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Abstract 

Within the framework of the MIND0/3 method methane and oxygen interactions with pure and modified calcium oxide have 
been considered. It is shown that low-coordinated Gag,‘-0:; and Ca’+ 4c -O& pairs of acid-base centers are responsible for the 
initial step in the methane activation on pure calcium oxide. Atomic oxygen strongly adsorbs only on surface basic sites yielding 
surface O:- species. Molecular oxygen adsorbs both on acid and basic sites and forms either rr-complexes or 0, species, 
respectively. However, the dissociative adsorption of molecular oxygen on adjacent pairs of basic sites is energetically more 
favorable. The energetics of the substitution of a Cat: ion by Mgzs in Mg/CaO, Na& in Na/CaO and Z&c+ in Zn/CaO and 
Na/Zn/CaO and the methane activation on these modified calcium oxides have also been considered. The results allow an 
understanding of the experimentally observed increase of the C2 + hydrocarbon selectivity in the oxidative coupling of methane 
both on mixed magnesium and calcium oxides containing 10 to 15% of CaO and on NaOH-promoted CaO catalysts containing 
minor amounts of Zn* + cations. 
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1. Introduction 

During the past decade the catalytic conversion 
of methane into more valuable C2+ hydrocarbon 
products has been the subject of numerous studies. 
Most of the catalyst systems used for the oxidative 
coupling of methane are based on alkaline earth 
metal oxides doped with alkali metals, rare earth 
metal oxides, other mixed metal oxides and metal 
chlorides (see for example, [l-lo]). It is well- 
known that magnesium oxide and calcium oxide, 
especially when doped with lithium and sodium 
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ions, or mixed oxides of magnesium and calcium 
are very effective catalysts for this reaction 
[ 2,3,5-71. The conception of the heterogeneous- 
homogeneous nature of the methane oxidative 
coupling reaction is now beyond any doubt. How- 
ever, disagreement remains regarding the identity 
of the surface sites on which hydrogen atom 
abstraction occurs and the nature of the C-H bond 
breaking that is involved in methyl radical for- 
mation. Though it is quite certain that the initial 
step in the selective oxidation of methane occurs 
on the surface, there remain many questions to be 
solved, such as the nature of the active sites and 
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the reaction mechanism. According to earlier 
assumptions, methane activation occurs homolyt- 
ically via H abstraction by a partially reduced sur- 
face oxygen species whereby methyl radicals are 
directly released into the gas phase [ 2,3] . Accord- 
ing to later suggestions, C-H bond cleavage in 
methane occurs heterolytically on coordinatively 
unsaturated acid-base pair sites of the catalysts 
[ 1 l-131. The presence of such low-coordinated 
surface atoms on the real oxide catalysts has been 
evidenced spectroscopically [ 121. Both the rela- 
tively high values of the activation energy for 
methane oxidative coupling and the H-D 
exchange in methane, which were observed in 
many catalytic systems, can serve in favour of the 
last proposition. Nevertheless, this remained the 
focus of active research in catalysis by using mod- 
ern experimental as well as theoretical methods. 
The theoretical treatment of catalytic systems can 
provide complementary information concerning 
the mechanism and the active site. 

Several theoretical studies have been performed 
for the adsorption of small molecules on pure or 
modified magnesium oxide surfaces, in particular 
for the adsorption of HZ, CO, methane, water, O2 
and so on using ab initio, density functional and 
semiempirical methods (see for example [ 8,14- 
221. In these studies it had been shown that a 
heterolytic dissociation occurs during hydrogen 
and methane adsorption on magnesium oxides. 
Pairs of three-coordinated surface magnesium and 
oxygen atoms are the most active sites for the 
heterolytic dissociation. To our knowledge, no 
detailed theoretical studies have been performed 
for the adsorption of these molecules, in particular 
of hydrogen and methane, on calcium oxide. 

In the present investigation we have studied 
methane and oxygen interactions with pure and 
modified calcium oxide surfaces using a specially 
parametrized semiempirical MIND013 method. 
This method allows us to calculate rather reliably 
the equilibrium geometries and heats of formation 
of various surface complexes which can be used 
to describe the methane and oxygen chemisorp- 
tion on these oxides. Furthermore, in this semiem- 
pirical framework we have the possibility of 

performing quantum-chemical calculations for 
large surface fragments of the oxide lattice. In the 
present paper we obtain a detailed picture of the 
dissociative interaction of methane and the 
adsorption of oxygen on calcium oxide, which can 
be easily compared with our analogous calcula- 
tions on magnesium oxide [ 19-221. On the basis 
of the present computational results, the methane 
activation is discussed on pure calcium oxide, on 
calcium oxide with preadsorbed oxygen, and on 
calcium oxide doped with sodium (Na/CaO), 
magnesium (Mg/CaO), zinc (Zn/CaO) and 
zinc/sodium (Zn/Na/CaO) . The results obtained 
allow us to understand the experimentally 
observed increase of the C,, hydrocarbon selec- 
tivity in the oxidative coupling of methane both 
on mixed magnesium and calcium oxides contain- 
ing 10 to 15% of CaO and on a NaOH-promoted 
CaO catalyst containing minor amounts of Zn*+ 
cations. 

