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Methane structures endowed with different charges have been experimentally observed, but understanding of them currently
remains rather limited. With the aid of ab initio calculations, a systematic work was carried out on the methane structures
with different charges ð0;^1;^2Þ as well as on the structures of the neutral methane molecule bound to anions (O22 and
F2) and cations (Naþ and Mg2þ ). The geometry of the neutral methane species was found to be well reserved in the
negatively charged structures but severely distorted in the positively charged ones. The binding modes of the neutral
methane species with cations (Naþ and Mg2þ ) and anions (O22 and F2) are threefold and onefold, respectively.
The smallest and largest elongations of the CZH bonds in methane were observed in the binding with Naþ and O22,
respectively. According to the CZH bond dissociation energies (BDE1s), the dissociation pathways were determined for all
the structures, and are in agreement with the experimental data. It was further revealed that the first CZH BDE1s are heavily
dependent on the charges of the methane species. Through the charge effects, the activations of the first CZH bonds in
methane become facile; in addition, the selective activations and conversions can be fine-tuned as well. Accordingly, the
charge effects have the potential to be employed in the effective utilisation of alkanes.

Keywords: ab initio calculations; alkanes; charge effects; CZH bonds; selective activations

1. Introduction

A series of pioneering researches has been carried out on

dipole-bound anions [1–5]. The glycine zwitterion in the

gas phase cannot exist independently and will be

converted into neutral isomers in a barrierless way. With

the attachment of an excess electron, Simons and his

collaborators [4] found that the glycine zwitterion became

a local minimum on the potential energy surface. The

subsequent work of Ai et al. [6] indicated that the

ionisations can stabilise the glycine zwitterion as well.

Unlike the structures previously reported [1–6], the

cations and anions of methane are greatly destabilised by

charge effects, i.e. the attachments or ionisations of

electrons. This is caused by the strong Jahn–Teller effects

[7,8] since the highest occupied molecular orbitals

(HOMOs) of methane are threefold degenerate. Through

consistent efforts, the cations of the singly and doubly

photoionised methane were observed experimentally [9–

13]. Very recently, the electrons have also been

successfully attached to the neutral methane structure

[14]. To date, no systematic investigations have been

performed on neutral and charged methane structures. In

this work, neutral and charged methane structures were

optimised with ab initio calculations. Molecular orbital

analyses were used to aid our understanding of the intrinsic

instabilities of the charged methane structures. The CZH

dissociation energies of these structures were determined

by considering all the possible dissociation pathways. In

addition, the first and second ionisation energies (IEs) and

electron affinities (EAs) of methane were calculated and

compared with the data available to us as well as the

corresponding values of the noble gas Ne. To further

understand the charge effects on CZH bond dissociations,

the structures of methane bound to the various anions (e.g.

O22 and F2) and cations (e.g. Naþ and Mg2þ ) were also

investigated. Owing to the noticeable influences of the first

and second CZH bond dissociations, the charge effects

can be used to selectively activate the alkanes, including

methane. As is known to us, the effective utilisation of

alkanes still represents one of the current challenges in

catalysis [15–18].

2. Computational details

All the ab initio calculations were performed with the

Gaussian03 software package [19]. Three types of

structures were involved in this work. (A) The neutral

and charged methane structures, which are designated as
MCH4(n). M in superscript and n in parentheses represent

spin multiplicity and charge, respectively. (B) The

dissociated fragments of the MCH4(n) structures as well

as the structures used for comparisons, e.g. noble gas Ne,
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methanol (CH3OH) as well as their related structures. (C)

The structures of the neutral 1CH4(0) bound to anions and

cations as well as the related dissociated products. All these

structures were optimised at the MP2/6-311þþG(d,p)

level, and the harmonic vibrational frequencies were

employed at the same level to check whether these

structures are energy minima or not. The structures of the

former two types (A) and (B) were further refined under the

CCSD(T)/6-311þþG(d,p) level of theory.

The natural bond orbital program [20] embodied in the

Gaussian 03 software package was used to obtain the

Wiberg bond indices (bond orders), which are a measure

of bond strengths [21].

The CZH bond dissociation energies (BDE1s) of the

various MCH4(n) structures were calculated:

BDE1 ¼ E½M1CH3ðn1Þ� þ E½M2Hðn2Þ�

2 E½MCH4ðnÞ�; ð1Þ

where M1, n1 and M2, n2 denote the spin multiplicities

and charges of the dissociated products CH3 and H,

respectively.

