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Dynamic Study Oxidation of Methane to
Methanol on ds Zone of Transition Metal VIIIB
(M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) Catalysts

Abstract

The related energy and multi-channel oxidation of methane to methanol reaction
potential energy surface under the ds zone of transition metal catalysts and
its dynamic characterization have been investigated with density functional
calculations. The geometries were fully optimized with the B3PW91 level. The
calculated results shown that the main pathway oxidation of methane to methanol
reaction under the ds zone of transition metal VIIIB (M@Fe, Co, Ni, Ru, Rh, Pd, Os,
Ir, Pt) catalysts can give the main product P1 (CH,OH+O). We calculated the rate
constant of the main reaction pathway, the calculated dynamic characterization
indicating that the rate constants increase significantly as the temperature
increase. According to the dynamic results and the energetically intermediates
and transition states involved in the dominant paths, the reaction is expected
to be occurred the most rapidly under the catalysis of VIIIB transition metal.
According to our calculation, the title reaction is exothermic reaction under the
catalyst of VIIIB transition metal, and it is a thermodynamically feasible reaction.
The theoretical reference data on searching new catalysts to catalytic oxidation
of methane will be offered. These theoretical results are of important value in
theory and application for find new catalysts. The research is of great theoretical
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and experimental value.
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Introduction

Methane is a very stable and high symmetry molecular. It can
form strong regular tetrahedron symmetry structure by four
equivalent C-H through the sp? hybridization of carbon atoms. Its
thermodynamic performance is stable, and the C-H bond energy
is as high as 439 kJ/mol™. It is difficult to activate, and usually
need to reaction under high temperature and high pressure.
Compared to the reactants, the product is easily activated and
make the product selectivity difficult to control.

Methanol as the basic chemical raw material, can easily turn into
an important chemical raw materials and fuels such as olefins,
aromatics, and taking methane as the main component of natural
gas reserves. This reaction, if it can achieve large-scale. Industrial
production, will greatly help mankind to get rid of its dependence
onoil. Inthe catalytic process, however, due to its usually involves
an expensive antioxidant, corrosive or reaction medium [1-8],

these media are not suitable for large-scale commercial and is
still an unsolved problem. Although in the gas phase under mild
conditions, methane can be directly into methanol by molecular
oxidation, but the process is either stoichiometric (and therefore
need a water extraction steps) [9-15], or is too slow and low
yield rate and unrealistic [16]. However, it has not been reported
that an effective catalyst can be used to effectively use natural
gas to convert methane directly into methanol. Therefore, it
is important to develop catalysts that can selectively oxidize
methane. Recently, the study of Shan et al. proposed two ways
to catalyze the oxidation of methane (CH,) into methanol and
acetic acid: 1.CH, produces methanol further oxidation as acetic
acid under H, and CO.2.CH, is directly oxidized into methanol
under the action of O, and CO, [17]. Yet large-scale industrial
applications remain a difficult practical problem. Apparently, the
correlative reactions about methane are very important.

Doped metals have been shown to be effective in improving
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the physical and chemical properties of oxides [18,19]. After
doping, the charge state of the oxide body ion is changed, the
charge balance is disturbed, and the excess charge is generated.
Therefore doping affect subject oxide electrical, optical properties
and chemical reaction mechanism, weakening the crystal
chemical bonds within the [20], enhance the adsorption on the
surface of the [21-22], is helpful to activate the reconciliation
from molecular [23]. Doping of metals tends to enhance the
activity of the reaction in the material. In this study, we hope
to achieve effective catalytic oxidation of methane by doping
transition metal.

Considering the potential importance and the rather limited
information, we carry out a detailed theoretical study on
the potential energy surface (PES) of the methane oxidation
to methanol reaction to (1) provide the elaborated addition
channels on the oxidation of methane to methanol reaction
PESs; (2) give a deep insight into the mechanism of the methane
oxidation to methanol reactions; (3) calculate the rate constant
of the methane oxidation to methanol. We hope our work will
provide some valuable fundamental insights into oxidation of
methane.

