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We have carried out a theoretical study on the struetfuaction relationship for the selective oxidation of
lower alkanes (€-C,). The H abstraction mechanism has been examined over the model catalysts of high-
valence @ transition metal oxides in the tetrahedral coordination. The intrinsic connections among the H
abstraction barrier, the strengths of the @ and the M-O bonds, the ability of electron transfer, as well as

the energy gap of frontier orbitals of the oxides have been rationalized in terms of thermodynamics cycles
and the frontier orbital analysis. In particular, we emphasize the role that thé libnd strength plays in
determining the reactivity of a metal oxide.

1. Introduction AH, = BE(C—H) — BE(O—H) )

Lower alkanes (€-C,4) are the main components in natural
gas, coal bed gas, oil field associated gas, etc. Developing
efficient strategies for the selective oxidation of lower alkanes
to value-added chemicals or liquid fuels would provide a
promising alternative for easing up the oil-demanding situation.
Besides the well-known industrial process, i.e., the oxidation (¥~ A .
of n-butane to maleic anhydride, there are some other important M O-H—M O+H )
examples under active investigation. These include the oxidation| the radical chemistry, H abstraction is believed to be an
of methane to methanol or formaldehyde, oxidative dehydro- enthalpy-driven procesé-11 A fundamental question emerges
genation (ODH) of propane to propylene, (am)oxidation of ag how to quantitatively characterize the reactivity of a specific
propane to acr_oleln or acrylonitrile, etc. The common feature oxygen site on surfaces. From the thermodynamic point of view,
of these reactions is that all of them use the high-valence ne strength of the resulting-€H bond is a suitable parameter.
transition metal oxides, such as vanadium, chromium, molyb- Theoretically, it is well established that hydrogen affinity could
denum, and tungsten oxides, as catalysts. be used to probe the reactivity of different oxygen steds

In most cases, the selective oxidation of hydrocarbons by The recent cluster mod#l,as well as the periodic slab model
oxides occurs through the so-called Maw@n Krevelen calculations® showed that the H atom is preferentially adsorbed
mechanisnt; S in which the organic molecule reacts with the 5 the terminal oxyger=0). Moreover, by means of kinetic
lattice oxygen, and then the oxygen vacancy is reple_nished b_yexperiments, Mayer and co-workers conclutfetiat it is the
gaseous oxygen. The roles that a good catalyst play involve (i) hydrogen affinity that determined the ability of an oxide species
the effective activation of the first-€H bond, (ii) the directional to abstract an H atom. Since the formation of thekdbond is
transformation of the resulting intermediates into the partial accompanied by the reduction of the metal center formally by
oxidation product, and (jii) a fast reoxidation of the reduced gne ynit, the @H bond strength can thus be calculated from
surface. As a result, the redox properties of oxides influence he thermodynamics cycle involving redox potentigP) of
their ability to complete such a catalytic cycle. Thus, the desire pn+o/M0-D+0 and the K. of MO-D+O—H.20-22 However,
for developing a good catalyst with both high reactivity and gych parameters are hard to be measured experimentally except
selectivity calls for a molecular-level understanding of the redox oy 5 few homogeneous oxo compounds. For easy use, people
properties of the oxides. ) ) preferred to correlate the catalytic activity with some readily

In the previous work;® we have carried out computational  getected properties of metal oxides, such as theQvbond
studies on lower alkane oxidations and concluded that the energy-23-24 and the adsorption edge enef§y.

activation of a G-H bond usually proceeds via the H abstraction  \any authors have suggestéd 24 that the catalytic perfor-

Here, BE(C-H) and BE(O-H) are defined according to
reactions 3 and 4, respectively

R-H—R +H' ®)

mechanism on a transition metal oxide mance of oxides sensitively depends on the®lbond energies,
o (n—1)+ . which can be deduced from the heats of formation of oxides,
M7=O0+H-R—M —O-H+R 1) heats of adsorption/desorption, or parameters of isotopic ex-