3. Results and discussion

3.1 Structural analysis of MCH4(n)

The charges (n) and spin multiplicities (M) of the MCH4(n)

structures are presently considered to fall within the

ranges of [22, þ2] and [1,3], respectively. Eight

possible combinations resulted, corresponding to
1CH4(0), 3CH4(0), 2CH4(21), 1CH4(22), 3CH4(22),
2CH4(1), 1CH4(2) and 3CH4(2). All these structures were

optimised with MP2/6-311þþG(d,p) and CCSD(T)/6-

311þþG(d,p) methods, and the geometries at the two

theoretical levels were found to be in excellent agreement.

The frequencies calculated at the MP2/6-311þþG(d,p)

level indicated that 1CH4(0), 2CH4(21), 1CH4(22),
2CH4(1) and 3CH4(2) are energy minima whereas
3CH4(0), 3CH4(22) and 1CH4(2) are not. The results

were supported by the previous results: the neutral

methane structure is known to exist without unpaired

electrons corresponding to 1CH4(0). The double photo-

ionisation results [11] indicated that 3CH4(2) is much more

populated than 1CH4(2) owing to the Franck–Condon

factors. 1CH4(2) was dissociated into three fragments, i.e.

CH2
þ(2A1), Hþ(1S) and H(2S), consistent with the present

optimised geometries: at the CCSD(T)/6-311þþG(d,p)

level, two CZH distances in 1CH4(2) are large (1.440 Å)

while the other two are short enough to form direct bonds

(1.125 Å). However, the stable 1CH4(2) structure cannot be

located. Fainelli et al. [13] observed that the lower binding

energies of the di-cation CH4(2) will dissociate via two-

body Coulomb explosion, which corresponds to the
3CH4(2) structure (see Section 3.4).

The equilibrium geometries of the five stable MCH4(n)

structures are displayed in Figure 1, where the CZH

distances are given at both the MP2/6-311þþG(d,p) and

Figure 1. Presentations of the various MCH4(n) structures. Distances were given at both the MP2/6-311þþG(d,p) and CCSD(T)/
6-311þþG(d,p) (in parentheses) theoretical levels.
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CCSD(T)/6-311þþG(d,p) levels. At the CCSD(T) level,

the CZH bond lengths in 1CH4(0) were all equal to

1.093 Å. In the negatively charged 2CH4(21) and
1CH4(22) structures, the CZH distances were very close

to those of 1CH4(0), with the largest deviations not more

than 0.02 Å. In addition, the Td molecular symmetry of
1CH4(0) was well preserved in 2CH4(21) and 1CH4(22).

On the contrary, the positively charged 2CH4(1) and
3CH4(2) structures showed remarkable deviations from
1CH4(0). At the CCSD(T)/6-311þþG(d,p) level, two

CZH bonds in 2CH4(1) were elongated to 1.188 Å whereas

the other two were slightly shortened; the four CZH bonds

in 3CH4(2) were uniformly stretched to 1.227 Å. In 2CH4(1)

and 3CH4(2), the H1–H2 distances were optimised at 1.102

and 1.438 Å, respectively, indicating strong interactions

present in the two H atoms.

The CZH bond orders of the variousMCH4(n) structures

are calculated and listed in Table 1. In comparison with the

neutral 1CH4(0), the average CZH bond orders were

increased in the anionic states but decreased in the ionic

states. There were one or two net charges in 2CH4(21) or
1CH4(22), respectively; however, 2CH4(21) instead of
1CH4(22) was found to have the largest CZH bond orders.

This may be due to the fact that more electron clouds in
1CH4(22) are distributed along the HZH directions, as

deduced from the HZH bond orders in Table 1. As the
MCH4(n) structures contain different charges, the bond-

order analysis may fail to provide more information on the

CZH interacting strengths, which will be discussed in

Section 3.4 using BDE1s.

