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An ab Initio Study on the Oxidative Coupling of Methane over a Lithium-Doped MgO
Catalyst: Surface Defects and Mechanism

Michael A. Johnson, Eugene V. Stefanovich,and Thanh N. Truong*
Department of Chemistry, Usrsity of Utah, Salt Lake City, Utah 84112

Receied: December 17, 1996

We present a study on the catalytic cycle responsible for coupling of methane by molecular oxygen over a
lithium-doped magnesium oxide catalyst. To elucidate the mechanism by which methyl radicals are produced
and the active sites are regenerated, geometries and energies of relevant reaction intermediates were determined
using anab initio embedded cluster model. Our results suggest a new mechanism that requires only one
active site and does not involve the energetically costly process of creating lattice vacancies. This mechanism

is more consistent with the available experimental data than thd_ttnsford mechanism proposed earlier.

Introduction 0, HoO
. I : ) [witv, 1] + [ witon | 2
Efficient utilization of methane, the primary component of o (
natural gas, is becoming an immediate goal as we face issues )
of diminishing natural resources. Unfortunately, the remote (4) 2CHy 2CHg (6)
locations of most natural gas reserves make transportation of \ /4
this fuel economically unreasonallleOne means to exploit —— | 2[LiTOH
the remote gas sources is to first convert methane to more useful (1) 3)
higher carbon products that can easily be transported to the (4)
consuming facility. However, existing methane conversion o/\ " . (
method$ have proven to be prohibitively expensive. Thus, > W Val | + l““ ° ﬂ
developing a less expensive catalytic conversion method is of 0, ~_ 20
great interest and technological significance. e”
Numerous research efforts have been devoted to the design (3a)

OT efficient ,m,EIal oxide catalysts for methane cqnversmn with Figure 1. Two alternative cycles of the lteLunsford mechanism. Both
high selectivity to G compounds and low operational temper-  ¢ycles begin with the two neighboring [tD] defects shown at the
atures (for review, see refs 1 and 3). Among these catalysts,left followed by reaction 1. The lower channel involves proton
lithium-doped magnesium oxide (Li/MgQ) is of particular migration between defects. The upper loop shows an analogous reaction
interest for several reasons. First, Li/MgO effectively converts Wwith a mobile hydrogen atom.

methane to ethane and ethylene in the presence of oxygen a{
about 700°C.#% Second, the highly ionic character of the
chemical bond in MgO makes these crystals tractable by current

quantum mechanical method#hus making L/MgO an ideal another by at least-810 A2 At elevated reaction temperatures,

theoretical model for studying catalysis. Finally, a great deal . e .
. . - electron holes can leave bulkiLimpurities, become localized
of experimental and theoretical data has been compiled about . .
. ) . ) ; . on the surface, and thus increase the number of reactive cénters.
point defects in MgO, including their electronic structure and

) . o ) . However, the concentration and distribution of catalytic sites
chemical reactivity. Specifically, experimental studies on the

. L . on the surface are unknown, and our understanding in regard
reaction kinetics showed that hydrogen abstraction from methane ; . . > A
; . . . - to the mechanism of the entire catalytic cycle, including
over some reactive site on the Li/MgO surface is most likely to ; . L
S ; ; regeneration of the active site, is still incomplete at best.
be the rate-limiting step in the conversion of methane to

9 9, . To our knowledge, the only mechanism for the oxidative
ethané®® The activation energy for such a reaction was reported coupling of methane above the Li/MaO catalvst was proposed
in the range from 20 to 28 kcal/mol depending on the reaction ping g Y prop

,26 i i i i
conditions?1? Although some role of surface F centers as active bylto and Lunsford:** This mechanism is shown schematically

) > . in Figure 1. In this figure, and throughout the text, we
sites has been suggestéd? numerous studies conclude that oS .

