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ABSTRACT

Quantum chemical computations predict that compression of the methane dimer to an inter-
nuclear separation lower than 2 A facilitates a concerted coupling and dissociation of C-H
bonds of the molecules to form ethane/ethylene. In this bimolecular, concerted mechanism,
ethane formation is accompanied by production of H radicals from each methane moiety that
may further abstract hydrogen atoms to lead to ethylene formation. Alternatively,
transformation to ethane and ethylene proceeds via stepwise molecular hydrogen elimination,
with the first eliminated hydrogen molecule originating from one of the methane moieties,
accompanied by an intermolecular hydrogen transfer, and the second originating from both

methyl groups.
1. INTRODUCTION

Methane is the most abundant hydrocarbon in the universe and is part of many planetary
systems, [1] making it a molecule of particular interest for astrophysicsts, astrochemists, and
spectroscopists. [2] On earth, it exists in plentiful amounts in the form of resources like natural
gas [3] and natural gas hydrates. [4] Its utilisation to make value added chemicals and larger
hydrocarbons has been a challenge to industrial chemists and the catalysis community. [5]
Being the smallest hydrocarbon, it is also a prototype polyatomic molecule to investigate
hydrocarbon chemistry and reaction dynamics, making it a favourite amongst theoretical and

physical chemists as well. [6]

Weak dispersion or van der Waals forces have been shown to define the interaction of small
non-polar alkanes like methane. [7, 8] Interaction between methane molecules and the
formation of dimers which are weak van der Waal’s complexes have been the subject of
numerous investigations. [7, 9-14] It is typically accepted that these non-covalent interactions

are best understood using high level electronic structure methods that include electron



correlation such as coupled cluster theory with up to (pertubative) triple excitations CCSD(T)
together with sufficiently large basis sets, and by applying suitable corrections. [13] The
potential energy curve of the methane dimer obtained using second order Moller—Plesset (MP2)

perturbation theory [15] or CCSD(T) methods is characterised by a shallow well with a long

range attractive tail on one side and a steeply rising head on the other. [11] The interaction
energy of methane molecules in the dimer is estimated to be 1.6-2.4 kJ mol! with an
equilibrium separation of 3.6 A to 3.7 A. [10, 11] Many computational investigations aimed at
obtaining an accurate description of the inter-molecular potential energy surface (PES) of the
homo-dimer of methane, dimers with other small molecules (SiHs, CCls, etc.) and of small
alkanes. The PES is crucial to investigate their dynamical, fluid and condensed phase

properties. [16, 17]

In spite of the vast literature on the homo-dimer of methane, characterisation of the PES of
the methane dimer at inter-nuclear distances much shorter than the equilibrium separation has
not been reported. Moreover, methane molecules are known to dissociate and recombine into
larger hydrocarbons at extremely high pressures and temperatures, such as those existing in the
interior of planets. [18-20] The mechanism of such dissociation and formation of larger
hydrocarbons involving mechanical impact and collision of methane molecules may be
bimolecular. The conversion of methane to ethane, ethylene, ethyne, benzene and so on in non-
catalytic pyrolysis processes is believed to proceed by its unimolecular dissociation to form
CHj3 radicals. [21] These radicals couple to form ethane from which ethylene and other
hydrocarbons may be formed. [21] Meanwhile, a bimolecular concerted mechanism for the
dissociation and coupling of methane molecules has not been reported in the literature. Here,
we present a concerted ‘coupling-induced dissociation reaction’ pathway with transition states
(TSs) and energetics for the dissociation of strong C-H bonds of methane and its direct

transformation to ethane and ethylene



2. COMPUTATIONAL METHODS

The geometry of the methane dimer in the Dsqs configuration [11] was optimised using
second-order Mpoller—Plesset (MP2) perturbation theory and the augmented correlation-
consistent aug—cc—pVTZ basis set, [22] with the GAUSSIAN 09 package. [23] The potential
energy of the methane dimer for C-C distances between 1.6 A and 3.7 A was also calculated
by constrained geometry optimisation. A tight convergence criterion for the geometry and
wavefunction was employed in all calculations. Energies were subsequently recalculated for
the optimised structures using the coupled cluster with single, double, and (pertubative) triple
excitations CCSD(T) method and the aug-cc-pVTZ basis set to obtain the potential energy
curves shown in Fig. 1. The counterpoise correction method of Boys and Bernardi [24] was
adopted to correct for basis set superposition error (BSSE). Molecular structures and
vibrational modes were visualised and analysed using GaussView 05. [25] All values reported

from our calculations are electronic energies unless specified otherwise.

