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Abstract

Density functional theory (DFT) calculations were used to examine the binding strength of one and two methane molecule(s)
with graphene (62 and 186 carbon atoms) and model systems of aromatic hydrocarbons (benzene, pyrene, and coronene). We
explored different possibilities of binding modes of methane such as one, two, and three C-H interacting with small 7t-systems.
Two methane molecules were considered to bind from the same as well as opposite sides of the plane of benzene and other 7t-
systems including graphene models. Our results show that methane molecule prefers to bind with three C-H 7t interactions with
all the 7t-systems except benzene. The preference of tripod configuration of methane on the surface of graphene systems strongly
agrees with the neutron diffraction experiment of methane on graphitized carbon black. The binding strength is almost doubled
by increasing the number of methane molecules from one to two. Importantly, two methane molecules prefer to bind on the same
side rather than opposite sides of the plane of graphene due to stabilizing CH"HC interactions between them in addition to six C-
H 7t interactions. Interestingly, binding strength contributions from CH ~HC interactions (approx. 0.4-0.5 kcal/mol) of two
methane molecules on the surface are analogous to methane dimer complex free from the surface of graphene. C-H stretching
frequency shifts, bond lengths, and binding distances support the presence of CH "HC interactions between two methane
molecules. Structures of complexes, binding energies, and C-H stretching frequency shifts agree with available experimental
data.

Keywords Density functional theory - HOMO-LUMO energy gap - Graphene - Methane storage - Molecular sensors - CH 7t
interactions - CH "HC interactions

Introduction

Growing demand of natural gas resources has led to interests
in unconventional gas sources such as shale, tight gas, and
methane hydrates [1-5]. Methane (CHy) is a high-energy mol-
ecule with the highest hydrogen to carbon ratio compared to
other hydrocarbons. Thus, it is a low-pollution energy source
[6-8]. Methane is the primary source of natural gases, biogas,
and landfill gas [9-12]. When technical difficulties of
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accessing methane from methane hydrates are addressed,
there will be enormous potential for CH,4 reserves around the
world [5]. Exploration of different materials is crucial to iden-
tify light-weight, efficient, cost-effective, safe, and high sur-
face area materials for methane storage. Recently, adsorption
of natural gas including methane on the graphene sheets have
been studied experimentally [13, 14]. Graphene oxide was
reported as an optimal candidate for methane storage [15].
Mahmoudian et al. proposed a new and economical synthetic
pathway for the mass production of graphene of ~3000 m*/g
specific surface area that will be suitable to achieve desirable
efficacy in methane uptake/storage [16].

Release of methane into the environment accelerates global
warming because it is a potent heat trap and its impact on
climate change can be greater than carbon dioxide [6, 9].
Owing to the danger from possible leakages of methane, the
development of reliable and low-cost methane sensors is im-
portant [9, 17, 18]. Some progress has been made over the
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years in methane sensor development. However, current
methane sensors are bulky, expensive, and require too many
variables or prone to contamination. Computational study of
Yang et al. revealed that stacked graphene sheets substantially
increase adsorption strength with methane molecule implying
improved sensor performance [19]. Graphene-based materials
produced by surface modification (doping or
functionalization) are useful for gas sorption, storage, and
separation [20-23]. It should be highlighted that graphene-
based materials are expected to be suitable for sensors due to
light-weight and tunability [24, 25]. Nitrogen-doped graphene
systems have showed the potential to serve as sensors [26].
Wau et al. produced methane sensors that work at room tem-
perature by using graphene nanosheets/polyaniline compos-
ites [27].

A thorough understanding of structural and electronic
properties of molecular interactions involving small mole-
cules and graphene-based systems is required to enable the
design and optimization of new nanodevices. Computational
methods provide valuable insight into the properties of molec-
ular systems/complexes and often complement experimental
research in many areas of chemistry, nanoscience, and nano-
technology [28-30]. Numerous contributions have been made
in the modeling of a single methane molecule with benzene
and polycyclic aromatic hydrocarbons (PAHs) that include
pyrene and coronene [29, 31-39]. Tsuzuki et al. showed that
the C-H bond of methane prefers to stabilize over the benzene
ring primarily due to dispersion interaction [29]. In further
work, mass analyzed threshold ionization spectroscopy was
used to study the methane-benzene cluster in the gas phase
[32]. Sherrill and co-workers investigated methane-benzene,
methane-phenol, and methane-indole complexes that are pro-
totypes for C-H interactions with aromatic rings of amino
acids of phenylalanine, tyrosine, and tryptophan [31]. C-
H 7t interactions involving naturally occurring «-amino
acids with graphene and graphene oxide have been studied
both computationally and experimentally [40—45]. Such in-
vestigations including model or prototype systems are useful
to enhance our understanding of protein environments, drug
design, materials design, and supramolecular chemistry. DFT
calculations predicted the existence of weak scalar (J) cou-
plings between nuclei involved in methyl/7t interactions in
proteins. It should be noted that experimental nuclear magnet-
ic resonance (NMR) spectroscopy has been used to directly
detect the C-H "7t (methyl/7t) interactions in proteins at atomic
resolution and confirmed the predicted J couplings [46].

Finite PAHs such as coronene (C,4H;,),
hexabenzocoronene (C4,H,g), circumcoronene (CssH;g), and
circumcircumcoronene (CogH,4) Were used as non-periodic
models of graphene to study with small molecule interactions
[28, 35, 47-52]. Experimental values of isosteric heats of ad-
sorption for methane binding with graphite in gas phase were
reported [53—55] and those values were generally used to
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compare the computational results relevant to the interactions
of single methane with abovementioned non-periodic models
of graphene [35, 37]. To the best of our knowledge, the studies
on binding of two methane molecules with graphene models
are not available.

