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The mechanism and energetics for the formaldehyde to formic acid and the formic acid to carbon dioxide
conversions are investigated using the FeO+ complex as an oxidant from theoretical calculations at the B3LYP
DFT level. In the oxidation processes, there are a lot of reaction branches which are comparable in energy.
The elementary processes can be viewed as C-H and O-H cleavage reactions by oxo and hydroxo ligands
as well as OH group migrations. In formaldehyde oxidation, the initially formed complex OFe+-OCH2 is
converted by a C-H bond cleavage to intermediate HO-Fe+-OCH, which is next transformed to the formic
acid complex Fe+-OCHOH by an OH ligand migration and to the carbon monoxide complex H2O-Fe+-
CO by a C-H bond cleavage. There are two possible reaction pathways for the formic acid to carbon dioxide
conversion, both reaction pathways being downhill and highly exothermic. In an energetically favorable reaction
pathway, complex OFe+-OCHOH is first converted to intermediate HO-Fe+-OCHO by an O-H bond
cleavage, and after that, HO-Fe+-OCHO is transformed to the product complex H2O-Fe+-O2C by a C-H
bond cleavage. Formaldehyde and formic acid are easily oxidized by an excess of oxidants to carbon dioxide
and carbon monoxide. The overall reaction from methane to carbon dioxide is exothermic by 117.9 kcal/mol,
and there is no high barrier after methanol formation, which can cause the well-known overoxidation problem
in methane and alkane oxidation. Our calculations are in good agreement with previous experiments on methane
oxidation over Fe-ZSM-5 zeolite with respect to the product branching ratio, suggesting that a surface iron-
oxo species should have relevance to the interesting catalytic functions of Fe-ZSM-5 zeolite.

Introduction

Selective oxidation of methane to methanol under mild
conditions has been an attractive issue in modern industrial
chemistry.1-10 Methanol produced from the oxidation of meth-
ane is not stable in the presence of an excess of oxidants and is
further oxidized to formaldehyde, formic acid, and carbon
dioxide, which is known as an overoxidation problem. It is
difficult to control the oxidation reactions of methane to
methanol and formaldehyde without forming further oxidized
products. For example, Anderson and Tsai11 and Panov et al.12

reported that methane is converted mainly to carbon monoxide
and carbon dioxide using N2O as an oxidant over Fe-ZSM-5
zeolite at high temperature. On the other hand, Raja and
Ratnasamy13 reported that the oxidation of methane to methanol
and formaldehyde can be selectively performed using phthalo-
cyanine complexes of Fe and Cu on the zeolite frameworks as
catalysts. According to their proposal, the overoxidation prob-
lem, especially the formation of carbon dioxide, arises from
high catalysts concentrations and prolonged contact times.
Although the selective oxidation reactions of alkanes to corre-
sponding alcohols and aldehydes were extensively investigated,14

our knowledge on the mechanism of the overoxidation reactions
of methane is still lacking. We can illuminate these black box
reactions by means of computational quantum chemistry. In

previous papers,15,16 we considered with density functional
theory (DFT) the catalytic functions of “R-oxygen”, a surface
oxygen species responsible for the direct hydroxylation of
methane over Fe-ZSM-5 zeolite,12 and we demonstrated using
a reasonable model involving an iron-oxo species on the AlO4

surface site that the mechanism of “R-oxygen”-catalyzed
methane hydroxylation is essentially identical to that of methane
hydroxylation by FeO+.17,18The bare FeO+ complex is helpful
in understanding various oxidation reactions catalyzed by
transition-metal oxides because in the gas-phase FeO+ mediates
a variety of oxidation reactions, which give us a useful hint
about elementary steps in catalytic oxidation processes.