- - - commonly use notation in which brackets enclose the surface
the surface O ion (or localized electronic hole) can be

. ; . defect, and species indicated outside the brackets are adsorbates
responsible for hydrogen abstraction. There are several possible

2 - - at the defect site. In more detail, thettbunsford mechanism
modes of hole localization on the MgO surface discussed in implies participation of at least two trapped-hole{[Or] surface
the literature. Electronic holes may be self-trapped on the MgO- ples p P PP

" > defects and consists of three steps. The first step is hydrogen
001) surfac® and additionally stabilized by the presence of - = . .
f\/|g2 +) vacancie¥15or in the Io)\:v-coor dinateéll it ééfl&lg In abstraction by [LTO™] defects with formation of two surface

the bulk and on the surface of lithium-doped MgOj lions OH" groups

occupy Mg sites and stabilize the nearby Gpecies resulting PR o i
in [Li O] defects!®20-24 Although theoretical studies suggest 2[Li"O [+ 2CH,(g) —~ 2[Li 'O H +2CHy(g) (1)

hat [LiTO™] defects can form aggregat&he absence of spin
exchange and dipolar broadening in the ESR spectra indicated
that the [Li"O~] centers must be well separated from one

The resultant methyl radicals couple in the gas phase to form
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The second step involves dissociation of one surface @ridup
into a lattice G~ ion and a mobile surface proton. This proton
migrates to another OHto form a water molecule which
desorbs from the surface, leaving behind an anion vacagpcy V
Thus, step two can be represented by the single equation

2LiTOH —[LiTO* ] +[Li'V] + H,0(9)  (3)

The final step is regeneration of the active site, which involves
electron transfer to the anion vacancy

LiTO* 1+ [Li'V]—[LTO]+[Li"V,] (3a)

and dissociative chemisorption of oxygen . o . .
Figure 2. Optimized geometry for the [IO] surface defect. This

Ly, — o tA- cluster is embedded in the field generated by 224 additional point
[LITVa 1+ 09—~ [Li"O ]+ 0 4) charges (not shown).

Thus, two iterations of the IteLunsford cycle result in the

following conversion guestions, we have performe initio calculations using an

embedded cluster model of the fl®~] active site at the MgO-

Li/MgO (001) surface. This model and the computational techniques
4CH,(9) + Oy(9) — — 2CGHq(9) + 2H,0(g)  (5) used are described in the next section.

While the Ito—Lunsford mechanism successfully incqrporates Computational Method
hydrogen abstraction from methane and regeneration of the
reactive center, certain features of this mechanism appear to be The strategy employed in this work is to first optimize
unlikely. First, it requires removal of a lattice oxygen from geometries for the surface defects of eq 7 as well as other
the lattice site which is expected to be highly endothermic. For relevant species. From calculated total energies of stable
example, theoretical estimates for the removal of an oxygen intermediates, we determine reaction energies for different
atom from the MgO(001) surface are well in excess of 170 kcal/ Possible catalytic cycles. This information can tell us about
mol 13.27-29 Therefore, in contrast to experimenta| data, oxygen the relative importance of different reaction channels. A|thOUgh
removal and not hydrogen abstraction would be the rate-limiting information about transition states is required for a thorough
step in this catalytic cycle. Second, migration of a proton, as ~ characterization of reactions, we leave the identification of
in reaction 3, requires substantial energy to overcome a strongtransition states for our future work.
electrostatic attraction between oppositely charged species The embedded cluster model used here is similar to that

[LiTO? ] and Hys™. Third, a large separation between{0] employed in our previous study. We used the cluster shown
centers implies a low probability for charge transfer (eq 3a) in Figure 2 to model adsorption at the fl0~] defect. We have
between defects. placed the LT ion in the second layer of the MgO(001) surface.