3.2 Molecular orbital analysis

Figure 2 illustrates the molecular orbital energies and

symmetries of the five stable MCH4(n) structures. 1CH4(0)

has three energy levels, and the HOMOs are triply

degenerate, both of which are in good agreement with the

binding energy spectral and previous theoretical results

[22,23]. The energy of its core orbital (1a1) was calculated

to be2304.95 eV (211.21 a.u.) and was consistent with the

value of 2304.87 eV obtained by Wang [23] using the

restricted Hartree–Fock method and the DGauss triple zeta

with valence polarised basis set. The energies of the other

orbitals also agree well with the previous data [22–24] and

will not be elaborated. It was found from Figure 2 that the

charges produce evident effects on both energies (EMO) and

symmetries. As the HOMOs of 1CH4(0) are threefold

degenerate, its cations 2CH4(1) and 3CH4(2) are distorted by

the strong Jahn–Teller effects and thus severely destabilised

[7,8,10,11]. The hybrid orbitals formed with H1s and C2s,2p

are no longer degenerate. In 3CH4(2), two HOMOs are of

close energies. All the occupied orbitals in 3CH4(2) are split

into different energies. As for 2CH4(21) and 1CH4(22),

their (HOMO21)s are triply degenerate, resembling the

HOMOs of 1CH4(0). The energies of all the orbitals are much

altered due to the attachments of electrons. The HOMO of
2CH4(21) is filled with one electron whose energy is positive

(1.12 eV, i.e. 0.04 a.u.). The attachment of another electron

into the HOMO of 2CH4(21) forms 1CH4(22) whose

HOMO energy is greatly enhanced to 4.54 eV (0.17 a.u.).

Accordingly, the attachment of electrons to the neutral
1CH4(0) becomes difficult, especially with doubly charged

electrons [14].

3.3 IEs and EAs

The equilibrium adiabatic IEs and EAs of the neutral
1CH4(0) structure were derived from the expressions

(2)–(5):

1CH4ð0Þ!
2CH4ð1Þ þ e

IE1 ¼ E½2CH4ð1Þ�2 E½1CH4ð0Þ�; ð2Þ

2CH4ð1Þ!
3CH4ð2Þ þ e

IE2 ¼ E½3CH4ð2Þ�2 E½2CH4ð1Þ�; ð3Þ

2CH4ð21Þ!1CH4ð0Þ þ e

EA1 ¼ E½1CH4ð0Þ�2 E½2CH4ð21Þ�; ð4Þ

1CH4ð22Þ!2CH4ð21Þ þ e

EA2 ¼ E½2CH4ð21Þ�2 E½1CH4ð22Þ�: ð5Þ

The energies of the MCH4(n) structures were obtained

at their respective equilibrium geometries. IE1 and IE2 are

the first and second IEs of the neutral 1CH4(0) structure.

EA1 and EA2 are its first and second EAs, respectively.

Table 1. The bond orders of the MCH4(n) structures obtained at the CCSD(T)/6-311þþG(d,p) theoretical level.

1CH4(0) 2CH4(21) 1CH4(22) 2CH4(1) 3CH4(2)

CZH1 0.806 0.965 0.930 0.594 0.528
CZH2 0.806 0.965 0.930 0.594 0.528
CZH3 0.806 0.965 0.930 0.932 0.528
CZH4 0.806 0.965 0.930 0.932 0.528
H1ZH2 0.004 0.052 0.156 0.128 0.037
H1ZH3 0.004 0.052 0.156 0.001 0.001
H1ZH4 0.004 0.052 0.156 0.001 0.001
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The calculated IE1, IE2, EA1 and EA2 of 1CH4(0) are

listed in Table 2. For comparison, the corresponding data of

the isoelectronic Ne were also obtained at the same level, and

it was found that the ionisations and attachments of electrons

were always more facile for 1CH4(0) rather than Ne. The first

IE1 of 1CH4(0) was calculated to be 12.57 eV. Chupka and

Berkowitz [9] measured the relative photoionisation cross-

section of 1CH4(0) at liquid N2 temperature and concluded

that its IE1 value should not exceed 12.615 ^ 0.01 eV. Boyd

et al. [7] extrapolated the IE1 value of 12.51 eV on the basis

of high-resolution He I photoelectron spectrum. These

results are consistent with the present data. The first EA1 of
1CH4(0) is equal to 20.98 eV and indicates that the

attachment of one electron is endothermic. The attachment

of the second electron to 1CH4(0) seems extremely difficult,

costing an energy of 4.00 eV. The corresponding EA1 and

EA2 values of Ne are much larger than those of 1CH4(0). The

IE1 and IE2 values of Ne are also very large. The calculated

IE1 value of Ne (21.16 eV) is in good agreement with the

recommended value 21.564 eV [25]. Albeit that the noble

gas Ne was considered very inert, the advances of

experimental techniques have witnessed the successful

syntheses of many noble-gas contained compounds [26–29].