In this study, quantum chemical calculations at the DFT
level were used to examine the structures and binding affini-
ties of one and two methane interactions with aromatic hydro-
carbons (benzene (B), pyrene (P), and coronene (C)) and two
finite size graphene models (small graphene (G1) and large
graphene (G2) containing 62 and 186 carbon atoms, respec-
tively) (Scheme 1). The edges of graphene sheets were termi-
nated by hydrogen atoms. This study is aimed to (a) assess the
C-H 7t interactions of methane with graphene and compare
the results obtained for small 7-systems of benzene, pyrene,
and coronene; (b) predict the selectivity of same or opposite
side for two methane interactions with considered polycyclic
m-systems; and (c) report and discuss the C-H vibrational fre-
quency shifts of methane in the complexes with respect to C-H
of free methane molecule in order to support future experi-
ments to confirm the formation of complexes.

Computational details

All calculations were carried out using NWCHEM 6.6 pro-
gram package [56]. Geometry optimizations of monomers and
complexes were performed using M06-2X functional in con-
junction with 6-31G(d) basis set imposing symmetry restric-
tions when available [57]. The option of the finest grid was
chosen in performing calculations. The meta-hybrid density
functional M06-2X provides reliable results at affordable
computational cost for non-bonding interactions of 7-7t and
C-H 7t interactions [57, 58]. The binding energies were
corrected for the basis set superposition error (BSSE) using
counterpoise technique proposed by Boys and Bernardi [59].
The following equations were used to calculate the binding
energies:

AE\, = —[E(complex)—E(mt—system)—nE(CHy)] (1)
AEy" = AEy—Epsse™” (2)

where AEy, denotes binding energy; E(complex) denotes the
energy of the complex formed after geometry optimization;
E(mt-system) denotes the energy of the 7t-system considered
here; n indicates the number of methane molecules, n =1 or 2;
AE," denotes the binding energy with BSSE correction.
Epsse"” denotes the BSSE correction value obtained from
the counterpoise calculation.

Unlike the small complexes, it was not possible to calculate
the BSSE correction in straightforward single calculation for
the large graphene system using NWCHEM. Therefore, we
have calculated the BSSE-corrected binding energies using
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Scheme 1 Structures of benzene
and polycyclic 7t-systems

}i:(, 9 2

9
4
9
9
9 9
Coronene (C)

Benzene (B)

Small Graphene (G1)

the following equations:
AEy = ABy—[Ea~Ex"] - [En—En"’] ()
AEbCP _ AEb_ I:EA_EAABC} _ [EB_EBABC] _ I:EC_ECABC}

(4)

where A, B, and C represent monomers of the respective com-
plex. “A” denotes the aromatic system, “B” denotes the first
methane molecule, and “C” denotes the second methane mol-
ecule. Ea, Ep, and E¢ denote the energies of monomer sepa-
rated from the respective complex. Ex*" and E5*" denote the
energy of monomer A in dimer basis and the energy of mono-
mer B in dimer basis, respectively. Ex*B¢ denotes the energy
of monomer A in trimer basis. Thus, the functions on B and C
are “ghost functions,” or the atoms of B and C are treated as
“ghost atoms” in a computation for E,“®¢. A similar ap-
proach was used for computation of E5*®< and E-*BC.

All binding energies are reported along with BSSE correc-
tions in kcal/mol. M06-2X/6-31G(d) level optimized geometries
were used to obtain the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) energies and their energy gaps at the TPSSh/6-
31G(d) level [60, 61]. Previous studies reported that TPSSh func-
tional is reliable to produce HOMO-LUMO energy gaps includ-
ing for carbon-based nanomaterials [62—66]. Frequency calcula-
tions were performed at M06-2X/6-31G(d) level for individual

Pyrene (P)

° N 9 9 o 9

Large Graphene (G2)

fragments and selected complexes to examine C-H stretching
frequencies and intensities. The recommended scaling factor of
0.947 was applied for all vibrational frequencies [67]. Our cur-
rent computational resources do not allow us to perform expen-
sive frequency calculations for large graphene and its complexes.

Results and discussion

In this representative study, we have explored one hydrogen
(1H), two hydrogens (2H), and three hydrogens (3H) of meth-
ane molecule interacting with 7t-systems of benzene (B),
pyrene (P), and coronene (C). When the complexes were built
for 1H of methane interacting with the abovementioned 7t-
systems, we considered placing the interacting hydrogen of
CH, above the center of the ring, above the center of C-C
bond, and above different carbon atoms of 7t-systems. Based
on the data obtained from these calculations, the interactions
involving 3H of methane were considered for graphene sys-
tems. Notably, our putative complexes with 1H of methane
binding with small graphene were collapsed to complexes
having 3H interactions. Several complexes were obtained af-
ter detailed exploration. Only thirty-six (36) of the most stable
complexes as well as selected complexes having high binding
energy are provided here for all five 7-systems (B, P, C, G1,
and G2). However, all remaining complexes obtained are
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given in the supplementary information. For naming of the
complexes, the letters B, P, C, G1, and G2 are used to indicate
the 7t-systems, and the letters of lowercase s and d correspond-
ingly indicate single and double methane. For example, B-s-1
means the first complex of benzene with single methane.