Schwarz, Schro¨der, and co-workers have studied in detail the
methane to methanol conversion by FeO+,18 which is formed
from the reaction of Fe+ with pulsed-in N2O19 under Fourier
transform ion cyclotron resonance (FTICR) conditions. A key
step in the conversion of methane to methanol is the C-H bond
activation because of its significant bond dissociation energy
(104 kcal/mol). They proposed that complex HO-Fe+-CH3 is
involved in the reaction as an intermediate. Moreover, they
investigated the methanol-formaldehyde conversion by FeO+

under FTICR conditions and predicted that complex HO-Fe+-
OCH3 should play a role as a central intermediate in the
oxidation reaction.20 From DFT calculations, we have investi-
gated the mechanism and energetics of the methane-methanol21

and the methanol-formaldehyde22 conversions by FeO+. The
conversion of methane to methanol occurs in a two-step manner,
as shown in Figure 1; it proceeds at the iron active center
through concerted hydrogen and methyl migrations.21 In the
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methanol-formaldehyde conversion, there are two competitive
reaction pathways.22 In Path 1, the H atom of the OH group of
methanol is first abstracted by the oxo group of FeO+ via TS1-1

leading to the intermediate complex HO-Fe+-OCH3, and after
that one of the H atoms of the OCH3 group is shifted to the
OH ligand via TS1-2 to form the product complex H2O-Fe+-
OCH2. In Path 2, one of the H atoms of the CH3 group of
methanol is abstracted by the oxo group via TS2-1 leading to
intermediate HO-Fe+-OHCH2, and then, the H atom of the
OHCH2 group is shifted to the OH ligand via TS2-2 to give the
product complex H2O-Fe+-OCH2.

The computed energetics for the oxidation of methanol to
formaldehyde suggests that in general produced alcohols
undergo further oxidation toward aldehydes, carboxylic acids,
and carbon dioxide in the presence of an excess of oxidants. In
this article, we describe the mechanism for the oxidation
reactions of formaldehyde to formic acid (Path A) and of formic
acid to carbon dioxide (Path B); see Scheme 1. From DFT
calculations of the methane oxidation processes by FeO+, we
shed light on the overoxidation problem in the catalytic oxidation
of methane and other alkanes.

Method of Calculation. We carried out quantum chemical
calculations on the basis of the hybrid Hartree-Fock/density

functional theory (B3LYP) method23,24 using the Gaussian 98
ab initio program package.25 The B3LYP method consists of
the Slater exchange, the Hartree-Fock exchange, the exchange
functional of Becke,23 the correlation functional of Lee, Yang,
and Parr (LYP),24 and the correlation functional of Vosko, Wilk,
and Nusair (VWN).26 We optimized local energy minima
corresponding to reactants, products, and intermediates and
saddle points corresponding to transition states. Harmonic
vibrational frequencies were systematically computed to confirm
that each optimized geometry corresponds to a local minimum
that has only real frequencies or a saddle point that has only
one imaginary frequency. For the Fe atom we used the
(14s9p5d) primitive set of Wachters27 supplemented with one
polarizationf-function(R)1.05),resultingina(611111111|51111|311|1)
[9s5p3d1f] contraction,28 and for the H, C, and O atoms we
used the 6-311G** basis set.29 The spin-unrestricted method
was applied to the open-shell systems. It was confirmed from
computed<S2> values that spin contamination included in the
calculations is within 0.54% after annihilation of higher spin
states. We computed the bond dissociation energy of the6Σ+

state of FeO+ to look at the applicability of this DFT method.
This quantity was computed to be 75.2 kcal/mol, which is in
good agreement with an experimental value of 81.4( 1.4 kcal/
mol.30

Results and Discussion

Formaldehyde Oxidation by FeO+. Formaldehyde oxidation
mediated by FeO+ is expected to occur as in Scheme 2, in which

Figure 1. Reaction pathways for the direct methane-methanol and the methanol-formaldehyde conversions mediated by FeO+.