Equation 1 shows that, when the-€ bond breaks, an ©H change of oxygens. Actually, it has been fotitthat, with the

bond forms. Accordingly, the reaction enthalpy is equal to the de_crez_;lse _Of the surface oxygen bond energy, the rate Of total
difference of the &H/O—H bond energies (BEs) oxidation increases. However, Germain and Laugier pointed

out?® that such a correlation is not valid in the selective
*To whom correspondence should be addressed. E-mail: xinxu@ OXidation, indicating that the initial activation of the-G1 bond
xmu.edu.cn (X.X.); hiwan@xmu.edu.cn (H.-L.W.). is not directly related to the MO bond strength in this case.
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V;0Cl;

Figure 1. V306Clz and MsOg (M = Cr, Mo, W) cluster models, representing the high-valerfdeaghsition metal oxides in the tetrahedral coordination.
Yellow circle, V; green circle, Cr; gray circle, Mo; blue circle, W; red circle, O; red circle, O; light-green circle, Cl.

Cr;04

TABLE 1: Predicted Electronic Properties of M309 (M = Cr, Mo,
Length in Angstrom)

Fu et al.

MO;Og

W30,

W) and V 304Cl; (873 K, Energy in kcal/mol and Bond

BE(O—H)¥R(0O—H)

proton affinity?

oxidants =0 -0— =0 -0— electron affinity AEg¢ BE(M=0)®

V306Cl3 66.2/0.971 64.0/0.979 176.7 171.6 105.5 47.4 117.7
Cr;0q 84.9/0.977 75.7/0.979 169.6 167.0 112.8 325 82.3
Mo030q 56.3/0.971 41.8/0.979 181.0 167.7 83.2 60.3 131.4
W30q 43.3/0.963 26.7/0.980 179.2 153.9 75.4 74.5 158.9

aBE(O—H) = AH(M=0) + AH(H) — AH(M—0—H). ® PA = AH(M=0) + AH(H") — AH(M—O—H"). °EA = AH(M=0) — AH(M=0").
d AEst = AH(M*—*Otriplet)) — AH(M=0). ¢ BE(M=0) = AH(M(triplet)) + AH(OCP)) — AH(M=O0).

TABLE 2: Calculated Barriers for H Abstraction from Lower Alkanes (873 K, kcal/mol)

V306 Cl3 Cr30g Mo030 ¢ W30
R—H BE(C—H) =0 —o- =0 —o- =0 —o- =0 —o-
CHz—H?® 108.0 35.5 42.7 20.1 33.1 45.0 63.6 56.8 79.3
CH3;CH,—H 103.2 29.8 36.6 14.3 25.7 36.5 55.7 50.0 70.0
(CH3),CH—H 99.1 25.0 31.6 10.3 20.5 33.1 50.7 45.2 65.6
(CH3)sC—H 95.9 21.9 27.6 7.9 16.8 30.0 47.1 41.7 61.2

Itis generally accepted that an effective activation of-aHC

The quantum calculations were performed by using hybrid

bond requires matching the orbital energies as well as the density functional theory at the level of B3LYP3¢ Full
symmetry of the frontier orbitals between hydrocarbons and the geometry optimizations and analytical frequency calculations

oxide catalystg’ Bell et al. demonstrat@d that the turnover

were performed with basis sets of doulglejuality (6-31G§”

rates of propane ODH are in parallel to the decrease of the for the main group elements. The final energies were calculated

energy of UV+-vis absorption edge for all samples varying from
NbO to WOy, MoOy, and VQ. This implied that the reactivity

with polarization functions being included (6-31G*®9Hay’s
effective core potentials (Lanl2#fzdenoted in Gaussian 3

of metal oxides is related to the gap between their valence andwere used for transition metals, which included the relativistic
conductive bands, which, in turn, can be connected to their effects for heavy metals. Energies reported here are enthalpies

ability to transfer electrons from the lattice oxygens to the metal
centers.
In this contribution, we report a theoretical study of the

at 873 K and 1 atm, which generally correspond to the
experimental conditions.

physicochemical properties of a series of metal oxides, including 3. Results and Discussion

VOy, CrQ, MoO,, and WQ. We emphasize the role that the
O—H bond strength plays in determining the reactivity of a

metal oxide. The intrinsic connections among the strengths of

the O—-H bond and the MO bond, the electron affinity, as
well as the energy gap of the frontier orbitals are rationalized
in terms of thermodynamics cycle and frontier orbital analysis.
2. Computational Methods

Here, we choose isostructurals® (M = Cr, Mo, and W)