Equilibrium geometries of the complexes

The structures obtained at the M06-2X/6-31G(d) level for
methane and its dimer are shown in Fig. 1. The C-H bond
length is 1.091 A for methane and the same value is retained
for C-H bond in the methane complex. The non-bonding in-
termolecular H"H distance in methane dimer is 2.94 A. The
complexes of single and double methane binding with B, P,
and C are displayed in Fig. 2. C-H bond lengths of methane
and non-bonding distances in the complexes are shown. As
mentioned in the previous studies [36, 39], the structure
possessing only plane of symmetry for the complex in which
1H interacting with B is more stable (by 0.17 kcal/mol) than
the structure having Cs, point group. The intermolecular dis-
tance between H (of CHy) and the center of 7-ring is either
2.67 or 2.68 A for the complexes, B-s-1, B-d-1, and B-d-2,
which all possess a bent orientation of methane. However, the
intermolecular distance reduces to 2.55 A for the complex of
B-d-3 that possesses a straight orientation of methane with
higher order of symmetry (D).

In contrast to methane-benzene complexes, the most stable
complexes for methane-pyrene and methane-coronene exhibit
3H interacting with the 7t-system (Fig. 2). This trend persists
when we increase the number of methane from one to two in
forming the complexes. Previous studies reported the same
observation for complexes involving P and C with single
methane [33, 35, 38]. As mentioned earlier, studies
concerning binding of two methane molecules with polycyclic
m-systems including graphene were not yet reported.
Selectivity of same or opposite side of the 7t-systems for bind-
ing of two methane molecules is an important aim of this
paper.

Figure 3 shows the structures of the complexes of methane
binding with small graphene depicting selected distances.

1.091
J
Isolated CH, Dimer Complex, D,
CH, Molecule, T, 0.70 (0.47)
NImag=0 NIimag=0

Fig. 1T M06-2X/6-31G(d) level optimized geometries of free methane
and its dimer complex are shown with their point groups and number of
imaginary frequency (NImag). Binding energy (BSSE-corrected binding
energy) values are provided for methane dimer
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Figures 4 and 5 display the complexes of single and double
methane binding with large graphene, respectively. 2H or 3H
interactions of methane with P, C, G1, and G2 produce longer
C-H "7t distances compared to methane-benzene complex. As
shown in Figs. 2, 3, and 4, P-s, C-s, G1-s, and G2-s have C-
H 7 distances of 2.81-2.88 A, 2.84-2.92 A, 2.82-2.92 A,
and 2.81-2.93 A, respectively. These ranges are not signifi-
cantly changed while moving from pyrene to graphene com-
plexes. Our results reveal the preference of tripod configura-
tion of methane on the surface of polycyclic 7t-systems includ-
ing graphene. This observation strongly agrees with the neu-
tron diffraction experiment reporting the tripod configuration
of methane on the surface of graphitized carbon black [68].
The reported experimental value of methane-carbon to surface
carbon of graphitized carbon black distance is 3.35+0.1 A
[68]. In agreement with this experimental value, our compu-
tational study yields the distances of 3.23 A for methane-
graphene complexes and the same value is retained for
methane-coronene and methane-pyrene complexes.

The C-H 7t distances in double methane complexes of P-
d, C-d, G1-d, and G2-d are 2.76-2.90 A, 2.74-2.91 A, 2.79~
2.95 A, and 2.80-2.93 A, respectively (Figs. 2, 3, and 5). The
distances of <2.80 A are observed for the complexes having
two methane molecules that are on the same side of 7t-system
as well as in close contact. The distribution of intermolecular
HH distances in crystal structures of tertiary alkanes re-
trieved from the Cambridge Structural Database (CSD) is in
the range 2.1-3.0 A and the majority of structures reported to
have the distance of 2.72 A [69]. At least one of the H"'H
distances between two methane molecules is 2.69 A in the
complexes of P-d-2, C-d-2, G1-d-9, and G2-d-4. In case of
all four complexes, some H"H distances are about 2.7 A
whereas longer H'H distances of 3.4-3.7 A are observed
for latter two complexes. Non-bonding distances of CH"HC
confirm the interactions between two methane molecules in
addition to multiple C-H 7t interactions in complexes of P-d-
2, C-d-2, G1-d-9, and G2-d-4. For many of the complexes,
the bond length of interacting C-H of methane (in C-H 7
interactions) is 1.092 or 1.093 A. The distance of C-H bond
in bare methane is 1.091 A. The interacting C-H bonds elon-
gate insignificantly by 0.001 or 0.002 A.

Binding energies and HOMO-LUMO energy gaps

Available experimental results of adsorption energies of meth-
ane binding with benzene, graphene, and graphite are listed in
Table 1. BSSE-corrected binding energy for methane-benzene
calculated at M06-2X/6-31G(d) level is 1.17 kcal/mol. This
value indicates the stable complex and is comparable to the
experimental dissociation energy of 1.03—1.13 kcal/mol in the
gas phase (Tables 1 and 2) [32]. The BSSE correction is a
significant quantity (0.75 kcal/mol) at M06-2X/6-31G(d) lev-
el for benzene-methane complex and inclusion of this
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Methane-Benzene Complexes

Methane-Pyrene Complexes

Methane-Coronene Complexes
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Fig. 2 C-H bond lengths of methane molecules and non-bonding CH "7t
distances obtained at the M06-2X/6-31G(d) level for selected complexes
formed by a single methane and b double methane with benzene (B),

correction is meaningful based on the above comparison. The
BSSE corrections for other complexes are notable values.
However, the binding energy trend is generally not changed
with and without BSSE correction. It should be noted that the
BSSE correction is expected to change as the functional and/
or the basis set is changed. Interestingly, two different ranges
of values were published for methane interactions with
graphene (Table 1). The isosteric heat of adsorption for CH,
on graphene sheets was reported to be 2.42 to 3.40 kcal/mol
[13]. However, different studies by Zhu et al. revealed the
corresponding values of 4.57 to 4.65 kcal/mol [14]. The first
range of values are closer to the values provided in the litera-
ture for methane-graphite complexes (2.75-3.23 kcal/mol)
[53]. These experimental reports strongly suggest that mea-
surement of binding strength of methane or other hydrocar-
bons like ethane, propane, and butane with graphene or
graphene oxide are possible in gas phase. As provided in
Table 2, BSSE-corrected binding energy for methane-
graphene (large) is 2.07-2.12 kcal/mol depending on the lo-
cation of the methane on graphene surface. It should be noted

pyrene (P), and coronene (C). CH "HC non-bonding distances are also
provided for complexes involving double methane. Side and top views
are given for each complex and all distances are in A

that the computational data from quantum chemical calcula-
tions will stimulate further experimental research in exploring
controlled methane adsorption with graphene.