2. Method of calculation and cluster model 

The quantum-chemical cluster calculations 
were performed within the framework of the 
MIND0/3 method [23]. Restricted Hartree- 
Fock calculations were performed throughout; the 
MIND0/3 parametrization was extended for Ca- 
containing compounds. To optimize the necessary 
binding parameters o and /3 for core-core and 
core-resonance interactions between a pair of 
atoms in the MIND013 method [ 231 we used our 
automatic optimization program [24] with the 
procedure proposed by Dewar et al. [ 251. The 
latter depends on a least-squares fit to the heats of 
formation of a set of standard molecules and to 
the bond lengths in those of them, for which accu- 
rate experimental data are available [ 251. The so- 
called one-center parameters for the calcium atom 
were taken from [26] except for the ionization 
potentials of the 4s and 4p atomic orbitals ( AOs) 
which were taken from [ 271. The MIND013 par- 
ametrization for Na and Zn containing compounds 
has been performed previously; the parameters are 
given in [ 241, 
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Table 1 
Optimized two-center parameters and for some pairs of atoms in the 
MIND0/3 method 

Bond type P a 

Ca-H 0.232596 0.627296 
Ca-C 0.325055 0.585750 
Ca-0 0.552198 1.0245 15 
Ca-F 0.328754 1.153655 
Ca-Cl 0.308864 0.835337 
Ca-Ca 0.05525 I 0.817502 

Table 1 shows the optimized binding parame- 
ters ((Y and /3) between Ca and X atoms, where 
X =H, C, 0, F, Cl, Ca. Table 2 compares the 
calculated and observed heats of formation and 
geometries for a set of Ca-containing compounds. 
As is evident, the agreement between calculated 
and observed data is quite good. Note in particular 
the good fit for CaH, Ca( 0H)2, CaF,, and CaCI,. 

Calcium oxide which has the rock salt structure 
is modelled by stoichiometric clusters Ca,O,, 
where n=9, 12, 18 and 32 (see Fig. l), which 
contain all sorts of low-coordinated calcium and 
oxygen atoms in various structural defects, i.e. 
comers, edges, steps, etc. Table 3 and Table 4 

show optimized geometries and effective Mulli- 
ken charges in dependence on the coordination 
number of the atoms in these clusters. For com- 
parison the same properties are also given for a 
calcium oxide cube containing only four three- 
coordinated calcium and oxygen atoms, i.e. a 
Ca,O, cluster. As is clear, the increase of the clus- 
ter size does not lead to essential changes in the 
geometry and in the charge state of similar surface 
regions, i.e. corners, edges, faces, etc. Only a small 
difference between the optimized CaO bond 
length at the clean (001) surface of calcium oxide 
and the bulk value of 0.245 nm was observed, 
while three-coordinated corner calcium ions show 
much more geometry relaxation compared to the 
bulk, as already observed for magnesium oxide 
[ 191. It should be noted, that a linear correlation 
between the heats of formation of the clusters 
studied and the types of acid-base pair centers is 
observed; it can be expressed as follows: 

AH,“( Ca,O,) = 

- 93.4m,c - 146.2~~~ - 199.6mSc - 214.4m,, 

(1) 

Table 2 
Calculated and observed heats of formation (Al?, kcal/mol) and geometries (bond lengths in nm, bond angles in degrees) of some Ca-containing 
molecules and radicals a 

Compound AE Geometry 

CaH 
CaHz 
CaOH 
CaOH’ 
CatOH), 
CaO 
CaO+ 
Ca( 0H)F 
Ca( 0H)CI 
CaCz 
Ca(CH& 
Ca(OH)CH, 
CaF 
CaF+ 
CaFZ 
CaCl 
CaCl, 
Ca& 
Caz 