Material and Methods

Computational details

All calculations are carried out using the GAUSSIANO3 program
packages [24]. The geometries of all the reactants, products,
intermediates, and transition states are optimized using the
hybrid density functional B3PW91/Lanl2dz method [25,26]. As
is known, full electron calculations for transition metal atoms
consume too much time, so it is necessary to introduce the
relativistic effective core potential (RECP) to describe the inner
core electrons. The 5s25p®5d%s! outermost valence electrons
of the transition metal atom are described through the Lanl2dz
base set [27,28]. The stationary nature of structures is confirmed
by harmonic vibrational frequency calculations; i.e., equilibrium
species possess all real frequencies, whereas transition states
possess one and only one imaginary frequency. To confirm
that the transition states connect designated intermediates
or products, intrinsic reaction coordinate (IRC) calculation is
carried out at the B3PW91 level. The rate constant of the rate-
controlling step along the main reaction channel was calculated
among the temperature range 100-1000 K, which considers the
small curvature tunnel effect cor-rection (SCT) [29,30].

Results

The optimized structures of the important stationary points of the
oxidation of methane to methanol reaction are shown in Figures
1-10. For our convenient discussion, the energy of reactants R
is set to be zero for reference. By means of the transition states
and their connected isomers or products, a schematic potential
energy surface (PES) of the most relevant reaction pathways for
the CH4+OZ+M(M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) reaction is
plotted in Figures 1-10.
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Figure6 A schematic potential energy surface of the
CH,+0,+Rh->CH,OH+0+Rh reaction obtained at the

K B3PWO1 + ZPE level. J

The related energy

Data on formation enthalpies constitute an excellent means to
establish whether theoretically predicted phases are likely to be
stable, and such data may serve as a guide to evaluate possible
reaction routes. For the exploration of the thermodynamic
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feasibility of accessing these compounds from the elements (eqn
(1)) we have also computed the total energies for CH,+0,+M (M@
Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) in their ground state structures
with full geometry optimization. The adsorption enthalpies for
CH,+0,+M (M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) were calculated
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Figureg8 A schematic potential energy surface of the
CH,+0,+0s->CH,0H+0+0s reaction obtained at the
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Figure 10 A schematic potential energy surface of the
CH,+0,+Pt->CH,OH+0+Pt reaction obtained at the

K B3PW91 + ZPE level. J

from the difference in the total energy which are summarized
in Table 1. The results establish unambiguously that (eqn (1))
expresses endothermic process for CH4+02+M (M@Fe, Co, Ni,
Ru, Rh, Pd, Os, Ir, Pt) adsorption.

CH,+0,+M->R(CH,+0,+M) (1)

The formation energy for the prototypical CH,+0,+M is labled in
Table 1 which indicating that CH,+0,+M is a thermodynamically
stable phase at ambient conditions. This has already been
established by a series of experimental and theoretical studies.
Our estimated large positive values for the enthalpy of formation
for the CH,+0O,+M series also suggest that it might be possible to
oxidation of methane to methanol as stable phases.

Reaction potential energy surface

On the PES for the reaction CH,+0,, the hydrogen-abstraction can
form intermediate IM via the transition state TS1. Subsequently,
the intermediate IM can occure OH-abstraction to give product P
(CH,OH+0) with the barrier TS2. In view of the two barriers, it is
impossible to overcome the barrier height for transition state TS1
and TS2 which the energy barrier is too high.

As shown in Figure 1, H-abstraction from the CH, via TS1 leading
to intermediate IM. For the transition state TS1 in Figure 1, the
breaking C-H bond is elongated by 43% compared to the C-H
regular bond length in CH,, while the forming H-O bond is 7%
than the H-O regular bond length. The elongation of the breaking
bond is larger than that of the forming bond, indicating that TS1
is product-like, so this reaction will proceed via “late” transition
states as expected for the endothermic reactions. This late
character is in keeping with Hammond’s postulate. A schematic
potential energy surface of the CH,+O, reaction obtained at
the B3LYP/6-311+G(d,p) + ZPE level is plotted in Figure 1. The
ZPE-corrected energy of TS1 (37.2 kcal/mol) is higher than the
reactants, which is due to the fact in the present study. As can
be seen from the PES, the H-abstraction reaction pathway is
endothermic, with the value of 0.8 kcal/mol at the B3LYP/6-
311+G(d,p) level. Secondly, the 1,2-OH-abstraction can occur to
form product P (CH,OH+0), which may via transition state TS2.
This abstraction-reaction need to overcome 42.0 kcal/mol. As
shown in Figure 1, the O-O bond will be broken as 1.346 A. The
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oxidation of methane to methanol reaction can be described as:
Path 1: R - IM - P (CH,0H+O)