In this study, several possibilities for the complexes were
examined. For single methane binding, 12, 14, 19, and 16
complexes were obtained for benzene, pyrene, coronene,
and small graphene, respectively. In case of double methane
binding, 16, 29, 32, and 12 complexes were explored for the
respective 7-systems. Only selected complexes are given in
the paper and all remaining complexes with their point groups
and binding energies are provided in the supplementary infor-
mation. Generally, the small change in orientation of methane
binding on the 7t-system does not significantly affect the bind-
ing energy for all the 7-systems considered. It should be noted
that many isoenergetic complexes were found specifically in
cases where one hydrogen atom of CH, interacts with benzene
(see supplementary information, Figs. S1 and S2). This is
analogous to the previous report disclosing of few isoenergetic
complexes possessing single hydrogen of methane binding
with benzene [29]. Several isoenergetic and nearly
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Fig. 3 C-H bond lengths of methane and non-bonding distances obtained for low-energy complexes of small graphene (G1)-single methane and small
graphene (G1)-double methane (side and top views are shown). All distances are in A

isoenergetic structures were obtained for the complexes in-
volving pyrene, coronene, and graphene (see supplementary
information, Figs. S3-S8).

After thorough examination, we found that the most stable
complex (B-s-1) is the bent orientation of CH4 with one C-
H 7t interaction above the center of benzene ring as reported
by a previous study [36]. In case of double methane binding to
benzene, the bent orientation is preferred over straight C-H
interaction of methane (complex having a C; axis of rotation)
on 7t-cloud as shown in Fig. 2 and Table 2. 1H interaction is
more favorable than 2H and 3H interactions of methane with
benzene (supplementary information, Figs. S1 and S2).
Conversely, 3H interactions are more preferred than 1H inter-
action of methane with other 7t-systems (pyrene, coronene,
and small graphene).

Table 2 and Fig. 6 show that the binding energy increases
significantly when the number of methane molecules is in-
creased from one to two. For single methane binding, pyrene
shows slightly stronger binding affinity (approximately
0.2 kcal/mol) than coronene and graphene (binding energies
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are 2.07-2.12 kcal/mol). For the adsorptions of single meth-
ane, the binding energy is not altered significantly by chang-
ing the size of graphene from G1 to G2. The same scenario
was observed in case of two methane molecules binding with
graphene models. Due to the availability of large surface area
of graphene, two methane molecules can be placed in different
locations. Although many different configurations were ob-
tained for complexes involving graphene, the binding energy
values are either too close or the same for numerous structures.
Binding of two methane molecules with coronene and
graphene provides interesting results. Figure 6 clearly indi-
cates that two methane molecules prefer to be close to each
other upon binding with graphene. This is due to stabilizing
intermolecular CH ~HC interactions between two methane
molecules that establish the most stable orientation while hav-
ing multiple CH "7t interactions with graphene.

CH "HC interactions are still not well understood. It should
be mentioned that H"H stabilizing interactions have been
investigated recently by different groups [37, 69-71].
Experimental and computational studies labeled CH ~"HC
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SIDE VIEW

a=b=c=1.093

Fig. 4 C-H bond lengths of methane and CH "7t non-bonding distances for selected complexes of large graphene (G2)-single methane (top and side
views are shown). Location of methane on the surface of graphene in top view is highlighted by red circle. All distances are in A

interactions as “sticky fingers” [72—75]. Rosel et al. reported
the shortest intermolecular H"'H distance of 1.566 A using
neutron diffraction experiments. Quantum chemical computa-
tions complement the experimental result of H*'H distance in
solid state (1.555 A) and gas-phase (1.634 A) for the dimer of
tri(3,5-tert-butylphenyl)methane. Intermolecular London dis-
persion forces were reasoned for the stabilization of remark-
ably short H"H contacts [71]. Danovich et al. made an excel-
lent attempt to reveal the true nature of the stability of inter-
molecular H"H interactions by using valence bond models
and a perturbation approach to describe alternating charges
that bring an electrostatic component to the stability of alkane
dimers [69]. As given in Table 2, the highest binding energies
of 4.35 (C-d-2), 4.61 (G1-d-9), and 4.64 (G2-d-4) kcal/mol
were obtained for double methane complexation with C, G1,
and G2, respectively. All three complexes possess intermolec-
ular H"H interactions between two methane molecules in
addition to C-H "7t interactions with 7t-systems.