The electron transfer step is not required if one considers This choice is somewhat arbitrary, and it would be interesting

hydrogen atom migration between defédee upper cycle in  to investigate the dependence of results on position of the lithium
Figure 1) impurity. However, as discussed above, we believe that the

role of lithium is merely to stabilize the main reactive species
2ILITOTH—[LiITV, ]+ [LiITO]1+H,0(g) (6) O, therefore, the impurity position is of secondary importance.
In the energy minimization procedures, all adsorbate atoms,
instead of proton migration. However, hydrogen atom interac- the reactive surface oxygen (marked as O* in Figures 2 and 3),

tions with the nondefective MgO surface are very wefak? and its nearest magnesium neighbors were fully relaxed with
and at high temperatures desorption is expected instead ofno elements of symmetry assumed. Lithium was allowed to
migration on the surface. move normal to the surface, and all other ions were held fixed

The above discussion of the Hdunsford mechanism  at ideal lattice positions. Several trial configurations were
naturally leads to the following question: Is it possible to considered for each adsorbate of eq 7. Some optimized
suggest a full cycle of catalytic surface reactions that (i) can adsorbate structures are shown in Figure 3 where only the central
proceed from only one [[fiO~] active site and (ii) does not  part of the cluster is depicted.
require the removal of surface lattice oxygen? On the basis of Depending on multiplicity, geometry optimizations were
these conditions, and assuming such types of surface reactionperformed by using either the restricted or restricted open-shell
as molecular or dissociative adsorption of oxygen, hydrogen Hartree-Fock methods. For computational feasibility, ionic
abstraction from methane, and water desorption, we can formally cores were approximated by StevefBasch-Krauss compact
suggest that conversion of methane over {i] defects should effective pseudopotentials (CE®). We used the standard
proceed through several reaction intermediates with the generalvalence CEP-31G** basis set on lithium, on the central oxygen
form atom, and on all adsorbed atoms. The CEP-31G basis set was

used for nine oxygen ions nearest to th&-£D* pair. Oxygen

[Li +O_]OnHm (n=0,1,2;m=0,1, 2) (7) ions marked as*2" in Figure 2 were modeled as point charges

without basis functions. The CEP-4G basis set was placed on
This gives rise to three questions which we will address in the the four Mg ions at the surface, and for a better description of
remainder of this paper: (1) Which species from eq 7 are stablethe interaction between these ions and their oxygen neighbors
and can serve as reaction intermediates? (2) Can the stablenodeled as point charges, short-range classical reputéions
species participate in thermodynamically allowable reactions between these centers were added to the total energy of the
with gas phase molecules? (3) Is it possible to construct closedcluster. Without this repulsive potential, Mg ions would simply
catalytic cycles from these reactions? To answer the abovecollapse on their point-charge neighbors. Other Mg ions in the
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In order to represent the rest of the crystal, the cluster
described above was embedded in the field generated by 224
lattice point charges of2. For a better view of the active
site, the entire system is not shown in Figure 2. It consisted of
four stacked 8x 8 layers resulting in an & 8 x 4 slab. This
finite lattice has been shown to provide an accurate Madelung
potential at the (001) rock salt crystal surfége.

Although it is known that crystal polarization can have a
significant effect on calculated energies of charged defééts,
our model does not allow for polarization in the lattice
surrounding the [LTO~] defect. Since most of the defects
considered here are neutral, and we calculate relative energies
rather than absolute values, we expect errors from such neglect
of lattice polarization to be small.

All calculations were performed using the GAUSSIAN-92
computer cod® that was modified to include analytical first
derivatives of interactions between ions in the quantum cluster
and the lattice of point charges.

In characterizing the electronic structure of various surface
defects, we present results for the electronic density of states
(DOS). These DOS graphs were generated by Gaussian
smoothing of orbital energy levels with the exponent of 440
hartree2. Although these graphs do not take into account
electron correlation effects, DOS information can be useful for
qualitative analysis of data collected in surface characterization
experiments’

Results

[Mg?tO?7]. This cluster models the regular MgO(001)
surface. Optimized positions of lattice ions do not deviate
significantly from ideal lattice sites. Mg surface ions move
slightly toward the bulk, and oxygen relaxes away from the
surface by 0.06 A. Such small relaxations are in qualitative
agreement with existing experimental data and other accurate