Transition state (TS) searches were performed using UMP2/aug-cc-pVTZ and the
existence of a single imaginary frequency in the vibrational frequency analysis confirmed the
TS nature of the stationary point. The TSs were further connected to reactants and products by
intrinsic reaction coordinate (IRC) calculations. Since UCCSD(T) is suggested to be the most
accurate among the single reference computational methods, [26] energies were recalculated
with UCCSD(T)/aug-cc-pVTZ. The activation enthalpies and free energies were estimated
within the rigid rotor-harmonic oscillator approximation based on UMP2 geometries and
harmonic frequencies at temperatures of 300 K and 1250 K, with the UCCSD(T)//UMP2/aug-

cc-pVTZ potential energies.



3. RESULTS AND DISCUSSION

3.1.Relaxed Methane Dimer Along the C-C Distance Coordinate

The MP2 and CCSD(T)//MP2 potential energy curves of the methane dimer in the D34
configuration, with the hydrogen atoms in a staggered arrangement, [11,27] as a function of
the C-C distance are shown in Fig.S1 of the Supplementary Information. All the C-H bonds in
the molecules were fully relaxed, allowing them to stretch and bend. The same curves are

shown in Fig.1a with energy values relative to the methane dimer.
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are relative to that of the dimer at a C-C equilibrium distance of 3.7 A. The structures
corresponding to the dimer at C-C distances of 3.7 A and 1.6 A are also shown depicting the
terminology used in the text for different bonds and angles. b) Variation of the terminal and
face C-H bond distances (left axis) and H-C-H angles (right axis) in the methane molecules of

the dimer along the C-C distance coordinate from the MP2/aug-cc-p-VTZ optimised structures.

These curves are nearly identical with negligible difference in the calculated relative
energies. This suggests that the accuracy of the MP2 method is comparable to that of the
CCSD(T) method for the range of C-C distances investigated here. However, MP2 and UMP2
methods have been shown to be inefficient compared to more advanced multi reference
methods in the region of the C-H bond dissociation.[26] The potential energy rises steeply for
inter-nuclear separations smaller than 2.5 A. Further details regarding this PES and its
characteristics are presented in section S2.1 of the Supplementary Information. Methane dimer
structures along the C-C distance coordinate are characterised by significant deformation of
both methane molecules from their original tetrahedral geometry. Structures corresponding to
the distorted dimer at a C-C distance of 1.6 A and the equilibrium dimer at 3.7 A are presented

in Fig.1a along with the definitions of the terminal and face angles and bonds.

The H-C-H angles and the C-H bonds of the two molecules along the C-C distance
coordinate are presented in Fig.1b. The terminal C-H bonds are significantly stretched at C-C
distances shorter than 2 A while the remaining C-H bonds shrink only slightly. The face angles
increase from the equilibrium value of 109.5° as the CH3 fragments open up to minimise
repulsions between the hydrogen atoms facing each other. As a result, the terminal angles have
values lower than the equilibrium value as the face C-H bonds rotate outwards (away from the
other molecule), as shown in Fig. 1. The terminal C-H bond lengths of 1.36 A for the dimer

structure at a C-C distance of 1.6 A suggest that the latter can be viewed as a precursor of



coupling-induced dissociation of the molecules, a pathway that may open up upon high-speed

collisional impact or in extreme conditions of pressure and temperature.
3.2.Coupling-induced Dissociation of Methane Molecules to Form Ethane and Ethylene

To investigate the coupling-induced dissociation mechanism, a transition state search
was performed, starting with the distorted dimer structure at the C-C distance of ~1.6 A. The
UMP2/aug-cc-pVTZ method was found to compare well with the UCCSD/aug-cc-pVTZ
method in identifying transition state geometries and activation energy barriers. The details of
the comparison are provided in section S2.2 of the Supplementary Information. Hence, for the
remainder of this article, the reported geometries are obtained using the UMP2/aug-cc-pVTZ
calculations, while the potential energies reported are from the UCCSD(T)/aug-cc-pVTZ

calculations on the UMP2 optimised geometries.