It is important to mention that binding energies are not
noticeably changed when moving the location of single meth-
ane while maintaining the same orientation on the surface of

graphene. This trend also continues for double methane bind-
ing with graphene except when two methane molecules are
close to each other with the shortest intermolecular HH dis-
tances (G1-d-9 and G2-d-4). For the complexes in which two
methane molecules are apart on same side of graphene, the
closest HH distance between two methane is 7.34, 5.16, and
6.89 A (Fig. 3) for G1-d-10, G1-d-11, and G1-d-12, respec-
tively. The corresponding binding energies are 4.20, 4.21, and
4.15 kcal/mol. In case of large graphene complexes, the
abovementioned distance increased to 8.95, 10.43, and
20.35 A (Fig. 5) for G2-d-3 (4.12 kcal/mol), G2-d-7
(4.13 kcal/mol), and G2-d-8 (4.20 kcal/mol), respectively.
Our study reveals that intermolecular interactions between
two methane molecules have shown impact on binding ener-
gies while those molecules interact with graphene and
coronene. Three pairs of complexes involving graphene yield
practically the same binding energy values. Complex pairs
(binding energies) are given here: G1-d-6 and G1-d-10
(4.20 kcal/mol); G1-d-7 and G1-d-11 (4.21 kcal/mol); G2-
d-5 and G2-d-8 (4.20 kcal/mol). In the first pair of complexes,
two methane molecules are on opposite sides of the plane in
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Fig. 5 C-H bond lengths of methane and non-bonding distances such as CH 7t and CH"HC obtained for low-energy complexes of large graphene

(G2)-double methane (side and top views are shown). All distances are in A

G1-d-6 and they are on the same side in G1-d-10. The binding
energies of these pairs indicate that the preference of same or
opposite side is immaterial if two methane molecules do not

Table 1 Available experimental results of adsorption energies (in
kcal/mol) for methane binding with 7-systems along with the references

7-System Ads. E. (kcal/mol) Ref.
Benzene 1.03-1.13% [32]
Graphene 2.42-3.40° [13]
Graphene 4.57-4.65° [14]
Graphite 2.75-3.23¢ [53]
Graphite 291° [53]

#Mass analyzed threshold ionization (MATI) technique was used to re-
port the dissociation energy

® Isosteric heat of adsorption was measured using Gibbs-Helmholtz equa-
tion and from the slope of the isosteric curves of adsorption

¢ Isosteric heat at zero surface loading was reported at temperature range
253.15-293.15 K using Henry’s law

9Based on isosteric heat of adsorption and virial coefficient
measurements

¢ Best estimate of ground state binding energy

@ Springer

interact with each other. Structures of the complexes and their
binding energies reveal that the edge rings have negligible
effect compared to the inner rings of graphene. Two methane
molecules are aligned directly on opposite sides of graphene
in the structures from G1-d-1 to G1-d-4 and G2-d-1. In these
five complexes, two methane molecules share the same three
six-membered rings for C-H "7t interactions. The binding en-
ergies of these complexes are 4.09—4.25 kcal/mol, which are
comparable to other configurations except G1-d-9 and G2-d-
4 possessing intermolecular HH interactions between two
methane molecules.

P-d-1 complex exhibits six C-H 7t interactions like the
complexes of graphene listed in Table 2. Therefore, its bind-
ing energy (4.24 kcal/mol) is very close to the binding ener-
gies obtained for graphene complexes. Like G1-d-9 and G2-
d-4, the intermolecular stabilizing HH interactions exist in
case of P-d-2 and C-d-2, and their respective binding energies
are 3.94 and 4.35 kcal/mol. The lower binding energies for
these complexes compared to G1-d-9 and G2-d-4 could be
explained based on the number of C-H 7 interactions.
Because of the small size of the 7-systems of coronene and
pyrene, two methane molecules form only 5 and 4 intermo-
lecular C-H "7t interactions along with HH interactions in C-
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Table 2 Binding energies (AEy),

BSSE correction (Eggse"), and System Single methane Double methane
BSSE-corrected binding energies - - -
(AE,CP) for single and double Complex  AE,  Epsse'  AE"  Complex AE,  Epsse'  AES"
methane in kcal/mol
Benzene (B) B-s-1 1.92  0.75 1.17 B-d-1 3.87 1.52 2.35
B-d-2 387 151 2.36
B-d-3 316 115 2.01
Pyrene (P) P-s-1 3.04 071 2.33 P-d-1 6.04 1.80 4.24
P-d-2 575 181 3.94
P-d-3 512 1.60 3.52
Coronene (C) C-s-1 297 086 2.11 C-d-1 593 1.73 420
C-d-2 617 1.82 4.35
Small graphene (G1)  Gl1-s-1 287 080 2.07 Gl1-d-1 5.69  1.60 4.09
Gl1-s-2 295 085 2.10 G1-d-2 584 1.70 4.14
G1-d-3 582 1.66 4.16
G1-d-4 576  1.66 4.10
G1-d-5 570  1.60 4.10
G1-d-6 590 1.70 420
G1-d-7 588 1.67 421
G1-d-8 582  1.66 4.16
G1-d-9 638 1.77 4.61
Gl1-d-10 591 1.71 420
Gl1-d-11 587  1.66 421
Gl-d-12 582 1.67 4.15
Large graphene (G2)  G2-s-1 284 072 2.12 G2-d-1 563  1.38 425
G2-s-2 284 077 2.07 G2-d-2 569  1.56 413
G2-s-3 296 085 2.11 G2-d-3 567 1.55 4.12
G2-d-4 636 1.72 4.64
G2-d-5 588  1.68 420
G2-d-6 567 149 4.18
G2-d-7 5.67 1.54 4.13
G2-d-8 588  1.68 4.20

®-1Me -A-2Me-SS-c #%-2Me-SS-f

- 5.0 H 2Me-0S-AD  -©-2Me-OS-Al
)
g o
> 4.0 A — —
=2
2 3.0 1
>
20
2 2.0
]
]
£
5 1.0 4
=