3.1. Correlating the Physicochemical Properties of Oxides
with the O—H Bond Strength. It is widely accepted that the
strength of the @ H bond is a key parametér21%that controls
the activation of the €H bond over the metal oxide catalysts:
The stronger the ©H bond forms, the more rapid the reaction
between the hydrocarbon molecule and the oxide surface. Our
calculation results are summarized in Table 1, which shows that
the lengths of the as-formed-€H bonds are between 0.96 and
0.98 A for different oxygen sites of different metals, whereas

and \506Cl3 clusters as model catalysts (see Figure 1). Such the strengths of the ©H bonds vary from 26.7 to 84.9 kcal/

models of choice not only fulfill the requirements of stoichi-
ometry principle, neutrality principle, and coordination prin-

mol. The general trends can be summarized as follows: (1) The
strength of the ©H bond decreases down the column from Cr

ciple?® but also are consistent with the experimental observationsto Mo, and to W, while that of V is in between Cr and Mo. (2)
that metal oxide clusters themselves can serve as active centersl adsorption on a terminal oxygen is favored over that on a

in heterogeneous, homogeneous, and enzymatic catalyis.

bridge oxygen for a given metal. (3) The difference of thekD

In addition, similar cluster models have been successfully bond strength between the terminal oxygen and the bridge

applied to the modeling of a variety of transition metal oxides

oxygen is pronounced, while that for the V oxide is mild. There

catalyzed systems, including oxidations of methane, propane,are many factors that contribute to the strength of arHond.

and propylene, etg;9:32-34

Since an H atom can be viewed as a combination of an electron
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Figure 2. Thermodynamics cycle involved in forming an-®l bond
between H atom and #O.
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Figure 3. Frontier orbitals of the high-valence® dransition metal
oxides in the tetrahedral coordination. A localized picture of-aHC
bond is also shown. The calculated HOMO and LUMO energies are
—10.61 and 3.19 eV for CK—9.26 and 2.83 eV for &is, —8.82 and
2.59 eV for GHs, and —8.63 and 2.32 eV for-C4H1, respectively.

and a protorf24142the strength of an ©H bond shall be
correlated not only with the electron affinity but also with the
proton affinity. As the formation of an ©H bond couples with
the breakage of an #O bond, a weaker MO x bond shall
lead to a higher H affinity. Thermodynamics cycles involving
such processes are illustrated in Figure 2.
A process of PCET (proton-coupled electron trarféfér+3

differs from that of the H transfer in that the destination of the
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Figure 4. Plots of AEst, EA, and BE(G-H) vs the energy gap between
HOMO and LUMO of the high-valence’dransition metal oxides in

the tetrahedral coordination. Black squarEsr; blue triangles, G-H
bond —O-); green triangles, ©H bond &0); red circles, EA.

(PAs) in Table 1. From these data, the following trends can be
noticed: (1) Generally, PA to a terminal oxygen is larger than
that to a bridge oxygen for a given oxide. (2) For V and Cr,
PAs of both sites are comparable, whereas for Mo and W, PAs
differ significantly between these two kinds of oxygen. (3) For
the terminal oxygen site, PAs are roughly the same for V, Mo,
and W oxides, which are around 10 kcal/mol higher than those
for the Cr oxide. (4) For the bridge oxygen site, PAs are roughly
the same for V, Cr, and Mo oxides with the exception of the W
oxide, whose PA is around 13 kcal/mol smaller than the others.
Most significantly, we see that, for different oxides, PAs have
no correlation with the trends of the strength of thel®bonds,
whereas for a given oxide, PA difference can be used to
qualitatively differentiate the ©H binding energy difference
between the terminal oxygen and the bridge oxygen site (see
Table 1).