Compared to the CH_+O, reaction, the CH,+0_+M (M@Fe, Co, Ni,
Ru, Rh, Pd, Os, Ir, Pt) reaction mechanism is the same. The energy
barrier of the transition state is all decreased except Co, and the
energies of all products are negative which means they are all
endothermic reactions. It is shown that the energy variation of
the transition state is consistent with the DE variation. It can
conclude that the TS1a-j are product-like, this H-shift reaction
will proceed via “late” transition states as expected for the
endothermic reactions. When the title reaction catalyzed by M
(M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt), we can see that the energy
barrier of the transition state decreased except Co in Figures
1-10.

In the previous sections, we have obtained oxidation of methane
to methanol reaction channels (Path 1) for the CH,+0_+M (M@
Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) reaction. In the fifth and sixth
cycle, with the the number of extra nuclear electrons increase,
the energy barrier of the reaction became bigger and bigger as
the formation enthalpies increase. The fourth cycle of Fe, Co, Ni
do not confirm to this rule.

Kinetics

In this section, we performed the dynamic calculation for the
reaction CH,+0,+M (M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt). The
calculation of the thermodynamic functions AH and AS at
B3PW91 level was used for obtaining the rate constant results

of the dominant channel in the 100-1000 K temperature range.
Results are listed in Tables 2-11.

Rate constants were calculated as follows:

k= (kb%)exp (—A’S’” _AA, (2)
R RT
A”S
_ T r=m
a=(k, T/ )exp - (3)

Where the type of ArHm and ArSm are respectively for the
standard molar activation enthalpy and entropy of reaction
system. A is the frequency factor, and k, is Boltzmann constant.

It is seen from Table 2, it shows that the rate constant k of this
reaction increases significantly as the temperature increase.

Table 1 Calculated enthalpies of formation (DH/kcal mol?) according
to eqn (1) for the adsorption CH,+0,+M(M=Fe,Co,Ni,Ru,Rh,Pd,Os,Ir,Pt)
compounds.

Enthalpies of formation (DH/kcal mol-1)

CH,+O -

DH/kcal mol* 0 - -

A CH,+0 +Fe CH,+0 +Co CH,+O_+Ni
DH/kcal mol* -100.8 -77.4 -83.3

A CH,+0O,+Ru CH,+0,+Rh CH,+0,+Pd
DH/kcal mol* -105.6 -74.4 -46.8

A CH,+0 +Os CH,+O +Ir CH,+0 +Pt
DH/kcal mol* -118.8 -81.2 -71.5

4 This article is available in: http://www.imedpub.com/journal-molecular-cellular-biochemistry/
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Table 2 The thermodynamic functions AH and AS at B3PW91 level