0.0 r r r r r

B P C G1 G2

7 molecular systems

Fig. 6 Variation in BSSE-corrected binding energies for the most stable
configurations of single and double methane binding with aromatic 7t-
systems. Me, SS-c, SS-f, OS, AD, and Al stand for methane, same side-
close, same side-far, opposite side, aligned directly, and aligned indirect-
ly, respectively

d-2 and P-d-2, respectively. The rough estimate of the contri-
bution of intermolecular H'H interactions in binding energy
could be calculated by comparing two complexes, e.g., P-d-2
and P-d-3. This pair is chosen because two methane mole-
cules use the same set of six-membered rings, but they interact
from same and opposite sides of the molecular plane in P-d-2
and P-d-3, respectively. The similar pairs of complexes for
other systems are C-d-2 and S_C-d-31 (see supplementary
information, Fig. S6), G1-d-9 and G1-d-5, and G2-d-4 and
G2-d-2. This comparison provides the rough estimate of
(stabilizing) intermolecular HH interactions of 0.42, 0.52,
0.51, and 0.51 kcal/mol contributed to the binding energies
calculated for P-d-2, C-d-2, G1-d-9, and G2-d-4, respective-
ly. It should be highlighted that BSSE-corrected binding en-
ergy for self-assembly of two methane molecules possessing
HH interactions is 0.47 kcal/mol (0.70 kcal/mol without
BSSE correction) (Fig. 1). Our study reveals that the large
surface area of graphene provides opportunity for multiple
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Fig. 7 Variation of HOMO and LUMO energies, and HOMO-LUMO
energy gaps by increasing the size of 7--molecular systems starting from
benzene (B), pyrene (P), coronene (C), small graphene (G1) to large
graphene (G2). The values and images of HOMO and LUMO were
obtained at TPSSh/6-31G(d)//M06-2X/6-31G(d) level

C-H 7 interactions with simultaneous H'H interactions
among methane molecules when they adsorb on the surface.
The binding of multiple methane molecules with graphene
and modified graphene is under investigation in our lab to
further understand the intermolecular HH interactions and
the potential of graphene-based systems as methane storage
medium.

Figure 7 shows an almost zero value (0.08 eV) of HOMO-
LUMO energy gap for large graphene model (G2). This value
is in close agreement with experimental result for pristine
graphene, which is well-known as a zero-band gap material.
However, the small graphene (G1) yields a sizable value
(1.43 eV) for HOMO-LUMO gap. Interestingly, the binding
energy values are not noticeably different between G1 and G2
systems. HOMO and LUMO orbitals show an uneven distri-
bution of orbitals with high concentration on the zigzag edges
in large graphene while smaller 7t-systems including small
graphene exhibit evenly distributed orbitals. Thus, the model

Table 3 Energies of HOMO

(Exomo) and LUMO (E; umo), System Single methane Double methane
and HOMO-LUMO energy gap
(E,) in electron-volts (V) for Complex  Enomo  Erumo  Eg Complex  Epomo  Erumo  Eg
complexes of single and double
methane binding with 7t-systems Benzene (B) B-s-1 —-6.41 -0.21 620 B-d-1 —-6.45 -0.26 6.19
at TPSSh/6-31G(d)/M06-2X/6- B-d-2 —6.44 -025 6.19
31G(d) level Bd3  —649  —027 622
Pyrene (P) P-s-1 =5.11 -1.69 342 P-d-1 -5.14 —-1.72 342
P-d-2 -5.13 -1.72 341
P-d-3 -5.13 -1.71 342
Coronene (C) C-s-1 —-5.24 -1.63 3.61 C-d-1 —5.26 —1.64 3.62
C-d-2 -5.26 —1.64 3.62
Small graphene (G1) Gl1-s-1 —4.26 —-2.83 1.43 Gl1-d-1 —4.26 —-2.83 143
Gl-s-2 —4.26 —2.83 1.43 G1-d-2 —4.27 —-2.84 143
G1-d-3 —4.27 —2.84 1.43
G1-d-4 -4.26 -2.83 1.43
G1-d-5 —4.26 -2.83 1.43
G1-d-6 —4.27 —2.84 1.43
G1-d-7 —4.24 —-2.84 1.40
G1-d-8 -4.26 -2.83 1.43
G1-d-9 —4.26 —2.81 1.45
G1-d-10 —4.27 —2.84 143
Gl1-d-11 —4.27 —2.84 143
G1-d-12 —4.26 -2.81 1.45
Large graphene (G2) G2-s-1 -3.73 —3.65 0.08 G2-d-1 —3.74 —3.66 0.08
G2-s-2 -3.73 —3.65 0.08 G2-d-2 —3.74 —3.66 0.08
G2-s-3 —3.74 —3.66 0.08 G2-d-3 —3.74 —3.66 0.08
G2-d4 —3.74 —3.66 0.08
G2-d-5 -3.74 —3.66 0.08
G2-d-6 -3.74 —3.66 0.08
G2-d-7 -3.74 —3.66 0.08
G2-d-8 -3.74 -3.66 0.08
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Table 4 Scaled C-H stretching frequencies (vcy in cm ') with corresponding intensities (Int. in km/mol) of free and adsorbed methane in the

complexes obtained at M06-2X/6-31G (d) level

Symmetric stretching (interacting C-H)

Asymmetric stretching (interacting’ and non-interacting”)

System 1v; (Int.) 2v, (Int.) 1v; (Int.) 2v; (Int.) 3v; (Int.) 4v; (Int.) 5v; (Int.) 6v; (Int.)
CH, 2928 (0) 3042 (21) 3042 (21) 3042 (21)

B-s-1 2923 (1.4) 3035" (26) 3038 (17) 3042' (10)