SCHEME 1
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we assume that complex OFe+-OCH2 should be formed in the
initial stages of the reaction. DFT calculations predict a scenario
on the chemical processes as follows. The reactant complex is
converted to intermediate HO-Fe+-OCH via the five-centered
transition state for the H atom abstraction. After the formation
of HO-Fe+-OCH, there are two possible reaction pathways,
as indicated in Scheme 2. Path A-1 is a branch that leads to
formic acid and Path A-2 is another branch that finally leads to
carbon monoxide. In Path A-1, the OH ligand of HO-Fe+-
OCH is migrated toward the carbon atom of the OCH group
via the four-centered transition state, resulting in Fe+-OCHOH.
In the first half of Path A-2, HO-Fe+-OCH is transformed
into HO-Fe+-CHO via the three-centered transition state, and

in the second half, HO-Fe+-CHO is converted to H2O-Fe+-
CO via the four-centered transition state and finally water and
carbon monoxide are released from the final complex.

Formaldehyde to Formic Acid Conversion (Path A-1).Let
us first look at the reaction mechanism and energetics for the
formaldehyde to formic acid conversion along Path A-1. Figure
2 shows computed energy diagrams for Path A-1 in the sextet
and the quartet reaction pathways and optimized geometries of
the reaction intermediates and the transition states in the sextet
state. A closed circle stands for a crossing point of the energy
diagrams. The general profile of Figure 2 is consistent with the
two-state reactivity paradigm proposed by Shaik et al.31 because
the two potential energy surfaces are close-lying and in fact
there are crossing points in the entrance and the exit channels.
Thus, both sextet and quartet potential energy surfaces have
relevance to the course of this reaction. In the initial stages of
the reaction, FeO+ and formaldehyde come into contact to form
the reactant complex OFe+-OCH2 with a binding energy of
49.7 and 52.7 kcal/mol in the sextet and the quartet states,
respectively. Because the HOMO of formaldehyde has a larger
orbital coefficient on the oxygen atom, it is reasonable to form
an Fe-O bond rather than an Fe-C bond. The total atomic
(Mulliken) charge of formaldehyde is+0.12, the atomic charge
of the carbon atom changes from+0.25 in formaldehyde to
+0.57 in the reactant complex, and that of the oxygen atom
changes from-0.25 to-0.45. This computational result is due
to the polar character of the carbonyl group, as indicated by

Figure 2. Potential energy diagrams for the conversion of formaldehyde to formic acid by FeO+ in the sextet and the quartet reaction pathways
at the B3LYP/6-311G** level including zero-point energy corrections. Relative energies are in units of in kcal/mol. Optimized structures, charges,
and spin densities (charge, spin density) of intermediates and transition states in the sextet reaction pathway are shown. Bond lengths are in Å.

SCHEME 2
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the resonance structures in Scheme 3. In the reactant complex
OFe+-OCH2, the carbonyl carbon atom bears substantial
positive charge through the electron transfer to the carbonyl
oxygen atom to lead to the second resonance structure. The polar
character of the carbonyl group plays an important role in the
oxidation of formaldehyde. The increasing polarizability can
be explained from a second-order perturbational treatment, as
indicated in Appendix.

After the formation of OFe+-OCH2, an H atom of formal-
dehyde is abstracted by the oxo group of FeO+ via the five-
centered transition state. This H atom abstraction gives rise to
the radical intermediate HO-Fe+-OCH•, in which the carbon
atom has a large spin density of+0.72 in the sextet state. In
this chemical process, the C-H bond is cleaved in a homolytic
manner, and the H atom is migrated to the oxygen atom of FeO+

to form a new O-H bond. Although the activation energies for
this process are 33.0 and 25.4 kcal/mol relative to OFe+-OCH2

in the sextet and the quartet reaction pathways, respectively,
this reacting system can pass over the potential energy barrier
because this transition state lies well below the dissociation limit
toward formaldehyde and FeO+. After the formation of HO-
Fe+-OCH•, the recombination of the OH and the CHO groups
occurs on the complex, resulting in Fe+-OCHOH. A calculated
activation energy for this process in the sextet reaction pathway
is 25.8 kcal/mol and that in the quartet reaction pathway is 24.3
kcal/mol relative to HO-Fe+-OCH•, but this energy barrier is
also accessible from the viewpoint of energetics. The formic
acid complex Fe+-OCHOH is energetically the most stable in
the reaction pathway, and it lies 79.5 and 83.5 kcal/mol below
the dissociation limit in the sextet and the quartet reaction
pathways, respectively. Finally, Fe+-OCHOH releases Fe+ and
formic acid using the internal energy acquired. The overall
conversion of formaldehyde to formic acid is exothermic and
the transition states involved are low-lying, and therefore, the
reaction should easily take place.