3.4 The first CZH BDE1s of the MCH4(n) structures

For each of the 1CH4(0), 2CH4(21), 1CH4(22), 2CH4(1)

and 3CH4(2) structures, several dissociation pathways of

the first CZH bonds may exist with the M1CH3(n1) and
M2H(n2) products of different charges and spin multi-

plicities. Using Equation (1), the first CZH BDE1s of all

the possible pathways were calculated, with those of the

lowest BDE1 values shown below:

1CH4ð0Þ!
2CH3ð0Þ þ

2Hð0Þ; ð6Þ

2CH4ð21Þ!2CH3ð0Þ þ
1Hð21Þ; ð7Þ

1CH4ð22Þ!1CH3ð21Þ þ1Hð21Þ; ð8Þ

2CH4ð1Þ!
1CH3ð1Þ þ

2Hð0Þ; ð9Þ

3CH4ð2Þ!
1CH3ð1Þ þ

1Hð1Þ: ð10Þ

The dissociation pathways of 2CH4(1) and 3CH4(2) in

Equations (9) and (10) were supported by the previous

experimental results: CD3
þ is the most abundant fragment

by dissociating 2CD4(1) [30]. The dissociation of 3CH4(2)

into 1CH3(1) þ 1H(1) was confirmed as the most

favourable pathway [11]. There is also evidence for the

negatively charged 2CH4(21) and 1CH4(22): 1H(21)

other than 2H(0) or 1H(1) was detected in the dissociation

processes of electron-attached methane structures [14].

The BDE1 values corresponding to Equations (6)–(10)

are calculated and listed in Table 3. The BDE1 of 1CH4(0)

equals 106.22 kcal mol21 at the MP2/6-311þþG(d,p) or

107.68 kcal mol21 at the CCSD(T)/6-311þþG(d,p)

levels, in agreement with the experimental value 105.0 ^

0.1 kcal mol21 [31]. The BDE1s of the five MCH4(n)

structures increase in the order 3CH4(2) , 1CH4(22) ,
2CH4(1) , 2CH4(21) , 1CH4(0). It was found that the

first CZH bonds are much activated when the neutral
1CH4(0) is endowed with charges. The CZH bond

dissociations are even exothermic in 1CH4(22) and
3CH4(2), quite contrary to the conventional activation

methods where a great deal of energies were used to break

the first CZH bonds [15–18].

3.5 1CH4(0) bound to anions and cations: a comparison

The complexes of 1CH4(0) bound to anions (O22 and F2)

and cations (Naþ and Mg2þ ) were studied by the MP2/

6-311þþG(d,p) methods. Ferrari et al. [32] compared the

different binding modes between 1CH4(0) and cations

(Naþ and Mg2þ ), concluding that the threefold one is the

most energetically favourable. Accordingly, the threefold

binding mode with cations was considered in this work;

see the optimised geometries in Figure 3(c) and (d). In the

threefold binding mode, three H atoms (H1–H3) have

identical distances towards the cations and the fourth H

atoms (H4) are directed opposite: in 1CH4(0)ZNaþ and
1CH4(0)ZMg2þ , the /H4ZCZNa and /H4ZCZMg

angles were optimised at 179.838 and 179.908, respect-

ively. The CZH1, H2, H3 and CZH4 distances are equal

Figure 2. Molecular orbital energies of the various MCH4(n)
structures calculated at the MP2/6-311þþG(d,p) level of theory.
The energies of C1s orbitals remain nearly invariant in all the
cases and are not shown.