55.5 (55.5) 
49.6 
-34.8 (-43.0f3) 
100.4 (87.71+5) 
- 130.9 (- 130) 
32.1 ( 11.2; 42.5) 
194.3 
- 159.9 (- 164.8+5) 
- 120.2 (- 129.0+5) 
169.8 ( 158.5 of: 10) 
81.2 
-25.1 
- 62.9 ( - 65.4) 
71.0 
- 186.6 (- 186.3) 
- 27.3 ( - 22.5) 
-108.4(-111.5+3) 
- 287.6 ( - 273.3) 
82.5 (82.2) 

CaH, 0.2012 (0.2002) 
CaH, 0.1926; HCaH, 180 
CaO, 0.2131; OH, 0.0940 
CaO, 0.2028; OH, 0.0939 
CaO, 0.2103 (0.21); OH, 0.0935 (0.096) 
CaO, 0.1966 (0.1822) 
CaO, 0.2063 
CaO, 0.2112; OH, 0.0935; CaF, 0.2111 
CaO, 0.2100; OH, 0.0935; CaCl, 0.2483 
CaC, 0.2591 (0.2595); CC, 0.1189 (0.1191) 
CaC, 0.2517; CH, 0.1114; HCCa, 113.2 
CaC, 0.2506; CaO, 0.2097; OH, 0.0936; CH, 0.1115; HCCa, 113.4; OCaC, 180 
CaF, 0.2098 
CaF, 0.2018 
CaF, 0.2112 (0.21); F&F, 180 
CaCl, 0.2492 (0.2439) 
CaCl, 0.2485 (0.25 1) ; ClCaCI, 180 
CaCl, 0.2494; CaCI’, 0.2730: ClCaCl’, 139.4 
CaCa, 0.3639 (0.4277) 

a Available experimental data are taken from [28-301 and are given in parentheses. 
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(a) (b) 

(cl (d) 
Fig. 1. Molecular clusters modelling calcium oxide surfaces: (a) 
C&O+ (b) CalzO,a, (c) Ca,,O,s, (d) Ca32032. The numbers cor- 
respond to the degree of coordination (LC) of cations and anions: 
??Ca&OO&. 

Table 3 
Optimized geometries (bond length in nm) for the clusters of Ca,O, 
(n=4,9, 12, l&32) as calculated by the MIND0/3 method 

Bond type n=4 n=9 n=12 n=18 n=32 

0.2455 

0.2501 
0.2391 
0.2559 

0.2529 
0.2415 
0.2499 
0.2396 
0.2556 

0.2329 0.2333 
_ 0.2279 0.2273 
0.2295 0.2242 0.2244 

0.2427 0.2526 
0.2502 0.2557 
0.2544 0.2454 

0.2407 0.2383 
0.2500 0.2500 
0.2398 0.2396 

0.2343 0.2347 
0.2333 0.2317 
0.2265 0.2257 

’ Second type of CaLcOLc bond in a different part of the CaO lattice. 

Table 4 
Effective Mulliken charges on cations and anions for the clusters of 
Ca,,O, (n = 4,9, 12, 18,32) as calculated by the MIND0/3 method 

Type of centre n = 4 n=9 n=12 n=18 n=32 

1.2134 1.2140 
1.1324 1.1346 1.1270 1.1382 
1.0541 1.0586 1.0309 1.0576 

1.0047 1.0033 0.9952 1.0160 1.0075 
- _ 1.0949 - 1.1267 

- 1.0192 - 1.0428 - 1.0512 - 1.0953 
- 1.0416 - 1.0500 - 1.0669 - 1.0973 

-1.0047 -1.0442 -1.0522 -1.0734 - 1.1044 

where A&‘( Ca,O,) are the heats of formation of 
the Ca,O, clusters in kcal/mol; m3c, mbc, m5,-, 
met is the number of three-, four-, five-, Six-COOr- 

dinated pairs of acid-base centers, respectively. 
Eq. ( 1) has two consequences. First, the coeffi- 
cients formally correspond to the heats of forma- 
tion of one CaO pair in the respective coordination 
state. For example, the heat of formation of one 
CaO pair in bulk calcium oxide is equal to - 214.4 
kcal/mol. Of course, these data, i.e. the heat of 
formation of the CaO molecule and its geometry 
in bulk CaO, can be easily used to reoptimize the 
respective binding parameters of the MIND0/3 
method to study the bulk properties of calcium 
oxide. In this case it is also necessary to change 
some of the one-center one-electron parameters if 
one wants to correctly reproduce the charge state 
in bulk calcium oxide. Secondly, Eq. ( 1) can be 
applied easily to estimate the thermodynamically 
most stable molecular structure for larger clusters 
with the composition Ca,O,. 