The reactant complex can be converted to a complex
involving dioxymethylene as a byproduct, as indicated in
Scheme 4. In this process the O atom of FeO+ is migrated to
the C atom of formaldehyde via a four-centered transition state,
leading to the dioxymethylene complex. The activation energy
was computed to be-27.1 and-25.8 kcal/mol relative to the
dissociation limit to FeO+ and formaldehyde in the sextet and
quartet states, respectively; hence, the conversion of formalde-
hyde to dioxymethylene is likely to take place. In fact, dioxy-
methylene is detected by FT-IR measurements in oxidation
reactions of formaldehyde on metal oxides.32

Formaldehyde to Carbon Monoxide Conversion (Path
A-2). Let us next look at the energetics for the formaldehyde
to carbon monoxide conversion by FeO+ along Path A-2. Figure
3 shows computed energy diagrams for Path A-2 in the sextet
and the quartet reaction pathways. Optimized geometries of the
reaction intermediates and the transition states in the sextet state
are also presented. This reaction is also exothermic. The first

half of Path A-2 is identical to that of Path A-1. After HO-
Fe+-OCH• is formed, it is converted to HO-Fe+-CHO via
the three-centered transition state. The carbon atom of HO-
Fe+-OCH• is migrated toward Fe+ with an activation energy
of 6.8 and 2.2 kcal/mol in the sextet and the quartet reaction
pathways, respectively. The spin density on the carbon atom of
HO-Fe+-CHO is +0.17 in the sextet state, this value being
small in comparison with that of HO-Fe+-OCH•. Once the
Fe-C bond is formed, the C-H bond of the CHO group is
activated through the electron transfer from the CHO group to
the FeOH group. Because the computed activation energy for
the H atom abstraction from the CHO group in the sextet
pathway is-35.9 kcal/mol and that in the quartet pathway is
-47.6 kcal/mol relative to the dissociation limit, this reaction
should easily take place. The product complex H2O-Fe+-CO
is formed as a result of the H atom abstraction from the CHO
group, and it is energetically the most stable intermediate in
Path A-2. Carbon monoxide is one of the main products in
methane oxidation by N2O over Fe-ZSM-5 zeolite at high
temperature;11,12 therefore, the mechanistic aspect of Path A-2
can give a hint with respect to the mechanism and energetics
of the overoxidation problem.

Let us compare the energetics for the oxidation reactions of
formaldehyde via Paths A-1 and A-2. Both A-1 and A-2 are
exothermic, and formaldehyde should be spontaneously con-
verted into formic acid and carbon monoxide in the presence
of FeO+. A difference between Paths A-1 and A-2 is the spin
density on the carbon atom of the intermediates HO-Fe+-
OCH• and HO-Fe+-CHO. Although the mechanisms of Paths
A-1 and A-2 are quite different, they are comparable in energy.
According to DFT calculations, the carbon monoxide complex
in Path A-2 is 32.2 kcal/mol more stable than the formic acid
complex in Path A-1 in the quartet reaction pathway, which
suggests that formic acid can be released more easily than carbon
monoxide, and formic acid should be further oxidized.