The TSs obtained for C-C coupling and the intrinsic reaction coordinate (IRC) tracing
the descent on either side of the TS are depicted in Fig. 2. The terminal C-H bonds of both
methane molecules in TS1 are stretched to 1.75 A at a C-C distance of 1.66 A. The atomic
motion corresponding to the imaginary-frequency mode of the TS further suggests that the
dissociation of the terminal C-H bonds of both methane molecules is concerted with the
coupling of the two molecules. The products of this reaction pathway are ethane + 2 H radicals,
which may additionally serve as intermediates in the formation of ethylene and two hydrogen
molecules via an additional transition state TS2, as shown in Fig. 2. The IRC along the product
side of TS2 (Fig. 2) shows abstraction of one hydrogen from each CHj3 fragment by each of the
two eliminated terminal hydrogens and further coupling of the two carbon centres to form

ethylene and two hydrogen molecules.
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Fig. 2 Reaction profile for the coupling induced dissociation of the terminal C-H bonds of the
two methane molecules, via transition state TS1, leading to formation of ethane and the
subsequent dissociation to form ethylene via TS2. Points along the intrinsic reaction coordinate
profile are shown as solid blue lines with circular markers and the dashed lines depict
extrapolation to the optimised minima on either side of the TS. Important bond and angle
parameters at the TSs are also indicated. The reported energy values are obtained using the

UMP2/aug-cc-pVTZ method, relative to the methane dimer.

The UCCSD(T)//UMP2/aug-cc-pVTZ energy barrier for the bimolecular coupling-
induced transformation of the methane dimer into ethane or ethylene via TS1 shown in Fig. 2
is 614.8 kJ mol’!, while the corresponding activation enthalpy barrier at 300 K (AH%00k) is
579.2 kJ mol'!. The formation of ethane and two hydrogen radicals is endoergic by 532.2 kJ
mol™!' (AH; 300k = 493.9 kJ mol™') while the formation of ethylene and two hydrogen molecules
from the intermediate, ethane + 2 H, is exoergic by 289.9 kJ mol' (AH; 300k = -292.9 kJ mol").
Although UCCSD(T) is suggested to be the ideal single reference method for calculation of
activation energies of systems involving C-H bond cleavage, [26] the T1 diagnostics [28] on

the UCCSD(T) calculations suggest that further improvement in accuracy is possible with



multireference computational methods. The details regarding this analysis are also presented

in section S2.2 of the Supplementary Information.

In the pyrolysis of methane, the formation of ethane in the gas phase is typically
expected to be the result of unimolecular dissociation of methane into methyl radicals, which
subsequently couple to yield ethane. Based on the active thermochemochemical table (ATcT)
thermochemical network (TN) analysis, for methane to form CHs + H at 298.15 K, the bond
dissociation enthalpy (BDE) is reported to be 438.9 kJ mol"! and for CHj3 to form CH, + H it
is reported to be 463.1 kJ mol!. [29] For gas phase radical reactions such as these, the activation
energy barriers are nearly the same as the BDE. [30] In this context, the activation barrier for
the direct formation of ethane by the concerted mechanism via TS1 is higher than that of the
pyrolysis pathway and is a possible explanation as to why this concerted pathway may not be

observed under typical pyrolysis conditions.