To study the chemisorption of methane and 
oxygen on calcium oxide surfaces we have pref- 
erably used a relatively large Ca32032 cluster 
(Fig. Id). To study the dissociative adsorption 
of methane molecule on the next-neighbour three- 
coordinated calcium and oxygen sites, i.e. Cazb 
and 0:; acid-base pairs, ‘small’ two-layer C%Og 
and Ca,,O,, clusters were used. Note, that in all 
calculations a full optimization of the geometry of 
the adsorption complexes was performed. 

The calculations for the Mg/CaO, Zn/CaO, 
Na/CaO and Na/Zn/CaO molecular clusters 
were based on an isomorphic substitution of the 
CaiC+ ion by another ion, i.e., Mgi:, Zr$$ , Na&. 
In the sodium containing models, the resulting 
excess negative charge of the cluster was compen- 
sated by a proton attached to O& . Note, the result- 
ing clusters in all cases correspond to 
electroneutral closed shell states; there is no free 
surface valence state or an unpaired extra electron. 
Also for the substituted clusters, a full optimiza- 
tion of the local structure of the cluster was per- 
formed. There is an analogy between alkali earth 
metal oxides doped by alkali metals (for example, 
Li/MgO [ 19,221, Na/CaO) and acidic zeolites. 
The latter can be viewed as three-dimensional net- 
works, in which only a few silicon ions are 
replaced by aluminum ions and protons are added 
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Table 5 
Heats of dissociative methane adsorption (AE, kcal/mol) on pure 
calcium oxide and effective Mulliken charges on the dissociated 
fragments as calculated by the MIND0/3 method 

Pair of centers AE” +qH+ s4 CH 3 

CaQ-0:; 18.7 0.2323 - 0.6074 
Ca*+-O’- 3c 4c 6.5 0.2368 - 0.6578 
Ca?‘-(j- 4c 3c 6.1 0.2458 -0.6975 
Ca$-O- 4c - 18.6 0.2794 - 0.7282 
Ca*+-O*- 4c 5c - 27.7 0.2463 - 0.6820 
Ca* + -02 - 5c 4c - 23.5 0.2378 - 0.6796 
Ca? + -02 SC 5c - 38.4 0.2866 - 0.7502 

a ( + ) sign corresponds to stabilization of the dissociated fragments. 

locally for charge compensation [ 3 11. The pro- 
tons are localized at one of the four oxygen atoms 
of the AlO, tetrahedron forming ‘bridging 
hydroxyl’ groups and are known to be most active 
in the catalytic conversion of hydrocarbons 
[24,31]. 

3. Results and discussions 

3.1. Adsorption of methane and oxygen on pure 
calcium oxide 

Table 5 shows the calculated heats of dissoci- 
ative methane adsorption on pure calcium oxide 
and the effective Mulliken charges of the disso- 
ciated fragments. These data clearly indicate that 
dissociative chemisorption of methane on calcium 
oxide proceeds not only on three-coordinated 
pairs of acid-base centers but also when one of 
the centers is four-coordinated. If one compares 
these results with those for magnesium oxide 
[ 19,221, one finds that the activation of methane 
on calcium oxide should be more favorable than 
on MgO. For example, the heats of dissociative 
adsorption of methane on Mgzc -02; and MgiG - 
0:; pairs of acid-base centers are - 10.0 and 
- 3.4 kcal/mol, respectively [ 19,221. This is 
probably due to an increased basicity of calcium 
oxide as compared to magnesium oxide. The 
effective Mulliken charges on the basic sites can 
serve as a criterion for the basicity of these oxides: 
they are slightly higher for calcium oxide (see 

Table 4) than those for magnesium oxide [ 191. 
Recent ab initio calculations on small MgO and 
CaO clusters have also shown that 02- is more 
basic in CaO than in MgO [ 321. Due to the very 
small number of next-neighbour three-coordi- 
nated pairs of acid-base centers, both CazG--O$ 
and Cai,+-O:& pairs should be responsible for the 
initial step in the methane activation on calcium 
oxide. Note, in the case of magnesium oxide only 
the O:,-Mg$cf pair of centers is expected to be 
responsible for the methane activation [ 19,221. 
The second conclusion from Table 5 is that the 
heterolytic dissociation leads to a noticeable 
polarization of the chemisorbed methane frag- 
ments; the effective charge on the methyl frag- 
ment bonded to the acid site of calcium oxide is 
also higher than for magnesium oxide [ 191. 