Formic Acid Oxidation by FeO+. To increase our under-
standing of the overoxidation problem, we must consider the
further oxidation of formic acid. First we assume that the two
reactant complexes, OFe+-OCHOH and OFe+-OHCHO, are
formed in the initial stages of the reaction. In OFe+-OCHOH
the carbonyl oxygen atom coordinates to the Fe+ ion as a ligand,
whereas in OFe+-OHCHO the hydroxyl oxygen atom coordi-
nates. DFT calculations tell us that OFe+-OCHOH is 17.9 and
18.9 kcal/mol more stable than OFe+-OHCHO in the sextet
and the quartet states, respectively. Therefore, it is reasonable
to restrict our discussion to the formic acid oxidation reactions
that start from OFe+-OCHOH. There are two possible reaction
pathways for the conversion of formic acid to carbon dioxide,
as shown in Scheme 5. In Path B-1, the reactant complex is
converted to HO-Fe+-OCOH via the five-centered transition
state for the C-H bond cleavage by the oxo group of FeO+.
After the formation of HO-Fe+-OCOH, the O-H bond of
the OCOH group is activated by the OH ligand to result in
H2O-Fe+-O2C. On the other hand, Path B-2 involves the O-H
bond activation by the oxo group via the six-centered transition
state in the initial stages and as a result HO-Fe+-OCHO is
formed. After that, the C-H bond cleavage by the OH ligand
gives rise to H2O-Fe+-O2C.

Path B-1.Figure 4 shows computed energy diagrams for Path
B-1 in the sextet and the quartet reaction pathways and
optimized geometries of the reaction species in the sextet state.
In the initial stages of the reaction, FeO+ and formic acid come
into contact with a binding energy of 59.1 and 62.3 kcal/mol in
the sextet and the quartet pathways, respectively. Interestingly,

SCHEME 3

SCHEME 4

624 J. Phys. Chem. A, Vol. 106, No. 4, 2002 Yumura et al.



the C-OH bond in the reactant complex is slightly shortened
and the CdO bond is slightly elongated in comparison with
those of free formic acid. This geometrical change can be
explained by the resonance forms indicated in Scheme 6. The

last resonance that can contribute to the short C-OH bond and
the long CdO bond is significantly stabilized in the presence
of FeO+. The geometrical features of the reactant complex can
be explained from these resonance forms.

Figure 3. Potential energy diagrams for the conversion of formaldehyde to carbon monoxide by FeO+ in the sextet and the quartet reaction
pathways at the B3LYP/6-311G** level including zero-point energy corrections. Relative energies are in units of in kcal/mol. Optimized structures,
charges, and spin densities (charge, spin density) of intermediates and transition states in the sextet reaction pathway are shown. Bond lengths are
in Å.
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After the formation of OFe+-OCHOH, the C-H bond is
dissociated by the oxo group of FeO+ and the radical intermedi-
ate HO-Fe+-OCOH• is formed as a result. The C-H bond
dissociation can take place in a homolytic manner because the
carbon atom in HO-Fe+-OCOH• has a spin density of+0.76
in the sextet state. The activation energy for the H atom
abstraction in the sextet reaction pathway was computed to be
37.7 kcal/mol and that in the quartet reaction pathway was 33.3
kcal/mol measured from the reactant complex. The reacting
system can pass over this transition state using the high internal
energy. In the next process, intermediate HO-Fe+-OCOH• is
converted to the product complex H2O-Fe+-O2C. In this
electronic process, the O-H bond of the CO2H group is
dissociated by the hydroxo ligand with an activation energy of
10.6 and 8.2 kcal/mol relative to HO-Fe+-OCOH• in the sextet
and the quartet reaction pathways, respectively. The product
complex H2O-Fe+-O2C, the most stable species in Path B-1,
releases water and carbon dioxide in the final step.