Table 1 also lists the predicted singtetiplet excitation
energiesAEsf(M=0), as well as the MO bond energy, BE-
(M=0). For a high-valence %transition metal oxide, the
singlet-triplet excitation, involving an electron transfer from
the highest occupied molecular orbital (HOMO) to LUMO, will
give rise to an oxyradical (M-O*). AEst is usually used to
estimate the strength of the=vD  bond?#3 We find that for
the first-row transition metal oxides, such as V and Cr, #he
bond strengths are relatively weak. The bond becomes
stronger, as the metal goes down the column<Qvio < W.
Interestingly, Grasselli suggestédhat the resonance structure
of the vanadyl moiety (¥"=0O < 4TV*—0) is important in
the activation of alkanes in the Mo/—Nb—Te—0Oy system,

proton and the electron can be different. Hence, in PCET, the indicating that the reactivity of the oxides is strongly influenced
metal center can be the electron acceptor, whereas the oxygepy the M=O & bond strength. As shown in Figure 2, we may
can act as the proton acceptor. Table 1 summarizes the electrolefine BE*(O—H) as the bond energy between H and the triplet

affinity and proton affinity of various oxides. As the additional
electron will occupy the lowest unoccupied molecular orbital
(LUMO), which normally corresponds to the y—o orbital for

a tetrahedrally coordinated ttansition metal oxide, the central
metal is formally reduced by one unit. Therefore, electron
affinity is naturally associated with the reducibility of the metal

center. Our calculations show that the reducibility decreases

from Cr to V, to Mo, and to W, in parallel with the sequence
of decreasing strength of the<® bonds (see Table 1).

M+*—0Or. Hence, BE*(G-H) is equal to the sum oAEs{(M=
0O) and BE(G-H). From Table 1, we can calculate that, for
various oxides under the present study, the values of BE*(O
H) are nearly a constant (113-@17.8 kcal/mol). ThusAEst
can be written as

AEg(M=0) = constant- BE(O—H) (5)

Equation 5 suggests that the-® bond energy on a terminal

Protons can be stabilized on both the terminal oxygen and oxygen site is inversely proportional to the singlgiplet
the bridge oxygen sites, as shown by the large proton affinities excitation energieAEst{(M=0).
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Detaching an oxygen atomR) from a terminal oxygen site 90 4
involves breaking not only ar bond but also as bond,
eventually leading to the formation of an oxygen vacancy. The
heat of such a process can be correlated to BEQW. Here,
we find that the strength of BE(#O) follows the same trend
with AEst, deceasing from W to Mo, to V, and then to Cr (see ]
Table 1). It should be emphasized that the catalytic performanceg s

(kcal/mol)

60 AE,=0.943AH-3.232
R*=0.974

of the oxide can be subtly tuned by the strength of thre@ 5
bond#5-47 When the M=O bond is too weak, such as a=€D, = 404
regeneration of the lattice oxygen can be a big issue in order to% a0
complete the Marsvan Krevelen mechanism. If the#¥O bond % ]
is too strong, such as ¥O, the penalty to open the %0 x g 20

bond is too high, such that abstracting an H atom from alkanes T
can be hard to accomplish. The requirement of a good catalyst
is only fulfilled when the metal oxide can have an appropriate o+ -G
M=0 bond, such as those in the V and Mo oxides. This finding 10 20 30 40 50 60 70 80 90

is in accord with the experimental observafithat the M=O reaction enthalpy(kcal/mol)

bond must be of intermediate strength to carry out the selective Figure 5. Plot of the calculated H abstraction barrier vs the corre-
oxidation catalysis. sponding reaction enthalpy.

The concept of frontier orbital interaction is widely accepted
and applied in predicting the feasibility of a chemical reaction.
Figure 3 displays the frontier orbitals of various high-valence
d° transition metal oxides in the tetrahedral coordination. These
orbitals are compared with the bonding and antibonding orbitals
of a C—H in alkanes. We can see that the HOMOs of oxides
have a nonbonding character located only on the oxygen atoms,
while the LUMOs have a dominant*y—o character. Our
calculations show that the positions of the HOMOs for different
oxides are roughly the same-10.09 to—9.88 eV), but the
energies of the LUMOs vary from6.62 to—4.92 eV. Thus,
promoting an electron from HOMO to LUMQ\Esy) is mainly
determined by the energy level of LUMO. HendeEst(M=
O) correlates well with EA. The plots of BE(€H), electron
affinities, AEst, and BE(M=0O) vs the HOMO/LUMO energy
gap are depicted in Figure 4. We can see thBgr increases PRI ARLINE RN LR S RS B S
in parallel with the energy gap, while EA decreases monotoni- E v
cally as the energy gap increases, in consistency with the frontier nargy.gap (V)
orbital analysis. Importantly, Figure 4 clearly demonstrates that t':higuer?ufré ;'@‘]3;%ng”“)iigeibséqgggoanggiggr fé’{_lja ?ei\c/ieyglgsongés
BE(O—H) on both the terminal oxygen and the bridge oxygen . X . . R ’
sites correlate well with the energy gap, albeit with different CHz~H; green triangles, (CH.CH-H; blue triangles, (Cg:C—H.
slope. WhileAEst has the limitation to only be applicable to
the estimation of the MO 7 bond, which, in turn, correlates
only with BE(O—H) on the terminal oxygen sites, the frontier
orbital energy gap and EA are global properties of oxides, which
can be correlates to BE(€H) on both the terminal oxygen and
the bridge oxygen site.