Table 6 and Table 7 show heats of adsorption 
both for atomic oxygen and molecular oxygen on 
various active sites on pure calcium oxide, respec- 
tively. In contrast to molecular oxygen, atomic 
oxygen strongly adsorbs only on surface basic 
sites. However, in contrast to magnesium oxide, 
the heat of adsorption of atomic oxygen on cal- 
cium oxide increases with increasing coordination 
number of the active site. The values for the 
adsorption of atomic oxygen on magnesium oxide 
are equal to 73.0, 66.1 and 65.2 kcal/mol for the 
adsorption on three-, four-and five-coordinated 
basic sites, respectively. If one compares both the 
electronic structure and the geometry of the O2 
species formed when atomic oxygen is adsorbed 
on calcium oxide with free gas phase 0; and/or 
Oi- particles, one finds that the adsorbed O2 frag- 
ment mostly resembles a O$- species. There is no 

Table 6 
Heats of adsorption ( AE, kcal/mol) of atomic oxygen on pure cal- 
cium oxide, total effective Mulliken charge on the O2 species and its 
bond length (R, nm) as calculated by the MIND0/3 method a 

Type of cluster Type of center A E 6qqo2 R 

Ca3& 0% 98.8 - I .2342 0.1421 
02, 106.4 - 1.2053 0.1427 
0, 119.4 - 1.1751 0.1441 

a The optimized bond lengths for gas phase 0; and O:- are equal 
to 0.1308 and 0.1473 nm, respectively. 
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Table 7
Heats of adsorption (JE, kcal/mol) of molecular oxygen on pure calcium oxide, effective Mulliken charges of adsorbed oxygen and its
geometry (bond lengths in nm, angles in degrees) as calculated by the MINDO/3 method using the Ca32032 cluster

Type of center JE Sqa Geometry b

Ca~;:- 20.1 0.1408 caX, 0.2489; 00, 0.1209; CaXO, 90.5; CaO, 0.2566, 0.2557
Cat' 20.7 0.1341 CaX, 0.2515; 00, 0.1209; caXo, 89.1; CaO, 0.2587, 0.2586
Ca~;:- 24.0 0.1516 caX, 0.2506; 00, 0.1211; CaXO, 91.5; CaO, 0.2593, 0.2563
02- c 43.6 -0.6074 00',0.1448; 0'0", 0.1343; 00'0",114.6; CaO", 0.24043C

( -1.2822)
02- d 84.0 -0.5769 00',0.1411; 0'0", 0.1389; 00'0",109.4; CaO", 0.26283C

( -1.2383)
02- d 81.5 -0.5843 00',0.1421; 0'0", 0.1378; 00'0",112; CaO", 0.23594C

( -1.2040)
02- d 92.1 -0.5062 00',0.1450; 0'0", 0.1370; 00'0", 113; CaO", 0.2623sc

( -1.1454)

• Effective Mulliken charge of the adsorbed molecular oxygen, the total charge on the 0 3fragment is shown in parentheses. 2+
b X is 'center of mass' of adsorbed molecular oxygen. There are two CaO bonds with similar bond lengths in the 7T-complex between CaLC and
O2 ,

e The 0" atom of the adsorbed molecular oxygen forms one bond with the nearest calcium atom.
d The 0" atom of the adsorbed molecular oxygen forms two bonds with the two nearest calcium atoms.

0; due to the lack of electron-donor defects on
the calcium oxide surface studied.

Molecular oxygen can be adsorbed both on acid
and basic sites. In the former case, molecular oxy­
gen adsorbs as 7T-complex and its heat of adsorp­
tion slightly increases with increasing
coordination number of the acid site. Note, molec­
ular adsorption of oxygen on pure MgO leads to
a stabilization of the same 7T-complex only in the
case of participation of three-coordinated Mg~<!

with a heat of adsorption equal to 9.4 kcallmol
[21 ] . Both for MgO and CaO adsorption on basic
sites is more preferable than that on acid sites and
corresponds to chemisorption. The geometry of
the 0 3fragment for a molecular oxygen adsorbed

Table 8
Heats of reaction (JE, kcal / mol) for reactions (2) and (3) as
calculated by the MINDO/3 method

Type of center Reaction number JE'

0 2- 2 28.5sc
O~c 2 26.1
0 2- 2 16.03C
O~c 3 1.0
0 2- 3 14.64C
0 2- 3 21.63C

on a basic site strongly differs from that of an
0; particle in the gas phase, although the elec­
tronic distribution differs only slightly from that
of the free gas-phase 0; species. However, this
species cannot be ascribed to an adsorbed 0;
because of the lack of an extra unpaired electron
on the oxide surface. Evidently, the homolytic
dissociative adsorption of molecular oxygen on a
pair of O~c-O~c centers is also possible, because
the heat of adsorption of atomic oxygen is slightly
higher than that for molecular adsorption. For
example, dissociative adsorption of molecular
oxygen on next-neighbour O~c-O~c centers of
the (001) surface of calcium oxide proceeds with
a gain in energy of 93.9 kcallmol.