) - . . calculationg’ This further supports the quality of our cluster
Figure 3. Optimized geometries of selected surface species. Only del d . | hod Th lculated DOS i
the central part of the cluster in Figure 2 is shown. Bond lengths and model and computational methods. e calculate IS

the height of the O* atom above the surface are in angstroms; bond depicteq by the solid line in.Figure 4a and provides a base-line
angles are in degrees. (a) fl0]H, (b) [LiTO7]O, (c) [Li*O~]OH, comparison to more complicated defect structures.
(d) [LiTO7]O, (e) [LiTOT]OH. [Li*O7]. In our calculations, the electronic hole is well
. " 0
TABLE 1: Bond Energies (kcal/mol) for Some Gas Phase localized on the surface O* oxygen atom. Almost 98% of the

Molecules and Reaction Energy for Methane Conversion to electron spin density is concentrated on theogbital of this
Ethane (See Eq 5) atom. The optimized geometry for a lithium-trapped hole defect

is shown in Figure 2. The O* atom relaxes away from the

ti HF  MP2 t -

equaton il surface by 0.35 A, and the tiion moves toward the bulk so
0,—~0+0 22 113 119.10€-0.048 that the Li"—O* spacing is increased by 0.53 A with respect to
H,O0— OH+H 89 119  119+12 o : o .
OH—O+H 68 96 102305 the [Mg?"O?7] cluster. This agrees qualitatively with both
CH,— CHs + H 88 107 104t 12 theoretical and experimental studies of bulk defé&#s3°
CoHg— CHs + CH; 67 92 88+ 22 although a contraction of the defect bond distance has also been
4CH;+ O, —~2CHs +2H0 —74 —73 —84.8 calculatec®* The DOS for the [LiO~] defect is compared with

2 DZq ref 48,5 AHfS,, ref 48. that of the regular MgO(001) surface in Figure 4a. Due to the

reduced electrostatic potential on oxygen ions close to the Li
impurity, their energy levels are higher. This causes the
broadening of the “valence bands” clearly seen in Figure 4a. A
half-filled O;Z level splits into the band gap, and a shoulder
appears on the lower part of the valence band due F;X(y) o~
levels.
[Li TO%7] and [Li *Vg]. In comparison to the [M§O?7]
structure, the O* atom of a closed-shell {i327] defect moves
Correlation energy was included by performing single-point to 3 height of 0.33 A above the surface, and the cation is
second-order MgllerPlesset perturbation theory (MP2) calcula-  displaced in the direction of the bulk. This results in af-ti
tions at Hartree Fock optimized geometries. As anindication O* spacing that is increased by 0.40 A over the RVI§2]
of the quality of our chosen correlation method, pseudopotential, cluster. The major differences in the DOS of {l0?7] with
and basis sets, we compare in Table 1 the calculated bondrespect to [M§"O?"] are a band broadening and a uniform shift
energies of relevant gas phase molecules with experimental datato higher energies due to the reduced charge of the cation. In
Note the significant improvement of MP2 results as compared contrast, the DOS structure of the positively charged V4
to Hartree-Fock calculations. is shifted to lower energies in comparison to [M@?].

cluster (labeled +2”) were approximated by bare pseudo-
potentials without basis sets. We describe a surface anion
vacancy by removing the central oxygen core while leaving its
basis set in the vacancy. This is common practice when an
accurate representation of the electron distribution in the V
defect (F center) is required®
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TABLE 2: Calculated MP2 Binding Energies (kcal/mol) for
Adsorbates Related to the Oxidative Coupling of Methane
Over Li/MgO and Results for Similar Systems Taken from
Literature

surface adsorbate binding energy results from lit.
[Li*Va] o} 118 225
[LitO7] H 121 10?7
[LitO7] ¢} 54 40
[LitO7] 0, -9
[LitO7] OH 51 56!
[LitO7] O.H 40
[LitO7]O H 93 63
[LitO7]O e} 50 58
[LitO7]O OH 42
[LitO7]O, H 88

a Energy required to remove an O atom from the MgO(001) surface
lattice site in ref 27. Other estimates include 177 from ref 28 and 229
from ref 29.° From ref 15.° For oxygen atom adsorption to~Cbn
MgO in ref 49.9 AE for O,H™(g) — O(g) + OH(g) determined using
the electron affinities of gH and O from ref 50, calculated ©H
bond energy from ref 51, and experimental bond energies,ar@d
OH from ref 48.¢ AE for O,H(g) — O, (g) + H(g) determined using
the electron affinities of @4 and Q from ref 50 and the calculated
0O,—H bond energy from ref 51.AE for O3~(g) — O.7(g) + O(g)
determined using the calculated atomization energy ©f f@om ref
52 and the @ bond energy taken from ref 42.