Table 2. IEs and EAs of CH4 and Ne obtained at the
CCSD(T)/6-311þþG(d,p) level of theory.a

IE1 IE2 EA1 EA2

CH4 12.57 20.21 20.98 24.00
Ne 21.16 44.10 27.35 214.44

a Units of energies in eV.
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to 1.095 (1.094) and 1.089 (1.088) Å in 1CH4(0)ZNaþ and

1.109 (1.108) and 1.103 (1.106) Å in 1CH4(0)ZMg2þ ,

respectively. The values in parentheses were obtained

by Ferrari et al. [32] at the B3LYP/TZV level of

theory, which are found to be in agreement with the

present results. In comparison with the neutral 1CH4(0)

(Figure 1(a)), the CZH bond distances change slightly in
1CH4(0)ZNaþ whereas they are elongated by ca. 0.014(5)

Å in 1CH4(0)ZMg2þ . The CZNa and CZMg distances

equal 2.638 and 2.168 Å, respectively, close to the values

of 2.519 and 2.162 Å obtained by Ferrari et al. [32]. The

direct CZMg bonds were formed and therefore the MP2

and B3LYP data are almost identical; however, the CZNa

distance is larger than that expected for the direct bonds

and the mutual interactions may be improperly described

by density functional methods [33–35], due to their

inadequacies of exchange functional.

The interaction modes between 1CH4(0) and anions

(O22 and F2) were explored and the stable structures are

shown in Figure 3(a) and (b). It was found that the H1 atoms

were directed towards the anions with the /H1ZCZO and

/H1ZCZF angles equal to 179.888 and 179.988,

respectively. Owing to the polarisations by the anions, the

CZH1 bonds are more stretched than the other three.

Compared with the neutral 1CH4(0) (Figure 1(a)), all the

CZH bonds in 1CH4(0)ZO22 are much elongated, whereas

only the CZH1 bond has observable elongations in
1CH4(0)ZF2. The OZH1 and FZH1 distances were

calculated at 1.525 and 1.924 Å, respectively.

The BDE1 values of the structures of 1CH4(0) bound to

anions (O22 and F2) and cations (Naþ and Mg2þ ) were

obtained in the same way as the MCH4(n) structures

described above. The most favourable dissociation path-

ways were thus determined:

1CH4ð0ÞZO22 !1CH3ð21Þ þ OH2; ð11Þ

1CH4ð0Þ2 F2 !1CH3ð21Þ þ HF; ð12Þ

1CH4ð0Þ2 Naþ !2CH3ð0Þ þ
2Hð0Þ þ Naþ; ð13Þ

1CH4ð0Þ2 Mg2þ !1CH3ð21Þ2 Mg2þ þ1Hð1Þ: ð14Þ

The first CZH BDE1s were computed at 272.18,

59.94, 104.54 and 82.15 kcal mol21 for 1CH4(0)ZO22,
1CH4(0) 2 F2, 1CH4(0)ZNaþ and 1CH4(0)ZMg2 þ ,

respectively. It was found that the interactions with O22,

F2 or Mg2þ dramatically reduced the BDE1 values, thus

Figure 3. Structures of 1CH4(0) bound to anions and cations. The distances were given at the MP2/6-311þþG(d,p) level of theory.

Table 3. The first CZH BDE1s of the various structures.a

1CH4(0) 2CH4(21) 1CH4(22) 2CH4(1) 3CH4(2) 2CH3(0)

MP2 106.22 79.71 25.15 38.10 2163.34 110.66
CCSD(T) 107.68 75.56 23.77 38.24 2164.16 110.94
Exp.b 105.0 ^ 0.1 110.3

a Units of energies in kcal mol21.
b Experimental data from [31].
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activating the methane molecules. The affinities of O22

towards 1CH4(0) were found to be different from those of

O(1D) and O(3P). The insertion of O(1D) into the CZH

bonds of 1CH4(0) is barrierless [36–38], and the H1ZO

distance in the O(3P)-bound 1CH4(0) structure was

optimised to be 2.991 Å [39], much longer than the

corresponding value in 1CH4(0)ZO22.

The Mulliken charges of the 1CH4(0) fragments were

calculated at 21.013, 20.054, 0.076 and 0.456 jej in
1CH4(0)ZO22, 1CH4(0)ZF2, 1CH4(0)ZNaþ and
1CH4(0)ZMg2þ , respectively. It was found that the

charges were affected by the affinities of anions and

cations. Figure 4 charted the first CZH BDE1s of the

various structures versus the charges of the 1CH4(0)

fragments. Generally, the more the deviations of the

charges from zero, i.e. the charge in the neutral 1CH4(0)

structure, the larger the activations of the first CZH bonds.