B-d-1 2923 (2.8) 2923 (0) 3035" (49) 3035" (3.4) 3037" (19) 3037" (16) 30417 (13) 30411 (7.5)
B-d-2 2923 (0.6) 2923 (2.1) 3035" (49) 3035" (4) 3037" (21) 3037" (12) 30411 21) 3041° (0)
B-d-3 2925 (0) 2925 (8.2) 3036" (0) 3036 (0) 3036" (36) 3036" (36) 3051° (0) 30517 (11)
P-s-1 2915 (0.7) 3028' (11) 3028' (10) 3032" (33)

P-d-1 2915 (1.1) 2916 (0.1) 3028 (19) 3028 (2.7) 3029' (12) 3029° (8) 3032" (66) 3033" (2.2)
P-d-2 2916 (0.9) 2917 (0) 3028' (3.0) 3029' (21) 3030' (26) 3032 (3) 3032" (1.2) 3034" (47)
P-d-3 2919 (1) 2919 (0) 3032' 21) 30321 (0) 3033 (41) 30331 (0) 3035" (45) 3035" (0)
C-s-1 2915 (0.5) 3028 (9.2) 3029' (9.6) 3033" (33)

C-d-1 2915 (0.5) 2916 (0.3) 3028 (3) 3028' (15) 3029' (19) 3029' (0) 3033" (48) 3033" (20)
C-d-2 2913 (0.4) 2916 (0.2) 3025' (9.5) 3028' (16) 3028' (13) 3031' (12) 3032" (13) 3034" (35)
G1-s-1 2916 (0.1) 3028 (5.7) 3028 (6.5) 3035 (30)

Gl-s-2 2915 (0.3) 3027 (6.8) 3028' (8.7) 3034" (35)

Gl-d-1 2915 (0.1) 2916 (0) 3028' (0) 30281 (12) 3028' (13) 3028' (0) 3035" (0.2) 3035" (62)
G1-d-2 2915 (0.4) 2915 (0.1) 3027 (0) 3028' (14) 3029' (0.1) 3029' (16) 3034" (12) 3034" (63)
G1-d-3 2915 (0.3) 2916 (0) 3027 (0) 3027' (13) 3029' (12) 3029' (0.3) 3034" (9) 3035" (62)
G1-d-4 2916 (0.3) 2916 (0) 3028' (0) 30281 (15) 3028' (14) 3029' (0) 3034 (63) 3035" (8.2)
G1-d-5 2916 (0.2) 2916 (0) 3028' (13) 3028' (0) 3028' (0) 3028 (12) 3035" (62) 3035" (0)
G1-d-6 2915 (0.7) 2915 (0) 3027 (0) 3027 (14) 3028' (0) 3028' (17) 3034" (72) 3034" (0.0)
G1-d-7 2915 (0.4) 2915 (0) 3027 (0.1) 3027 (12) 30281 (1.1) 3028 (11) 3034" (64) 3034" (5.3)
G1-d-8 2916 (0.0) 2916 (0.4) 3028' (4.4) 3028' (8.5) 3028' (8.4) 3028 (7.2) 3034" (68) 3034" (1.0)
G1-d-9 2913 (0.1) 2914 (0.0) 3024 (0.7) 3025' (15) 3026' (12) 3028 (0.1) 3033" (0.6) 3035" (54)
G1-d-10 2915 (0.5) 2915 (0.2) 3027' (0.1) 3027 (13) 3028' (0) 3028' (16) 3034" (12) 3034" (60)
G1-d-11 2915 (0.3) 2916 (0.2) 3027 (0) 3027' (12) 3028' (15) 3028 (0) 3035" (9) 3035" (60)
G1-d-12 2915 (0.4) 2916 (0.1) 3028 (0.1) 3028 (15) 3028' (14) 3028 (0) 3035" (7.7) 3035" (60)

Scaling factor of 0.947 was used based on ref. [67]. The intensities are given in parentheses. Interacting and non-interacting asymmetric C-H stretching of
adsorbed methane molecule(s) are assigned by superscript “i” and “n” respectively

graphene G2 could be suitable for future quantum mechanical
studies for adsorption of small molecules and to predict elec-
tronic properties. Figure 7 shows a significant decrease of
HOMO-LUMO gap from benzene (6.21 eV) to large
graphene (0.08 eV).

It is known that the band gap of graphene must be opened
to become useful in electronic circuits [76]. Using improved
growth methods, the first graphene layer grown on the
SiC(0001) surface has shown the semiconducting nature with
a band gap greater than 0.5 eV. The specific substrate interac-
tions with graphene lead to opening of band gap [77]. As
shown the data in Fig. 7 and Table 3, HOMO and LUMO
energy values, and HOMO-LUMO gaps are not significantly
affected by binding of single and double methane molecule(s)
with the PAHs and graphene. Pristine graphene systems
interacting with small molecules that include x-amino acids

reported similar findings [40—42, 78]. Recent experimental
study showed that hybrid graphene (graphene with conductive
polymer) material significantly enhanced photodetection via
nanowire self-assembly in part by improving charge transport
and charge transfer [79]. Similar kinds of hybrid materials
have recently been reported in methane molecular sensing
applications [80]. Thus, the results of pristine graphene will
serve as a reference for future studies involving modified
graphene-based materials including hybrid materials for meth-
ane storage and sensor applications.

