ model should be
adopted to get the force field parameters, while if the first-
principles calculation is performed at the higher MP2/6-
311G#** level, Morse model should be adopted to achieve
the force field parameters. It is expected that this work
provides useful information for the building of the
multiscale simulation method and the selection of accurate
force field models.
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