The particularly high energy barrier for this bimolecular coupling-induced dissociation
pathway via TS1 is due to the strong repulsion between the molecules and the distortion
required from their equilibrium structures along the C-C distance coordinate. According to
Bickelhaupt and co-workers, [31,32] a reaction barrier has contributions from the activation
strain or the deformation of the reacting molecules and the interaction energy between the
molecules along the reaction coordinate. This forms the basis of their “Activation Strain”
model for chemical reactivity which gives fundamental insights into the nature and origins of
the activation barriers in different reactions. [32] The energy penalty for the deformation of
each methane molecule along the IRC is calculated with reference to the undistorted

equilibrium methane molecule as

EDef = E(CH4 D) — E( CH4 E) (1)



where E( cyy py 18 the energy of one of the deformed molecules in the dimer and E¢yy gy 1s the

energy of the optimised equilibrium methane molecule. The interaction energy between the

molecules is calculated as
Eint = Echa aimery — 2X E(cnap) (2)

where E(cua gimer) 18 the energy of the optimised dimer at a given C-C distance and E(¢y4 p)

is the energy of one of the fragments in the dimer configuration. The deformation energy of
each molecule and the interaction energy along the IRC are reported in Table 1. The
deformation energy of each methane molecule is observed to increase rapidly from 81.3 kJ
mol™! at an IRC value of -0.74 amu®> A to 331.9 kJ mol! at the TS. The interaction energy
between the two fragments on the other hand is 174.3 kJ mol' at the IRC value of -0.74 amu®?
A and decreases along the IRC, becoming negative at the TS. This reflects a transition from
repulsive to attractive interactions. Thus, large deformation of the molecules and severe
repulsion between the fragments are involved in this mechanism of bimolecular direct

transformation of methane to ethane/ ethylene.

Table 1 Deformation Energy (Eqcr) of One of the Methane Molecules and Interaction Energy
(Eint) Between the Two Molecular Fragments Along the Intrinsic Reaction Coordinate Leading

to TS1 as Shown in Fig. 2.

Relative AEger Relative AEin
IRC (amu®3 A) | Eger (kJ mol™) Eint (kJ mol!) | (kJ mol") (kJ mol )
-0.74 81.3 174.3 0.00 0.0
-0.59 127.2 178.1 45.88 3.8
-0.44 180.1 166.9 98.80 -7.4
-0.30 233.9 131.5 152.67 -42.8
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-0.15 285.0 59.7 203.69 -114.6

TSI 331.9 -51.7 250.59 -226.0

Realistic high-energy collisional impact of methane molecules may involve a non-
symmetric approach and highly distorted non-equilibrium geometries, unlike those presented
here. Finite temperature molecular dynamics simulations are ideal to investigate such
scenarios. To investigate the validity of the proposed mechanism in the event of non-idealised
collision scenarios, we simulated the collision and coupling induced dissociation of methane
using ab initio molecular dynamics (AIMD) simulations with the meta-dynamics algorithm
[33]. Details regarding the computational methodology adopted for these simulations and a
note on the inherent deficiencies of the methodology are provided in section S1 of the
Supplementary Information. The AIMD-meta-dynamics simulations of the coupling induced
dissociation of two methane molecules also demonstrate the direct formation of ethane and two
hydrogen radicals through a potential saddle point structure resembling TS1, which is shown
in Fig.2. The highly distorted structure resembling the TS1 structure is shown in Fig.S3a of the

Supplementary Information and the trajectory is provided as supplementary movie S1.

3.3.Alternate Pathway for the Coupling-induced Dissociation of Methane Molecules to

Form Ethane and Ethylene

When the approach of the methane molecules is not head-on and symmetrical, the
formation of ethane may proceed via a non-symmetric TS, in a methylene radical-like pathway
with elimination of a hydrogen molecule from one of the methane molecules, as shown in Fig.3.
This elimination proceeds with simultaneous transfer of hydrogen from the methane molecule
to the methylene radical. The energy barrier for this coupling-induced transformation of two
methane molecules into ethane and a hydrogen molecule via TS3 (shown in Fig. 3) is calculated

to be 523.8 kJ mol! (AH%50k = 492.9 kI mol'). AIMD-Metadynamics simulations of the