C-H stretching frequencies
Experimental infrared (IR) spectra in gas phase were re-

ported for methane-benzene and benzene dimer com-
plexes [32, 81]. Furthermore, the adsorption of methane
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Fig. 8 C-H stretching frequency shifts obtained at M06-2X/6-31G(d)
level for the most stable complexes of methane molecule(s) adsorbed
on benzene (B), pyrene (P), coronene (C), and small graphene (G1).
Frequencies with the highest intensities were selected in case of more
than one frequency value. The letters s and d indicate the complexes
having single and double methane, respectively. In the legend at the
bottom, SS and OS correspondingly stand for the same side and
opposite side when two methane molecules bind with 7t-systems.
Experimental value of symmetric C-H stretching frequency shift was
taken from ref. [39]

on single-wall carbon nanohorns (SWCNH) was charac-
terized using IR spectroscopy [82]. The values of vibra-
tional frequency shifts have been of interest for experi-
mentalists and computational chemists [32, 81, 83-87].
C-H stretching frequency shift is calculated as the devia-
tion of the value of C-H stretching frequency of methane
in the complex with respect to the corresponding value in
the free methane. Negative values of frequency shifts are
called red shifts whereas positive values are called blue
shifts. Computational studies reproduced the experimental
values of very small red shifts of C-H stretching frequen-
cies reported for methane-benzene and benzene dimer
complexes [32, 36, 81, 83, 88]. Thus, computational re-
sults of vibrational frequency shifts of C-H stretching for
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comparisons.

Frequency calculations were performed for the complexes
shown in Figs. 2 and 3. Due to limited computational re-
sources, it was not possible to complete the vibrational fre-
quency calculations for large graphene (G2) and its com-
plexes. For bare methane and complexes, symmetric and
asymmetric C-H stretching frequency (scaled) values along
with intensities are listed in Table 4. Generally, the C-H
stretching frequencies of CHy in the complexes are red-
shifted with respect to bare methane. Symmetric stretching
frequencies are lower magnitudes than asymmetric stretching
frequencies. Among the 7t-systems, benzene complexes ex-
hibit higher values than the complexes of P, C, and G1.
Small changes in frequencies are observed when we move
from pyrene to coronene complexes. Again, one cannot notice
large changes in frequency values from coronene to small
graphene complexes. Vibrational frequencies are not helpful
in distinguishing different complexes of double methane with
small graphene (G1).

Figure 8 depicts the selected C-H stretching frequency
shifts of the important complexes of all 7t-systems and
the available experimental frequency shift for methane-
benzene complex for comparison purpose. Symmetric
stretching frequency of interacting C-H bond of methane
is red-shifted to 5 cm ' in case of B-s-1 and B-d-2 com-
plexes, and this value matches with the experimental
data. Previous theoretical studies did not reproduce the
experimental symmetric stretching frequency shift of C-
H bond for methane-benzene complex most likely due to
less fine grid used in earlier studies [36, 39, 82].
Symmetric and interacting asymmetric red shifts are
marginally larger for two methane molecules close to
each other on the same side of C and G1 compared to
single methane molecule as well as two methane mole-
cules on the opposite sides of the plane of C and GI1.
Conversely, the red shifts of non-interacting asymmetric
C-H stretching frequencies are slightly diminished for
complexes of two methane molecules self-interacting as
well as binding with the 7-systems of P, C, and G1.
Furthermore, calculations for methane dimer complex
without the presence of any 7-surface resulted in red
shift values of 2 to 3 cm™'. This explains the differences
of frequency shifts observed between the complexes
possessing two methane molecules on same and opposite
sides of 7-planes in case of C and G1. This study pro-
vides knowledge on the effect of simultaneous methane
addition to the varying sizes of 7t-systems. Importantly,
the existence and role of intermolecular CH ~"HC inter-
actions between two methane in the complexes
possessing C-H 7 interactions are revealed.
Computational explorations could be helpful in
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designing and realization of graphene (G)-based nano-
systems for methane (CH,4) storage and sensors.

Conclusions

Density functional theory at M06-2X/6-31G(d) level calcula-
tions were performed to understand the binding of single and
double methane molecule(s) with graphene and other 7t-
systems of benzene, pyrene, and coronene. In this study, var-
ious isoenergetic structures were encountered for the com-
plexes between methane and polycyclic 7m-systems.
Significant increase in binding affinity of methane is observed
while moving from benzene to other planar molecules consid-
ered here. Methane molecule prefers three C-H 7t interac-
tions when it binds with all polycyclic 7t-systems. The binding
energies obtained for coronene and graphene are similar.
Increasing the number of methane molecules from one to
two increases the binding energy by almost the factor of 2
for all 7t-systems considered. Our results reveal that intermo-
lecular CH ~"HC interactions between two methane molecules
have shown an impact on binding energies while those mole-
cules simultaneously interact with graphene or coronene.
Though H"H contacts are weak interactions, a buildup can
result in a significantly sticky interactions. To fully understand
the nature of “sticky” H'H interactions, it is important to
consider their role in contributing to overall binding. The pref-
erence of same or opposite side is irrelevant if two methane
molecules do not interact with each other.

Complex structures and binding energies reveal that the
edge rings have negligible effect compared to inner rings of
graphene for methane binding. HOMO-LUMO energy gaps
are not significantly affected by binding of single and double
methane molecule(s) with the 7-systems. Large graphene
model (G2) yields almost zero value (0.08 eV) of HOMO-
LUMO energy gap that is closer to experimental result for
pristine graphene (zero band gap) whereas the small graphene
(G1) provides the value of 1.43 eV. The binding energy
values are not noticeably different between G1 and G2 sys-
tems. C-H stretching frequency of methane is red-shifted
when it is in the complexes. Computational results of vibra-
tional frequency shifts of C-H stretching for the complexes of
methane binding with graphene and other 7t-systems will be
useful for future experimental comparisons. Our study reveals
that the large surface area of graphene provides opportunity
for multiple C-H' 7t interactions along with stabilizing HH
interactions between two methane molecules adsorbing on the
surface. Both sides of graphene sheet can be utilized by engi-
neers when considering development of efficient storage sys-
tems. Computational data and knowledge provide insights in
effective designing and realization of graphene (G)-based
nanomaterials for methane (CH,) storage and sensors.
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