Naþ reduced the charge very slightly (0.076 jej) and

therefore only a slight energy drop (1.68 kcal mol21) was

observed. 1CH4(0)ZO22 is an exception and the reason

may be that the dissociated product OH2 is exceptionally

stable. Therefore, the charge effects can be used to direct

the activations of CZH bonds in alkanes.

3.6 The selective activations of methane by charge
effects

The BDE2s, i.e. the CZH BDE1s of the M1CH3(n1)

structures, were obtained in the same way as the MCH4(n)

structures. Now we know the first and second CZH

dissociation steps of the MCH4(n) structures: 1CH4(0) !
2CH3(0) ! 3CH2(0), 2CH4(21) ! 2CH3(0) ! 3CH2(0),
1CH4(22) ! 1CH3(21) ! 3CH2(0), 2CH4(1) !
1CH3(1) ! 2CH2(1) and 3CH4(2) ! 1CH3(1) ! 2CH2(1).

2CH2(21) may also appear in the dissociated products

of the second step of 1CH4(22), since the BDE2 value

dissociated in this way is only 6.67 kcal mol21 beyond

the most favourable pathway producing 3CH2(0). In the

favourable dissociation pathway [1CH4(22) !
1CH3(21) ! 3CH2(0)], 2H(21) is the product of both

steps. It is thus consistent with the dissociative electron

attachment results [14] that the 2H(21) channel

corresponds to a fairly broad peak whereas 2CH2(21) to

a relatively narrow peak.

The CZH BDE1s of the 2CH3(0) structures were

calculated at 110.66 and 110.94 kcal mol21 at the MP2/

6-311þþG(d,p) and CCSD(T)/6-311þþG(d,p) levels,

respectively, in accord with the experimental value

110.3 kcal mol21 [31].

As for the MCH4(n) structures, the differences between

the BDE1s and BDE2s were defined as follows:

DBDE ¼ BDE2–BDE1: ð15Þ

As shown in Figure 5, the DBDE values obtained at

the CCSD(T)/6-311þþG(d,p) level increase in the order

of 3.26 kcal mol21 for 1CH4(0) , 35.38 kcal mol21 for
2CH4(21) , 87.09 kcal mol21 for 2CH4(1) , 92.42

kcal mol21 for 1CH4(22) , 289.49 kcal mol21 for
3CH4(2). The DBDE value in the neutral 1CH4(0)

structure is so slight that the H-abstraction reactions are

not easily controlled at the level of the first CZH

bonds. By attaching or ionising the electrons, the DBDE

values become remarkably larger, indicating that the

selective activations of methane have been achieved.

The first and second CZH bond activation reactions

in 1CH4(22) and 3CH4(2) are even exothermic and

endothermic, respectively.

At the CCSD(T)/6-311þþG(d,p) level, the compu-

tational CZH and OZH BDE1s of methanol (CH3OH) are

equal to 99.82 and 106.96 kcal mol21, consistent with the

experimental results of 96.06 ^ 0.15 and 104.2 ^

Figure 4. The first CZH BDE1 of methane under different
chemical environments obtained at the MP2/6-311þþG(d,p)
level of theory.

Figure 5. The first CZH BDE1 of the various MCH4(n)
structures and CH3OH obtained at the CCSD(T)/
6-311þþG(d,p) theoretical level.
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0.9 kcal mol21 [31], respectively. As expected, the CZH

bond BDE1 of methanol is less than the BDE1 of the

neutral 1CH4(0). However, the situation will be changed

by charge effects. Since the activations of the first CZH

bonds in 1CH4(22), 2CH4(1) and 3CH4(2) require much

less energies than those of methanol (CH3OH), it is facile

to control the reaction directions by selective activations

of the first CZH bonds in methane rather than the deeper

oxidisations of methanol (CH3OH).

The differences of the BDE1s between the second

CZH bonds of the MCH4(n) structures and the first CZH

bond of methanol were defined as follows:

VBDE ¼ BDE2–BDEðCH3OHÞ: ð16Þ

The VBDE values increase in the order of 2

11.17 kcal mol21 for 1CH4(22) , 11.12 kcal mol21 for
2CH4(21) , 25.51 kcal mol21 for 2CH4(1) ¼ 25.51

kcal mol21 for 3CH4(2). The activation of the second

CZH bond in 1CH4(22) was found to be preferred over

the CZH bond in methanol (CH3OH); while in 2CH4(21),
2CH4(1) and 3CH4(2), the CZH bond activation in

methanol (CH3OH) is preferred. Accordingly, through the

attachment or ionisation of different electrons, the reaction

directions posterior to the first CZH bond activation can

also be fine-tuned.