The adsorbed atomic and molecular oxygen
species can be easily considered as active sites for
methane activation. If one considers the overall
reactions of the oxidative coupling of methane
given by the Eqs. (2) and (3),

Ca3Z0310LCOZ + 2CH4~

Ca3Z0 3I0LCO+ HzO(g) +CZH6 (g) (2)

Ca3Z0 31 0LCO + 2CH4~

a ( +) sign means that the products are lower in energy than the
reagents.

(3)
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Table 9 
Heats of reaction (AE, kcal/mol) of Cat: ion substitution by 
Me:,f ion as calculated by the MIND0/3 method (Eqs. (4) and 

(5)) 

Type of cluster 

Ca&jz 

Met: 

Zn’ f 3< 
Zn:: 
Zn*t 5c 

AE” 

1.5 
- 32.4 
- 56.4 

a See footnote of Table 8. 

M&c 16.2 

MS:,+ 4.4 

MS:: 0.1 

Table 10 
Heats of reaction (AE, kcal/mol) of Cat: ion substitution by a 
Na& ion and a proton bonded to a lattice O& ion as calculated by 
the MIND013 method (Eq. (6)) 

Type of cluster 

(340, 

O& AE” 

Ok 55.9 

0% 25.6 

0:; 4.4 

0:; 65.6 

0% 48.0 

0% 47.0 

0:; 27.6 
0:, 24.5 

0% 18.8 

0% 2.5 

a ( + ) sign corresponds to exothermicity of an overall reaction. 
’ Substitution of bulk Ca’+ion by Na+ ion. 

one finds that these processes are energetically 
favorable (Table 8). Note, the heats of reaction 
are calculated as energy differences between the 
sum of the product energies and the sum of the 
reagent energies. More complete MIND0/3 
searches of the interaction of methane molecules 
with calcium oxide surfaces containing preadsor- 
bed atomic or molecular oxygen will be performed 
in a later study. 

3.2. Substitution of a calcium cation by other 
cations 

The Table 9 and Table 10 Table 11 show the 
energetics of the substitution of one CaLb ion by 

MgL$ in Mg/CaO, Na& in Na/CaO and Zn~~ in 
Zn/CaO and Na/Zn/CaO clusters. In the cases of 
Na/CaO and Na/Zn/CaO the charge neutrality is 
achieved by adding one proton bonded to a basic 
surface oxygen atom. These heats of reaction are 
calculated using the respective overall reactions 
given by Eqs. (4)-(7) and are based on energy 
differences between the products and reagents. 

CaX,032 + Zn(OH), + 

Ca,,ZnO,, + Ca( OH)z 

Ca,,O,, + Mg(OH), + 

Ca,,MgO,, +Ca(OH), 

Ca32032 + NaOH + Hz0 + 

(4) 

(5) 

Ca, ,Na03*H + Ca( OH) 2 (6) 
Ca,,NaO,,H+Zn(OH),-, 

Ca,,ZnNaO,,H + Ca( OH), (7) 

Eq. (7) corresponds to the successive substi- 
tution of two Cazb ions by sodium and zinc ions. 
The data in the clearly indicate that only small 
amounts of Ca2+ cations can be exchanged by 
Zn*+ in the Zn/CaO and Na/Zn/CaO clusters. In 
fact, only the substitution of a three-coordinated 
Ca*+ ion by a Zn2 + ion is energetically favorable. 
The same picture has been already observed for 
Zn/MgO and Na/Zn/MgO systems [33]. The 

Table 11 
Heats of reaction (AE, kcallmol) of Cat: ion substitution by 
Zntc ion on calcium oxide with a presubstituted Cat: ion by Na& 
ion and a proton bonded to a lattice Of.; ion as calculated by the 
MIND0/3 method (Eq. (7)) 

Type of cluster ZG Na& 0:; AE” 

Ca&,, ZnG 
Zn$ 
Zn$ 
Zn:: 
Zn’+ 3c 
Zn$ 
Zn’+ 3c 
Zn’+ 
Zn$ 

Zn:,+ 

Of, - 1.7 
O$ -6.1 

0% - 7.7 
0:, - 8.6 
0:C - 32.9 

OG - 38.5 
0;; - 39.6 
0% -42.8 
0:; -58.1 

0% -78.1 

a See footnote of Table IO. 
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Table 12 
Heats of dissociative adsorption of methane ( AE, kcal/mol) on Na- 
promoted calcium oxide as calculated by the MIND0/3 method 

Type of cluster Na& 0:~ Pair of centers 

Ca,,NaO,,H Na& 0% 4c 4c CaZ + -02 - 

Na& 0:; Ca2+-O- 4c 5c 
Na& 0% Ca:,+ -O:, 

N%: O:, Ca:,+-0:; 

Na& 0% Ca:,+ -0% 
Na& 0:; ca2+_02- 4c 5c 

a See footnote of Table 8. 