Vol.2 No.1:3

and the rate constants of the CH,+0,->IM channel in the 100-1000 K T(K) AtSm (K mol) A A, (kl/mol) )
temperature range. 600 -1.322 69.321 9.8 x 10°
- 7
TR T, 7 sae Tom
;gg ii:’j‘z‘ izjgg iz . 13 900 2.029 68.775 1.5 x 10°
- - . 1000 -2.372 68.449 4.2 x10°
298 -93.006 152.209 1.8x10%
G0 I e Ll Table 6 The thermodynamic functions AH and AS at B3PW91 level and
500 -90.299 153.325 1.9x10* the rate constants of the CH,+O,+Ru->IM channel in the 100-1000 K
600 -88.713 154.200 1.1 x10° temperature range.
700 -87.299 155.114 1.1x 103 T(K ) ) ) k(s
800 -86.082 156.025 3.4 x 10° (K A5 () Kmol) A H, (Kl/mol) (%)
900 -85.040 156.908 5.3x 10" 100 4.004 11.783 9.0>10°
1000 -84.149 157.762 48 2ty 0 102 L
298 -12.740 10.192 2.2 x 10
Table 3 The thermodynamic functions AH and AS at B3PW91 level and 400 -14.393 9.624 8.2 x 10%°
the rate constants of the CH,+0,+Fe->IM channel in the 100-1000 K 500 15.359 9.190 1.8 x 101
temperature range. 600 -16.079 8.796 3.1x 10"
T(K) A’S, (J K mol) A?H, (ki/mol) k(s?) 700 -16.694 8.395 4.6 x 101
100 -0.021 39.507 4.8 x10° 800 -17.263 7.972 6.3x 10"
200 -1.657 39.276 1.8 x 102 900 -17.799 7.515 8.1x 10
298 -2.105 39.168 6.5 x 10° 1000 -18.313 7.024 9.9 x 101
400 -2.117 39.165 4.9 x 107
500 -2.109 39.171 6.5 x 108
600 2.197 39.118 3.8 x 10° Table 7 The thermodynamic functions AH and AS at B3PW91 level and
700 2.397 38.992 1.3 x 10 EZi;aetthorzi?nn;:'Of the CH,+O,+Rh—>IM channel in the 100-1000 K
800 -2.682 38.777 3.5 x 10%°
. . . 100 -7.858 59.064 1.1x10%
Table 4 The thermodynamic functions AH and AS at B3PW91 level and 200 -13.77 58.211 5.0 x 10*
the rate constants of the CH,+0,+Co—->IM channel in the 100-1000 K 298 -16.397 57.575 7.0 x 10!
temperature range. 400 -17.715 57.121 3.4 x 10
= o = 4l 500 -18.51 56.766 1.3x10°
A ,7.5 mol’) A - 8‘ uil) 4.61_29 600 -19.133 56.422 15x 107
200 6.833 28.530 2.9 % 10° 700 -19.686 56.065 8.9 x 107
508 = el =00 P 800 -20.217 55.668 3.4x 108
400 11.560 79.972 1.2x10° =0 sl 222 kit
1000 -21.225 54.759 2.2 x10°
500 13.983 81.062 1.9x 10°
600 16.087 82.218 6.0 x 10°
700 17.887 83.387 7.5 x 107 Table 8 The thermodynamic functions AH and AS at B3PW91 level and
800 19.435 84.548 52 x 10° the rate constants of the CH,+0,+Pd->IM channel in the 100-1000 K
900 20.782 85.688 2.4%10° temperature range.
1000 21.958 86.807 8.5 x 10° T(K) A”S (1Kmol) A7H,, (ki/mol) k(s)
Table 5 The thermodynamic functions AH and AS at B3PW91 level and 100 -8.004 126013 >8x10%
the rate constants of the CH,+0,+Ni->IM channel in the 100-1000 K ;gg :iigzz 1;32;2 1; : 132
temperature range. : . .
400 -15.138 125.236 6.0 x 10°
T(K) AZS, () Kmol?) A7H, (ki/mol) k(s?) 500 -15.648 125.011 1.4x 10"
100 1.686 69.812 8.7 x10% 600 -16.079 124.769 2.5 x 10!
200 -0.707 69.468 2.7 x10° 700 -16.498 124.498 1.0x 103
298 -1.331 69.324 3.7 x 10° 800 -16.916 96.357 1.1 % 108
400 -1.322 69.327 6.3 x 10° 900 -17.338 123.826 1.5%x 10°
500 -1.272 69.350 5.1x10° 1000 -17.761 123.421 8.8 x 10°

© Under License of Creative Commons Attribution 3.0 License
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Table 9 The thermodynamic functions AH and AS at B3PW91 level and
the rate constants of the CH,+0,+Os->IM channel in the 100-1000 K
temperature range.

T(K) AZS, () K mol?) A*H, (kJ/mol) k(s?)

100 -2.782 -4.657 4.0 x 10%
200 -3.067 -4.707 4.9 x 10°
298 -3.816 -4.891 2.8 x 101
400 -4.561 -5.151 2.3x10%
500 -5.251 -5.463 2.1x 108
600 -5.941 -5.842 2.0 x 1013
700 -6.632 -6.291 1.9 x 103
800 -7.318 -6.806 1.9 x 10%
900 -7.983 -7.373 1.9 x 10%
1000 -8.632 -7.985 1.9 x 103

Table 10 The thermodynamic functions AH and AS at B3PW91 level
and the rate constants of the CH,+O,+Ir->IM channel in the 100-1000 K
temperature range.