It is noting that the carbon dioxide in the product complex is
bent. This can be explained by a qualitative Walsh diagram
indicated in Scheme 7. The HOMO of linear carbon dioxide is
a nonbonding orbital and the LUMO is a pπ* orbital that has
a larger orbital coefficient on the central carbon atom. This
diagram tells us that the LUMO is significantly pushed down
upon bending, whereas the HOMO is slightly pushed up.
Because the LUMO of carbon dioxide is partially filled in the
carbon dioxide complex, the complex is stabilized in energy
when the carbon dioxide is bent. In fact, the carbon dioxide in
the product complex has a total charge of-0.45. Because the
LUMO has a large orbital coefficient on the central carbon atom,

Figure 4. Potential energy diagrams for the conversion of formic acid to carbon dioxide by FeO+ via Path B-1 in the sextet and the quartet reaction
pathways at the B3LYP/6-311G** level including zero-point energy corrections. Relative energies are in units of in kcal/mol. Optimized structures,
charges, and spin densities (charge, spin density) of intermediates and transition states in the sextet reaction pathway are shown. Bond lengths are
in Å.

SCHEME 6 SCHEME 7
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it is reasonable that the carbon atom has a significant spin
density, which is a direct result from the homolytic C-H bond
cleavage in Path B-1.

Path B-2. In contrast to Path B-1, in the initial stages of Path
B-2 the O-H bond is cleaved by the oxo group of FeO+, and
after that the C-H bond is cleaved by the hydroxo ligand. Figure
5 shows computed energy diagrams for Path B-2 in the sextet
and the quartet pathways. This reaction starts from the reactant
complex OFe+-OCHOH, as discussed above. The O-H bond
dissociation requires an activation energy of 6.4 and 5.0 kcal/
mol measured from the reactant complex in the sextet and the
quartet pathways, respectively. The resultant intermediate HO-
Fe+-OCHO has an atomic charge of about-0.45 on each
oxygen atom in the sextet state. This is reasonable in view of
the following resonance structures in Scheme 8, in which the
resonance structures of OCHO- and OCHO• and calculated
atomic charges and spin densities are indicated in parentheses
in this order. The calculated atomic charges on the oxygen atoms
are-0.52 in OCHO-, whereas those are-0.20 in OCHO•. The
calculated atomic charges on the oxygen atoms in the intermedi-
ate are close to those of OCHO-; hence, OCHO- is involved
in HO-Fe+-OCHO as a ligand, which suggests that the O-H
bond is dissociated by the oxo group of FeO+ in a heterolytic
manner.

After the formation of HO-Fe+-OCHO, the C-H bond is
activated and cleaved by the hydroxo ligand, resulting in the
final complex having water and carbon dioxide. The computed
activation energy for the H atom migration in the sextet reaction
pathway is 39.0 kcal/mol and that in the quartet reaction pathway
is 32.0 kcal/mol relative to HO-Fe+-OCHO.

Let us compare the energetics for the formic acid to carbon
dioxide conversion reactions along Paths B-1 and B-2. The
general energy profiles for Paths B-1 and B-2 are downhill
toward the product direction. In the first stages of Path B-1,
the C-H bond of formic acid is dissociated by the oxo group
of FeO+ in a homolytic manner, leading to intermediate HO-
Fe+-OCOH•, and after that the dissociation of the O-H bond
by the hydroxo ligand results in the formation of carbon dioxide
and water. In contrast, the O-H bond of formic acid is cleaved

Figure 5. Potential energy diagrams for the conversion of formic acid to carbon dioxide by FeO+ via Path B-2 in the sextet and the quartet reaction
pathways at the B3LYP/6-311G** level including zero-point energy corrections. Relative energies are in units of in kcal/mol. Optimized structures,
charges, and spin densities (charge, spin density) of intermediates and transition states in the sextet reaction pathway are shown. Bond lengths are
in Å.

SCHEME 8
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by the oxo group of FeO+ in a heterolytic manner in the initial
stages of Path B-2, and after that the final complex is formed
via the five-centered transition state. In the reaction pathways
for the conversion of formic acid, the C-H bond dissociation
by the oxo group as well as by the hydroxo group is
energetically the most difficult step. The C-H bond cleavage
by the oxo group in Path B-1 follows the reactant complex
OFe+-OCHOH while that in Path B-2 follows intermediate
HO-Fe+-OCHO, as indicated in Scheme 5. The activation
energy for the C-H bond cleavage in the sextet (quartet)
reaction pathway along Path B-1 is-21.4 (-20.6) kcal/mol
measured from the dissociation limit while that along Path B-2
is -42.2 (-42.2) kcal/mol. This is due to the difference in the
stabilization of HO-Fe+-OCHO and OFe+-OCHOH. We
conclude that Path B-2 is preferable in energy, but both reaction
pathways are energetically favorable.