11



coupling induced dissociation of two methane molecules also demonstrate the direct formation
of ethane and a hydrogen molecule through a potential saddle point structure resembling TS3,
which is shown in Fig.3. This structure is shown in Fig.S3 of the Supplementary Information

and the trajectory is provided as supplementary movie S2.
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Fig. 3. Reaction profile for the formation of ethane by elimination of a hydrogen molecule from
one of the methane molecules, transfer of a hydrogen atom from the other methane to the one
undergoing H» elimination and concerted coupling of the two methane molecules (left). The
subsequent dehydrogenation of ethane to form ethylene in a direct un-assisted dehydrogenation
mechanism via transition state TS4 and in a hydrogen assisted dehydrogenation mechanism via
TS5 are shown to the right. Points along the intrinsic reaction coordinate profile are shown as
solid black, blue, and red lines with circular markers and the dashed lines depict extrapolation
to the optimised minima on either side of the TSs. The reported energy values are obtained
using the UMP2/aug-cc-pVTZ method, relative to the equilibrium methane dimer. Important

bond parameters at the TSs are indicated in the figure.

Ethane formed in the above pathway can undergo further dehydrogenation to form
ethylene and an additional hydrogen molecule via two different pathways. When

dehydrogenation of ethane proceeds with no assistance from the first eliminated hydrogen
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molecule, the additional hydrogen molecule is generated via TS4, as shown in Fig. 3. The
energy barrier for the dehydrogenation in this pathway is 511.3 kJ mol™' (AH%00x = 484.8 kJ
mol ™). Since elimination of two hydrogens from the same CH3 moiety of ethane is energetically
unfavourable, dehydrogenation proceeds via elimination of one hydrogen atom from each CH3
moiety of ethane. ATcT TN analysis gives the bond dissociation enthalpy for the first C-H
bond of ethane, i.e. the barrier for formation of CH3;CHa, as 421.7 kJ mol! at 298.15 K. [29]
Subsequent C-H bond activation has a barrier of 452.61 kJ mol! for the formation of CH3CH,
while the barrier for the formation of CH2CHa is much lower at 150.59 kJ mol™'. [29] Thus, the
additional hydrogen molecule generated along the pathway via TS4 has its hydrogen atoms

originating from each CH3 moiety of ethane.

Ethane formed from methane dimer dehydrogenation may also undergo
dehydrogenation assisted by the first eliminated hydrogen molecule via TS5 as shown in Fig.3.
Each hydrogen atom of the previously eliminated hydrogen molecule abstracts one hydrogen
each from the two CH3z moieties of ethane to form two hydrogen molecules. The energy barrier
for dehydrogenation via this pathway is significantly lower, at 345.1 kJ mol' (AH%00k = 322.6
kJ mol"), than the energy barrier for the unassisted dehydrogenation at 511.3 kJ mol-1 (AH%00k
= 484.8 kJ mol™). The presence of hydrogen is known to have a favourable impact during
pyrolysis of methane as the decomposition of methane in the presence of molecular hydrogen
starts at temperatures around 700-800°C while pure methane does not decompose at

temperatures lower than 1000 °C. [34]

All pathways characterised for the formation of ethane and ethylene from two methane
molecules and their energy barriers are summarised in Fig. 4. The two different sets of reaction
paths discussed earlier are 1) bimolecular coupling- induced direct dissociation of the two
molecules via TS1 and TS2 to form ethane and ethylene, respectively; 2) bimolecular coupling-
induced dissociation via TS3 to form ethane and its dehydrogenation to form ethylene. Figure

13



4 shows that the formation of ethane and H; is energetically more favourable compared to

ethylene and two H> molecules.
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Fig. 4. Pathways characterised for the transformation of two methane molecules to ethane and
ethylene. The transition states (TSs) for each pathway and the energy barriers relative to the
equilibrium methane dimer obtained using the UCCSD(T)//UMP2/aug-cc-pVTZ combination

is shown.

The energetics of the different reaction pathways shown in Fig. 4 are collected in Table
2, along with the activation free energy barrier and free energy change for each pathway at
temperatures of 300 K and 1250 K to shed light on the thermodynamics and kinetics of the
processes. The activation free energy barrier for the direct bimolecular coupling-induced
dissociation of methane and formation of ethane and ethylene is observed to increase by over
100 kJ mol! when the temperature increases from 300 K to 1250 K. But the formation of
ethylene becomes thermodynamically more favourable at 1250 K compared to 300 K, although
the change in free energy is still positive. The activation free energy barrier for the formation

of ethane and H» via TS3 is much lower than that for the formation of ethylene and 2 H» via
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TS1 and TS2, irrespective of the temperature. Additionally, formation of ethane is
thermodynamically more favourable than formation of ethylene. The thermodynamic trends
for the transformation of methane to ethane and ethylene are in agreement with those reported
in the literature. [34,35] Similarly, the transformation of ethane to ethylene, although not
spontaneous, is more favourable at higher temperatures. From Table 2, it can be deduced that
stepwise transformation of methane via ethane is the most favourable pathway for formation

of ethylene from methane.