are associated with O* and"Qxygen atoms. The half-filled
band gap state produced by the surface superoxide ion lies very
close to that of the [LfiO~] defect. However, in the former
case, this state and the maximum of the spin density distribution

conduction band states are labeled “cb”, and “outer” refers to the single are associated with the adsorbed (outer) oxygén Ohis

oxygen atom (O*, ®, or CP) that is farthest away from Li (a)
Comparison of the MgO(001) surface (solid line) with the™fQr]
(dashed line) and the [IEO]H (dotted line) defects. (b) Comparison
of the various stages of oxygen chemisorption at theQLi] defect.

[Li *V47]. An electron trapped in an oxygen vacancy(V
is analogous to an'Fcenter. Our calculations show that four
neighboring surface Mg ions relax laterally outward by an
average of 0.09 A. This is consistent with other theoretical
studies?®40 We found the position of the defect level to be

indicates that adsorbed oxygen is now the reactive center. We
have found a large hydrogen affinity of [t©~]O (93 kcal/

mol, see Table 2) and a stable configuration of the diamagnetic
[Li "fO~]OH defect (Figure 3c) in our calculations. This agrees
with experimental evidence that superoxide ion can be stable
on the surface of MgO crystals and abstract hydrogen from
methane’® Similar to [LiTO™]H, addition of hydrogen to
superoxide results in removal of the band gap state and a
splitting of the feature in the lower energy part of thgt&nd

about 7.6 eV above the top of the valence band. This is muchinto two peaks.

higher than that reported in refs 28 and 40 férdénters because
Li ™ substituting for M§" decreases the electrostatic potential

[Li TO~]O2 and [LiTO~]OzH. In studying adsorption of
molecular oxygen at the [IO~] site, we found a local

in the vacancy by several electronvolts. For the same reason,minimum corresponding to the paramagneticfRi ]O, species

the energy required to remove oxygen from the"[Ri’] defect
(118 kcal/mol in our calculations) to form [tV 4] and O(g)

(Figure 3d) resembling an ozonide ion. In this metastable state,
molecular oxygen has a negative binding energ9 kcal/mol,

is lower than the energy to remove an oxygen atom from the see Table 2) to the surface. Ozonide ions have been experi-
ideal MgO(001) surface. Theoretical estimates for the latter mentally detected on the surface of MgO at temperatures below

range from 177 to 229 kcal/méi-2°

[Li TO~]H. Properties of OH ions associated with bulk i
impurities are documented in literatufe.Shown in Figure 3a
is the relaxed geometry of surface Ti®~]H. Our calculated
O*—H bond distance of 0.96 A agrees exactly with the OH
gas phase valuB. In Figure 4a we illustrate the effects of
adsorbed hydrogen on the density of states of theQL] defect.

150 °C.# Similar to both [Li"O7] and [LitO~]O defects,
adsorbed diatomic oxygen gives rise to an electronic state in
the band gap, and the related spin density is concentrated on
the outermost oxygen atom ®D Additional features appear
below the Qand Q valence bands as shown in Figure 4b. The
effect of hydrogen adsorption to this system is similar to that
discussed above for the [LO~]O defect. A singlet state

The defect level in the band gap is removed, and additional [Li *O~]O,H defect is produced which cannot be detected using

peaks appear on the lower energy side of bathr@ Q valence
bands. The hydrogen affinity of 121 kcal/mol (see Table 2) is
larger than the €H bond energy in methane, which is 107
kcal/mol in our calculations (see Table 1). This confirms the
role of surface [LTO~] defects as active sites for hydrogen
abstraction from methane.