3.2. Correlations between the Reactivity and the Redox
Features. Table 2 summarizes the predicted H abstraction
barriers of lower alkanes, varied from methané butane, over
the oxides of V, Cr, Mo, and W. The general trends for the H
abstraction pathways can be summarized as the following: (1) o ~ ) . .
For a given R-H, the reactivity decreases in the order of Cr, the stab!llty of the [C++-H-+O] c(?nflguratlon, which reduces
V, Mo, and W, as the calculated barriers increase in this series. [he barrier to a greater extéft> with the H atoms of Chl
This correlates well with the trend of the-®{ bond strengths. ~ P€ing sequentially replaced by the &4foup, i.e., from Ch—H
(2) For a given oxide, H abstractions Q] are favored over to (CHg)sC—H.
those by [FO—], in consistency with the relative strength of Alkane molecules possess a low EA, such that LUMO of a
BE(O—H) and PA of these two sites. (3) The reactivity of C—H bond is high lying (see Figure 3). It is thus; the HOMOs
different alkanes follows the trend of (GHC—H > (CHg)o- of alkanes match the LUMOs of the metal oxides to achieve
CH—H > CH3;CH,—H > CHz—H, antiparallel to the strength  the C-H bond oxidation. Accordingly, we find that the H
of the broken G-H bond. From egs 1 and 2, we see that the abstraction barriers are closely related to the energy gaps of
O—H bond strength provides a useful criterion to measure the oxides, as shown in Figure 6. For a giver-R, the calculated
reactivity of different oxides as well as different sites. barriers increase from Cr to V, to Mo, and to W, in good

Figure 5 plots the correlation of the calculated H abstraction agreement with the increased tendency of the energy gap. This
barriers vs the reaction enthalpy deduced from eq 2. We find a finding corroborates Bell's propogélthat rates of alkane

60 -
50
45 4

(kcal/mol)

40

oxygen

354
304
25 4
20
154
10
5.]

0 T Y T 4 T T x T ] T Y 1

H abstraction by terminal

good linearity (correlation coefficie®? = 0.974) with a slope

of 0.943, reinforcing the idea that#0 behaves like an oxygen
radical, even though it is not a radi¢dlAnd we also find that
some points scatter around the linear correlation withkcal/

mol errors. Many factors will contribute to this deviation. (1)

H abstraction by a bridge{O—] will disturb the M—O ¢ bond,
which is stronger than the corresponding=®@ = bond. (2) The
electrostatic interaction between the metal oxide and the alkane
molecule make a considerable contribution in stabilizing the
transition state (TS). (3) The polar effect in the TS results in
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oxidation can be roughly correlated with the BVis absorption
edge of the oxide catalysts.
4. Conclusion

It is well known that the catalytic performance of selective
oxidation relies on the ability of oxides to provide the surface

oxygen as a reactant. Here we present a theoretical study to

elucidate the relationship between the reactivity and physico-
chemical properties of the active oxygen center. We disclose
that transition metal oxides behaves like free radicals, which
can abstract an H atom from alkanes to give a surface hydroxyl
group (O-H). We conclude that the H abstraction barrier can
correlate well with the reaction enthalpy as the difference of
BE(C—H) and BE(C-H). Thus, for a given alkane, the strength
of the O-H bond plays a central role in determining the
reactivity of the metal oxide. We find that the-® bond
strength, EA, and\Esr are critically dependent on the HOMO/

LUMO energy gap of the oxide. When the energy gap increases,

AEgsrincreases monotonically, and both the-B bond strength
and EA decrease monotonically.
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