AE” 

14.4 
- 28.1 

-7.5 
12.4 

-28.8 
- 30.4 

main physical reason for this is the different crys- 
tal structures of these oxides: magnesium and cal- 
cium oxides have rock salt structure, while zinc 
oxide forms wurtzite-type structure. That is why 
magnesium oxide and calcium oxide easily form 
mixed oxides [ 5,7]. 

Since the lattice parameters of MgO (a = 0.420 
nm [ 341) and ZnO (a = 0.325 nm, the Zn-Zn or 
O-O distance in the zinc-or oxygen-terminated 
layer [34] ) are much smaller than that of CaO 
oxide (a=0.490 nm [34]) the substitution of 
Cat: by these ions leads to a shortening of the 
respective Me-O bond lengths in the Mg/CaO 
and Zn/CaO clusters. For example, magnesium 
and zinc ions are moved by 0.0524 and 0.0560 nm 
in the bulk direction when a three-coordinated 
CazG ion is substituted by Mgsb or by Znib, 
respectively. This picture is much more pro- 
nounced when a Cazb ion is substituted by Na& 
ion; the respective relaxation is equal to 0.1338 
nm. It should be also noted, that the formation of 
a hydroxyl group on the oxygen atom next-neigh- 
bour to the sodium atom stabilizes the resulting 
cluster very much when a Cat,+ ion is substituted 
by Na& and proton. For example, the substitution 
of Caz,+ ion by Na& and a proton bonded to 
0:; is the most favorable case for the C+09 clus- 
ter, however for the Ca32032 cluster the proton is 
preferably bonded to the next four-coordinated 
basic oxygen atom (see Table 9). Similar con- 
clusions have been drawn for zeolites [ 3 1 ] and 
for magnesium oxide when the dissociative 
adsorption of hydrogen was considered [ 141 (b), 
[ 191. In the latter case, the dissociative adsorption 

of hydrogen on next-neighbour acid-base sites 
leads to mutual stabilization of the adsorbed frag- 
ments. 

3.3. Dissociative adsorption of methane on 
modified calcium oxide 

The Table 12 and Table 13 show heats of dis- 
sociative adsorption of methane on modified cal- 
cium oxide, i.e. on Na/CaO, Zn/CaO, Mg/CaO 
and Na/Zn/CaO. For comparison, analogous data 
for Ca/MgO oxide are also shown, where one Mg 
ion is substituted by one Ca ion, i.e. in a 
Mg,,CaO,, molecular cluster. These results 
clearly indicate that the dissociative chemisorp- 
tion of methane is enhanced when pure calcium 
oxide is simultaneously promoted by Na+ and 
Zn*+ cations. For example, the activation of the 
methane molecule by dissociative chemisorption 
on a Zntc+-O& pair of acid-base centers of Na/ 
Zn/CaO is energetically more favorable than that 
on both pure CaO, ZnO [ 331 and Na/CaO. Fur- 
thermore, the heterolytic dissociation of the meth- 

Table 13 
Heats of dissociative adsorption of methane ( AE, kcal/mol) on 
modified calcium oxide as calculated by the MIND0/3 method 

Type of Na& 
cluster 

0:; Pair of 
centers 

AE a 

Ca32G - 

CadA - 

Caz -0:; 5.3 
M&c’ -0% 6.7 
Ca:: -0:; 5.7 

Mg% -0% 6.1 

Mg:: -0% -29.4 
Gas-0:; 7.4 b 
Ca:: -0z 7.8 ’ 
Zn’ + -O$, 3c 14.1 
z$ -0:; 17.5 
Zn:,i -0:; 31.7 
Zn:,t-O$& 16.8 
Zd,‘-O& 21.2 
CaG -0:; - 4.9 
Znc -0:; 15.2 
Zni,+ -0:; -6.0 