[Li TO~]O and [Li *O~]OH. Atomic oxygen chemisorbed
to the [LitO™] defect yields a surface species similar to
superoxide ion, @ . Our calculated bond length of 1.35 A for
O*—0A (see Figure 3b) is very close to the 1.34 A reported for
superoxide ion in the gas pha%eIn comparison to [LTO™],
the DOS of [LifO~]O (Figure 4b) has additional features in
the lower energy parts of boths@nd G, valence bands. They

ESR techniques. Our calculated value for the hydrogen affinity
of [LiTO™]O, is 88 kcal/mol. This indicates a substantial
reactivity of this defect in agreement with experimental observa-
tions for ozonide ion on the MgO surfate.

[Li TO7]H2, [Li "TO"]OH,, and [LiTO~]O,H,. We were not
able to find stable configurations for hydrogen, water, and
hydrogen peroxide adsorbed at the![0i"] defect. All initial
geometries for adsorbed molecular hydrogen dissociated into
[LiTO™]H and gas phase atomic hydrogen. It seems that the
only way to bind atomic hydrogen to [EO™]H is to first
remove the OH group sufficiently far from the surface. This
results in a gas phase water molecule and th&\[Li] defect
on the surface as in eq 6 of the #bunsford mechanism.
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TABLE 3: Calculated Reaction Energies (kcal/mol) for 1207
Processes Related to the IteLunsford Mechanism?
eq no. reaction AEMP2 3 507 — (3a)
1) 2[LitO"] + 2CHy(g) — 2[LiTO]H + 2CHs(g) ~ —28 E a0+ .0 P
(3) 2[Li*OJH — [Li *O?] + [Li *V4] + H:0(g) +162 g e NN '
(3a)  [LitO?] +[Li*Vy] —[LitO7] + [Li*Va] —-17 ¥ g R \ (da)
4) [Li*VaT] + Oo(g) — [Li*O7] + O(9) -5 3 : Ve
(4a)  [Li*V4]+ O(g)— [LiTO7] -118 g 40 L i@ Vol \
(6) 2[LiTOJH — [Li *V4] + [Li TO7] + H20(g) +145 u v @y 73
8  [LITOIH + H(g)— [Li*Va] + H0(g) +24 Rl NORRY L
a A cycle composed of reactions-#a is shown graphically in Figure -120 — — .
5a. 4CHy+0, HMIO _ oc Hg +2H,0
Although the endothermicity of the reaction Reaction Coordinate
[Li "O7]H + H(g) — [Li "V, ] + H,0(9) (8) 120

is only 24 kcal/mol, it most likely has a large activation barrier.

Although we have not found a stable structure for[Di JOH;, g 40 12,7 2

our results suggest that water can either form a weakly bound % —ay Y aem

complex with the surface [tHO~] defect or undergo dissociation X 00 '-' / '\

into gas phase OH and an adsorbed hydrogen &towie found ) 40 ‘._/(;') ‘.‘(2)

that, depending on initial geometry, adsorbegH@dissociates E '

according to one of the following schemes .30J —_
[Li "O"JOHOH — [Li O ]OH + OH(g) 1209 LiMgO

[Li FOTJOOH, — [Li FO07]O + H,0(g)

Reaction Coordinate

Discussion Figure 5. Calculated energy profiles for the methane conversion given
by eq 5. Reaction numbers are given in parentheses. (a, top) Two

In our calculations, the overall conversion shown ineq 5is .7 =" fih ‘ e with ; i
thermic by 73 kcal/mol. This conversion can be achieved iterations of the to-Lunsford cycle with proton transfer (see Table 3
exo Yy : for reaction energies). (b, bottom) Our proposed single site cycle

through several different cycles of surface reactions. On the ingicated by bold arrows in Figure 6 (see Table 4 for reaction energies).
basis of computed energies of the stable surface reaction
intermediates presented in the previous section, we can construct

energy profiles for these catalytic cycles. ©
Reaction energies for the surface processes that compose the a7
Ito—Lunsford cycle appear in Table 3, and the proton transfer CHy cH (18)
. - . : (14) 4
channel is diagrammed in Figure 5a. As already mentioned in \\
the Introduction, oxygen removal from the lattice site requires 4_'/— Lito" w

a large amount of energy; our calculations yield 162 and 145
kcal/mol for reactions 3 and 6, respectively. These are well in cH,
[LitO]0,H
o
/
(12)

o
o)
I

H,0

(13)

H.}

[LitO7]0

excess of the experimentally determined activation energy for
methane conversion, which is about 55 kcal/fl.