Table 2 Energetics of Transformation of Two Methane Molecules to Ethane and Ethylene via

Different Reaction Pathways.

Reaction pathway E' (kJ AE (kJ AGhok | AGsook (kI | AG'iasok | AGizsok
mol") mol") | (kJ mol") mol-") | (kI mol) | (kJ mol?)
Via TS1 (2 CH4 — 614.8 532.2 612.6 486.5 717.1 448.7
CHe + 2 H)
Via TS1, TS2 (2 CH4 614.8 242.6 612.6 189.1 717.1 113.9
s CoHy +2 Hy)
Via TS3 (2 CH4 — 523.9 77.9 511.3 73.8 560.4 97.1
C>Hs + Ho)
Via TS4 (CoHs + Hy — 511.3 165.1 492.2 113.8 513.4 9.9
CaHs + 2 Ha)
Via TS5 (CoHs + Hy — 345.1 165.1 345.8 113.6 431.7 9.3
CaHs + 2Hy)

4. CONCLUSIONS
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Compression of the methane dimer, bringing methane molecules closer together than the
equilibrium dimer separation of ~3.7 A, may result in bimolecular coupling-induced
dissociation of the two methane molecules and their transformation to ethane or ethylene. One
of the pathways implicates coupling-induced dissociation of the terminal C-H bonds of both
methane molecules and results in the formation of ethane and two hydrogen radicals. Further
transformation to ethylene and two hydrogen molecules involves abstraction of hydrogen
atoms from each CHz moiety by the hydrogen radicals. The energy barrier for this
transformation mechanism is relatively high due to the strong repulsion between the molecules

along the line of approach.

The coupling-induced transformation of two methane molecules to form ethane may also
proceed via molecular hydrogen elimination from one of the methane molecules accompanied
by intermolecular transfer of a hydrogen atom. The energy barrier along this pathway is lower
than that for the pathway involving the elimination of terminal hydrogen atoms of both
molecules. Ethane may be further dehydrogenated to form ethylene via two pathways: 1)
without assistance from the initially released hydrogen molecule, where the additional
hydrogen molecule is formed from one hydrogen atom coming from each CHjs fragment of
ethane, and 2) with assistance from the eliminated hydrogen molecule, where the initially
released hydrogen molecule splits and abstracts one hydrogen atom from each CH3 fragment.
The hydrogen-assisted dehydrogenation of ethane has an activation barrier much lower than
that for the non-assisted pathway. The formation of ethylene and two hydrogen molecules is

not spontaneous, but becomes more favourable at high temperatures above 1250 K.

The mechanisms reported here may be those implicated in the conversion of methane to
larger hydrocarbons in the interior of planets, including earth. At high temperatures and
pressures, mechanical impact of the molecules may cause their compression and coupling, as
discussed above. Further ab initio molecular dynamics simulations and molecular beam

16



experiments may shed more light on the product distribution and controlling factors in high

speed collision of methane molecules.

SUPPLEMENTARY MATERIAL

Supplementary information file contains details regarding computational methods used in the
ab initio molecular dynamics and meta-dynamics investigation of the coupling induced
dissociation of methane molecules along with the suitability of such methods, discussion on
the dimer energy profile and the effect of basis set superposition errors, rationale for the use of
UCCSD(T)//UMP2/aug-cc-pVTZ method for calculating activation barriers and reaction
energies, discussion on the direct transformation of the methane dimer to ethane/ethylene, and
cartesian coordinates of all stationary point structures. Additional supplementary movies
representing the coupling induced dissociation of methane and formation of ethane in two
different pathways as obtained from the ab initio molecular dynamics and meta-dynamics

simulations are included as movies S1 and S2.
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