a See footnote of Table 8. 
b These values correspond to modified magnesium oxide in which 
one Mgtg ion is substituted by one Cat:. If one compares these 
values with those for pure magnesium oxide [ 191 one finds that 
methane activation on modified magnesium oxide is energetically 
more favorable than on pure magnesium oxide. 
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ane molecule leads to a noticeable polarization of 
the chemisorbed fragments; however, the effec- 
tive charge on the methyl fragment bound to a 
zinc ion of Na/Zn/CaO is only - 0.229, i.e. much 
smaller than if it is bound to a calcium ion 
( - 0.638). The effective Mulliken charges on the 
sodium and zinc atoms of Na/Zn/CaO virtually 
coincide with those on the lithium and zinc atoms 
of Li/Zn/MgO [33], The dissociative chemi- 
sorption of the methane molecule on a Cat:-- 
0:; pair of centers is more favorable than on a 
Mg~~-O~; pair of Ca/MgO, while the substitu- 
tion of Cat: ion by Mgtc ion leads only to com- 
parable activity of Mgt,+-Ot, and Cat,‘-O& 
pairs of centers of Mg/CaO. 

These results allow us to interpret the available 
experimental data [ 5,7,35]. First, mixed magne- 
sium and calcium oxides that contain 10 to 15% 
of CaO exhibit extraordinarily high activities and 
selectivities for C2 + hydrocarbon formation 
[ 5,7]. Secondly, the C 2 + hydrocarbon selectivity 
increases in the oxidative coupling of methane 
when a NaOH-promoted CaO catalyst contains 
minor amounts of Zn*+ cations [35]. The 
decrease in selectivity of the latter catalyst at 
higher zinc oxide concentrations is probably due 
to the formation of ZnO clusters on the calcium 
oxide surface, which favors non-selective meth- 
ane conversion, as explained for Li/Zn/MgO 
[33]. 

The heterolytic adsorption of methane on these 
oxides corresponds only to the initial step of the 
oxidative coupling of methane. However, the 
increase of the number of pairs of active acid-base 
sites which are able to dissociate methane leads 
also to an increase of methyl radicals in the gas 
phase. The idea is that the energy necessary for 
the desorption of a methyl radical into the gas 
phase corresponds to the activation energy for this 
reaction. The binding energies of the methyl group 
with the Lewis acid site of these oxides are essen- 
tially lower than that of the C-H bond in the meth- 
ane molecule. 

4. Conclusions 

The numerical results of the present MINDO/ 
3 study of the adsorption of oxygen and methane 
on pure and modified calcium oxide surfaces 
which are represented by different Ca,,O, clusters 
can be summarized as follows: 

(a) The initial step in methane activation on 
pure CaO is a heterolytic dissociation of methane 
on Ca:,+-O$ and Cajg-0:; pairs of low-coor- 
dinated acid-base centres. The dissociative 
adsorption of methane is more favourable on CaO 
than on MgO. 

(b) Atomic oxygen adsorbs on the basic sites 
of a pure CaO surface yielding O:- species while 
molecular oxygen can be adsorbed both on basic 
and acid sites forming either n-complexes or 
Oz- species. However, the homolytic dissociation 
of 0, and the subsequent adsorption of the two 
atoms on adjacent 0:; centres is energetically 
more favourable. 

(c) The substitution of one low-coordinated 
Ca2+ ion by one Mg2+, Na+ or Zn*+ ion leads 
to considerable changes in the local geometric 
structure around the impurity ion. Only three- 
coordinated Ca2+ ions can be replaced by Zn*+ 
while the replacement of higher-coordinated Ca*+ 
ions by Zn2+ is energetically very unfavourable. 
On the other hand, energy is gained when three- 
and four-coordinated Ca* + ions are substituted by 
Mg* + while the replacement of higher coordi- 
nated Ca’ + is nearly thermoneutral, probably 
because CaO and MgO have similar crystal struc- 
tures . 

(d) The dissociative adsorption of methane on 
magnesium oxide is slightly facilitated by low- 
coordinated Ca2+ impurities. On the other hand, 
no noticeable stabilization can be obtained if low- 
coordinated Ca*+ ions are substituted in CaO by 
Mg*+ ions. However, the dissociative adsorption 
of methane on CaO is largely stabilized by Zn*+ 
doping and even more if Ca*+ ions are replaced 
simultaneously by Na+ and Zn*+ ions. This is in 
accord with experimental observations that mixed 
magnesium/calcium oxides with 10 to 15% of 
CaO show high methane-conversions activity and 
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that the C2+ hydrocarbons selectivity of CaO is 
increased on promoting CaO by NaOH and minor 
amounts of Zn* + cations. 
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