Considering the results of our calculations, we have assembled 0,
in Figure 6 the collection of possible catalytic cycles that satisfy 10)

—~
—_
)
=
[@)]
=
——

CH
conditions (i) and (ii) from the introduction. The hydrogen (16) ’ CHs
abstraction reaction ( an
ito10 CH
[Li"0] + CHy(g) — [Li "0 JH + CHy(g) ‘

AE = —14 kcal/mol (9) Figur_e 6. _ Possible caFaIytic cygles that _involye only one 0]
reactive site. All reaction energies are given in Table 4. The cycle
shown by bold arrows is discussed in the text and illustrated in the

is exothermic, but all other surface reactions shown in Figure 6 energy profile of Figure 5b.

with thin arrows, and listed in the lower portion of Table 4,
have positive reaction energies in excess of 40 kcal/mol.
Therefore, we focus our discussion on the cycle indicated by coupling of gas phase methyl radicals (reaction 2)
bold arrows in Figure 6. This cycle begins with adsorption of ' . R

molecular oxygen on the [tiO-] defect, resulting in the Since the cycle |n_d|cat(_ad by_bold arrows in Flgure6lea_1ds to
formation of a surface ozonide ion (eq 10 of Table 4). This the overall conversion given in eq S, it can be conveniently
species abstracts hydrogen from methane forming another stablé€ompared with a 2-fold iteration of the kd unsford mecha-
intermediate [LTO~]OH, which, in its turn, reacts with methane  nism. In our proposed cycle, the largest endothermicities-(14

to form the [Li"O"]O defect, a CH radical, and a water 39 kcal/mol) are for hydrogen abstraction steps (see Figure 5b).
molecule (see eq 12 of Table 4). As discussed in the previousAlthough we have no information about the reaction barriers,
section, [LiFO~]O has a significant hydrogen affinity; therefore, these calculated energy changes suggest that hydrogen abstrac-
it may abstract hydrogen from methane (eq 13 of Table 4) and tion is likely to be the rate-limiting step in our mechanism. This
then participate in a second reaction with methane to form water is qualitatively consistent with experimental evidence discussed
and restore the active site (eq 14 of Table 4). Positive energiesin the Introduction and differs from the ke_unsford mecha-

of surface reactions in Table 4 are compensated by exothermic
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TABLE 4: Calculated Reaction Energies (kcal/mol) for
Processes Shown in Figure %

eq no. reaction AEMP2

(10) [Li*O7] + Ou(g) — [LitO7]02 +9
(11) [LiTO7]O2 + CHg(g) — [LiTO7]O2H + CHs(g) +19
(12) [LiTO7]OzH + CHa(g) — [Li TO7]O + HO(g) + CHs(g) +30
(13) [LitO-]JO + CHa(g) — [Li *O~]OH + CHs(g) +14
(14) [LiTO™]OH 4 CHg(g) — [Li O] 4+ H20(g) + CH3(g) +39

(9) [LiTO7] 4+ CHqy(g) — [Li TO7]H + CH3(g) -14
(15) [LitTO™]+ O(g)— [LitO~]O + O(g) +59
(16) [LiTO7]O + Ox(g) — [LiTO7]O2 + O(g) +63
(17) [LiTO™IH + Oy(g) — [Li *O~]JOH + O(g) +87
(18) [LitO™]H 4 Ox(g) — [Li*O"]OH +42
(19) [LiTO7]OzH + CHy(g) — [Li TO"]JOH + OH(g) + CH3(g) +56

aQur proposed cycle for the oxidative coupling of methane over
Li/MgO is composed of reactions +d4. Its energy profile is shown
in Figure 5b.
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