T(K) A7S,, () K mol?) A7H,, (k}/mol) k(s)

100 5.544 -7.998 6.1 x 10
200 3.632 -8.295 9.5 x 10
298 1.841 -8.736 2.6 x 10
400 0.556 9.18 1.4 x 101
500 -0.372 -9.595 1.0 x 10%
600 -1.125 -10.01 8.1 x 108
700 -1.787 -10.435 7.1x 108
800 -2.381 -10.885 6.4 x 101
900 -2.941 -11.357 6.0 x 1023
1000 -3.469 -11.859 5.7 x 1083

Table 11 The thermodynamic functions AH and AS at B3PW91 level and
the rate constants of the CH,+0O,+Pt->IM channel in the 100-1000 K
temperature range.

T(K) A’S, (JKmol?) A’H, (ki/mol) k(s™)

100 3.845 35.149 1.4 x 10°
200 -0.904 34.411 3.8 x 103
298 -6.121 33.119 4.7 x 10°
400 -10.544 31.58 1.7 x 108
500 -14.071 30.001 1.4 x 10°
600 -17.041 28.37 5.5 x 10°
700 -19.606 26.702 1.4 x 10
800 -21.874 25.005 2.8 x 101
900 -23.903 23.28 4.7 x 10
1000 -25.74 21.541 7.1 x 10

Among the range of 100—1000 K, we find that the theoretical rate
constants are slightly positive temperature dependence at 100-
1000 K. So it is favorable to the most probable reaction at higher
temperature [31-33]. On the other hand, compared among these
kinds of reactions, the rate constant of CH,+0,+M is the biggest
one which is suitable with the analysis of the PESs. According to
our calculation, the singlet atom can catalyze the reaction better.

Discussion

Therefore, we hope our present calculation may represent a

Vol.2 No.1:3

useful model to understand the mechanism and provide valuable
information for the title reaction, and to deeply understand
the mechanism of the title reaction. Meanwhile, it will provide
theoretical guidance for us to find more effective catalysts.

Conclusion

We have presented a detailed investigation on the related energy
and CH,+0, reaction potential energy surface under the catalysis
of M (M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) and its dynamic
characterization using a detailed quantum chemical method. The
following important conclusions are obtained:

(1) The calculation shows that the large negative formation
enthalpy of CH,+0+M (M@Fe, Co, Ni, Ru, Rh, Pd, Os,
Ir, Pt) is consistent with the fact that it has already been
catalyzed by experiments. The prediction of CH,+O,
reaction under the catalysis of VIII B (Fe, Co, Ni, Ru, Rh, Pd,
Os, Ir, Pt) with large negative formation enthalpy hopefully
will inspire and guide catalysis efforts in this direction.

(2) The multi-channel oxidation of methane to methanol
reaction potential energy surface under the catalysis of
M (M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) is performed to
explore the reaction mechanism. The general potential
energy surface information is obtained at the B3PW91

level.

—

Our calculation shows that the oxidation of
methane to methanol channel is obtained. The H-shift
and OH-abstraction reaction can give the main product P
(CH,0H+O+M (M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt)). And
CH,+0,+M (M@Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) reaction
occurs mainly in the high-temperature range which plays
a more important role as the temperature increase.
The present theoretical studies may provide useful
information on the reaction mechanism.

(3) From the thermodynamic study, in the fifth and sixth cycle,
with the number of extra nuclear electrons increase, the
energy barrier of the reaction became bigger and bigger
as the formation enthalpies increase. The fourth cycle of
Fe, Co, Ni do not confirm to this rule.

(4) The dynamic characterization show thatthe theoretical rate
constants are slightly positive temperature dependence at
100-1000 K. The rate constant k of this reaction increases
significantly as the temperature increase. The analyses
consistently support the notion that the VIII B transition
metal can catalyze the reaction better. Until now, there
are no experimental studies available to verify our results,
but we hope to motivate experimentalists to measure the
rate constant.
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