There are currently two known primary problems

restricting the methane conversions: one is the difficult

activation of the first CZH bonds, and the other is the

easier activation of those products more desirable than

methane such as methanol. These two problems can be

resolved with charge effects. As for the first problem, the

charge effects greatly reduce the activation energies of

methane. As for the second problem, the appropriate

charge effects can decide the reaction directions towards

the CZH activation of methane or the activation of the

product methanol (CH3OH). In addition, through

the charge effects, the reactions can be well controlled at

the levels of the first CZH bond activations instead of the

further CZH bond activations, since in the charged

structures, the energies required to break the first CZH

bonds are much less than and also far away from the values

to break the second CZH bonds. After the first CZH bond

activations in methane, two alternatives remain: the

activation of the second CZH bonds or the further

activation of the product methanol (CH3OH). The charge

effects can switch the alternatives: the activation of the

second CZH bond in 1CH4(22) is preferred over that in

methanol (CH3OH), while in 2CH4(21), 2CH4(1) and
3CH4(2), the CZH bond activation in methanol (CH3OH)

is preferred. The present results of selective activations of

methane with charge effects are of high value to the

effective utilisations of alkanes.

4. Conclusions

The neutral methane structures endowed with both

positive and negative charges have been observed

experimentally; however, the understanding of these

charged structures is rather limited. With the aid of ab

initio calculations, systematic work was carried out on the
MCH4(n) structures as well as on the structures of 1CH4(0)

bound to anions and cations.

The stable MCH4(n) structures (n ¼ 0, ^ 1, ^ 2)

were determined, corresponding to 1CH4(0), 2CH4(21),
1CH4(22), 2CH4(1) and 3CH4(2), respectively. The

geometries and the Td molecular symmetries of the neutral
1CH4(0) are well reserved in the negatively charged

structures but severely distorted in the positively charged.

Owing to the strong Jahn–Teller effects, the cations and

anions of 1CH4(0) are unstable, and their molecular orbital

energies and symmetries are also altered compared with

those of 1CH4(0). The HOMO energies of 2CH4(21) and
1CH4(22) are beyond zero, an indication of the structural

instabilities. The first and second IEs and EAs were

calculated for 1CH4(0) and the isoelectronic Ne, which are

in good agreement with the available data.

The binding modes of 1CH4(0) with cations (Naþ and

Mg2þ ) and anions (O22 and F2) are threefold and onefold,

respectively. Strong interactions are present between the

O22 and H1 atoms in 1CH4(0)ZO22 as well as the Mg2þ and

C atoms in 1CH4(0)ZMg2þ . As for the CZH bonds, the

most marked elongations were observed in 1CH4(0)ZO22

whereas on the contrary in 1CH4(0)ZNaþ.

According to the CZH BDE1s, the dissociation

pathways of the MCH4(n) structures are as follows:
1CH4(0) ! 2CH3(0) ! 3CH2(0), 2CH4(21) !
2CH3(0) ! 3CH2(0), 1CH4(22) ! 1CH3(21) !
3CH2(0), 2CH4(1) ! 1CH3(1) ! 2CH2(1) and
3CH4(2) ! 1CH3(1) ! 2CH2(1), which are in good

agreement with the available experimental data. The

CZH bond dissociation mechanisms of the structures of
1CH4(0) bound to anions and cations were studied as well;

see the details in Section 3. It was thus revealed that the

first CZH BDE1s of the various structures are to a large

extent determined by the charges of the 1CH4(0)

fragments: the more deviations from zero tend to cause

more reductions in the BDE1s values.

The difficult activation of the first CZH bonds and the

easier activation of those products more desirable than

methane are the two primary problems that restrict the

current methane utilisations; these can be satisfactorily

resolved with charge effects. In addition, through the

charge effects, the reactions can be well controlled at the

level of the first CZH bond breaking instead of the further

CZH bond breaking. Moreover, the alternatives as to

activating the second CZH bonds of methane or the

product methanol (CH3OH) can also be switched through

the charge effects.
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