Methane Oxidation Mediated by FeO+. Let us finally
consider the energetics for the overall oxidation of methane to
carbon dioxide. Previous experimental studies demonstrated that
the final products in the oxidation of methane over Fe-ZSM-5
zeolite include carbon dioxide, carbon monoxide, and formal-
dehyde in high concentrations.11,12According to ref 11, carbon
dioxide, carbon monoxide, and formaldehyde are produced in
87, 9.7, and 2.4% yields, respectively, in the oxidation of
methane using N2O at the reactant ratio CH4 : N2O ) 60:40.
The reactivity of the bare FeO+ complex is of great use in aiding
the understanding of various oxidation reactions mediated by
transition-metal oxides. In our previous studies,15,16 we set up
a model ofR-oxygen that is responsible for the direct oxidation
of methane over Fe-ZSM-5 zeolite, as indicated in Chart 1.
This model contains a coordinatively unsaturated iron-oxo
species located on the AlO4 anion site. If a coordinatively
unsaturated iron species is generated on Fe-ZSM-5 zeolite, it
should become an active center for the overoxidation process
of methane.

Let us consider the energetics along the sextet pathway
because the ground state of FeO+ is a spin sextet. The
conversion of methane to methanol is 12.6 kcal/mol exother-
mic.21 However, the transition state for the H-atom abstraction
from methane is comparable in energy with the dissociation
limit, so the C-H bond dissociation is the rate-determining step
in this important reaction. Once methane is converted to
methanol, it is readily oxidized to formaldehyde by an excess
of iron-oxo species22 because there is no high-lying transition
state in the course of reaction 2

After the formation of formaldehyde, it is converted to formic
acid and carbon monoxide. The formaldehyde to formic acid
and the formaldehyde to carbon monoxide conversions are 42.2
and 32.8 kcal/mol exothermic, respectively. Thus, these reactions

should take place more easily than the methane-methanol and
the methanol-formaldehyde conversions. As shown in Figures
2 and 3, DFT calculations tell us that carbon monoxide is
strongly bound to the iron active center while formic acid can
be released and further oxidized in the presence of an excess
of iron-oxo species. In fact, formic acid is not detected in the
oxidation of methane over Fe-ZSM-5.11,12 The oxidation
reactions are energetically accelerated in the final stages; the
conversion from formic acid to carbon dioxide is 45.4 kcal/
mol exothermic. The overall reaction from methane to carbon
dioxide is 117.9 kcal/mol exothermic, as indicated in reaction
6. Our calculations, which are in good agreement with the
previous experiments11,12on methane oxidation over Fe-ZSM-5
zeolite with respect to the product branching ratio, suggest that
a surface iron-oxo species should have relevance to the various
catalytic functions of Fe-ZSM-5 zeolite

Conclusions

We elucidated the mechanism of the formaldehyde to formic
acid and the formic acid to carbon dioxide conversions from
DFT computations at the B3LYP level of theory. We used the
FeO+ complex as an oxidant. One of our findings is that in the
oxidation processes there are a lot of branches which are
comparable in energy. We could classify the elementary
processes into C-H and O-H cleavage reactions by oxo and
hydroxo ligands as well as OH group migrations. In the reaction
pathway for formaldehyde oxidation, an H atom of formalde-
hyde is first abstracted by the oxo group on the reactant complex
OFe+-OCH2 and as a result intermediate HO-Fe+-OCH is
formed in the initial stages. This intermediate is next transformed
to the formic acid complex Fe+-OCHOH through an OH ligand
migration and to the carbon monoxide complex H2O-Fe+-
CO through an H atom migration. There are two possible
reaction pathways for the formic acid to carbon dioxide
conversion. In the first reaction pathway, complex OFe+-
OCHOH is converted to intermediate HO-Fe+-OCOH by a
C-H bond cleavage; after that, the H atom of the OCOH group
is abstracted by the OH ligand and finally complex H2O-Fe+-
O2C is formed. In the second reaction pathway, complex OFe+-
OCHOH is converted to intermediate HO-Fe+-OCHO, and
then it is converted to the product complex H2O-Fe+-O2C by
an H atom migration. Both reaction pathways are likely from
the viewpoint of energy, and therefore, the conversion of formic
acid to carbon dioxide should easily take place via different
routes. The oxidation reactions are energetically accelerated in
the final stages. We finally analyzed the energetics for the
overall oxidation of methane to carbon dioxide. The overall
reaction is exothermic by 117.9 kcal/mol, and there are no high
barriers after methanol formation, which can cause the well-
known overoxidation problem in methane and alkane oxidation.
Formaldehyde and formic acid are not stable in the presence of
an excess of oxidants and should be further oxidized to carbon
dioxide and carbon monoxide. Our calculations suggest that the

CHART 1

FeO+ + CH4 f CH3OH + Fe+ + 12.6 kcal/mol (1)

FeO+ + CH3OH f CH2O + H2O + Fe+ + 17.7 kcal/mol
(2)

FeO+ + CH2O f HCOOH+ Fe+ + 42.2 kcal/mol (3)

FeO+ + CH2O f CO + H2O + Fe+ + 32.8 kcal/mol (4)

FeO+ + HCOOHf CO2 + H2O + Fe+ + 45.4 kcal/mol
(5)

4FeO+ + CH4 f CO2 + 2H2O + 4Fe+ + 117.9 kcal/mol
(6)
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interesting catalytic functions of Fe-ZSM-5 zeolite should arise
from a surface iron-oxo species.

Appendix

The resonance explanations in Schemes 3 and 6 are useful,
but we look at this from a theoretical point of view. Let us
consider perturbation in which the coulomb integral in the
carbonyl oxygenRo will be changed toRo + δRo by the
approach of FeO+ to the carbonyl oxygen atom.33 Using the
second-order perturbation theory, we can write the deviation
of electron densities∆qs as a function ofδRo, as shown in the
following equation.

Heres is the carbon atom or the oxygen atom of formalde-
hyde; i andk the orbital index of formaldehyde;cs

l the orbital
coefficient of thes atom in thelth orbital; εl the lth orbital
energy. From eq A1, the mixing between the LUMO and
occupied orbitals can determine the electron density change
because the next LUMO (LUMO+ 1) is high-lying in energy
relative to the LUMO. Since the HOMO and the next HOMO
(HOMO-1) of formaldehyde lie close in energy, both orbitals
can play a role in determining the change of electron densities.
The HOMO, the HOMO-1, and the LUMO are shown in
Scheme 9. The LUMO is a pzπ* orbital in which the carbon
atom has a larger orbital coefficient, whereas the HOMO and
the HOMO-1 are pxπ* and pzπ orbitals, respectively, in which
the oxygen atom has a larger orbital coefficient. Because the px

and pz orbitals are orthogonal, the integral of their product is
vanished. Thus, the electron density change of the oxygen can
be written as eq A2, and that of the carbon atom can be written
as eq A3.

The quantity∆qo is proportional to the square of the product
of co

HOMO-1 andco
LUMO, whereas∆qc comes from not only the

product ofco
HOMO-1 andco

LUMO but also the product ofcc
HOMO-1

andcc
LUMO. Because the signs of∆qo and∆qc are opposite, the

polarizability of the carbonyl group of formaldehyde is increased
by the approach of FeO+. This effect can play an essential role
in stabilizing the potential energy surface for the formaldehyde-
formic acid conversion by FeO+.
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