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Physical Chemistry Chemical Physics

Abstract

Quantum chemical calculations and dynamics simulations were performed to study the
reaction between methyl peroxy radical (CH30,) and O,. The reaction proceeds through three
different pathways (1) H-atom abstraction, (2) O, addition and (3) concerted H-atom shift and
O, addition reactions. The concerted H-atom shift and O, addition pathway is the most
favourable reaction both kinetically and thermodynamically. The major product channel
formed from these reactions is HCO + OH + O,. Trajectory calculations also confirm that
H,CO + OH + O, is the main product channel. An estimated rate constant expression for this

reaction from master equation calculations is 4.20x103¢867%T cm3mole-'s!.
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1. Introduction

Combustion and ignition of natural gas, of which methane is the main component, is
somewhat slower than other fuels mainly due to the relatively slow reactivity of the dominant
early methyl radical.! A wide range of conditions are encountered, which need reliable
kinetic modelling. Recent interests including engines, turbines, rockets, and oxy-fuel
combustors extend this range to very high pressures and oxygen concentrations. Thus from a
mechanism point of view it is important to examine sequential methyl reactions with oxygen.
Under certain conditions, significant partial equilibrium concentrations of relatively
unreactive methyl peroxy radical, CH30, can be present. Thus it is appropriate to ask, for
high oxygen environments, whether this radical could react with oxygen, as even a slow rate
constant could be significant. No such reactions are in current combustion mechanisms or

kinetics databases.

The oxidation of CHj3 by molecular oxygen (°0,) is one of the most important reactions
in combustion processes and the reaction plays a key role in methane ignition. The reaction

takes place via four reaction channels as shown below:

CH; + 0, — CH;0, (R1)
CH; + 0, — CH,0 + OH (R2)
CH; + 0, — CH;0 + O (R3)
CH; + 0, — HCO + H,0 (R4)

The formation of methyl peroxy radical R1 (CH30,) is pressure dependent and dominates at
temperatures below 1000 K.>* This association process is exothermic by 29.5 kcal/mol
calculated at G2 (QCISD(T)/6-311+G(3df,2p) level of theory.* The reactions R2 and R3 are
chain branching and important and competitive at higher temperatures.! R2 initially forms
CH;0; radical which further undergoes H-atom shift/OH elimination reactions leading to the
final products.’ The products of R3 are formed via CH;0, by fragmentation reaction.
Reaction R4 is highly exothermic but it is a kinetically non-competitive reaction.>® A very
earlier RRKM calculation reported that the formation of CH30, (R1) dominates the CH; + O,
process upto ~ 1500 K, before the reactions R2 and R3 become competitive.” This reveals
that up to 1500 K, CH;0, is amply present in the combustion system and plays an important
role in methane oxidation chemistry under high-pressure intermediate-temperature

conditions.®
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Under combustion conditions at temperatures of 500-600 K, sequential addition of O,
molecules to hydrocarbon/oxygenated radicals leads to highly oxygenated molecules.® The
peroxy radicals generate cool flames at these temperatures, and ignition exhibits a negative
temperature coefficient behaviour leading to engine knock.!!! In new high pressure turbine
uses of methane, due to high oxygen density and low temperature ignition, CH30, could be
more prone to react with molecular oxygen (0,). The reaction is expected to lead to the
following product channels which are extremely exothermic:

AHzgg [kcal/mol]

CH;0, + 30, — CO + H,0 + HO, -84.3 (R5)
CH;0, + 30, — CO, +H, + HO, -94.1 (R6)
CH;0, + 30, — HCOOH + HO, -90.5 (R7)
CH;0, + 30, — CO, + H,0 + OH -145.9 (R8)

The reaction enthalpies given are calculated from the enthalpies of formation of the reactive
species available in Active Thermochemical Tables (ATcT).!2 However, to date none of these
reactions has been considered in combustion mechanisms, nor have measurements or
computations been reported. It is particularly important to examine these possibilities for
applications at high pressures or oxy-combustion conditions where ignition and CH;0,
intermediates are important.

Given the potential importance of peroxy radicals for ignition in high pressure and
oxy-combustion systems, it is vital to determine the formation of chain carriers and the
mechanism for reaction products of R5-R8. The present study explores in detail all the
possible reaction pathways for the reaction between CH30, and 30, using quantum chemical
methods. The reaction mechanism is established with specific emphasis on predicting the key
elementary steps and the lowest energy pathway for the CH;0, + 30, reaction, which may
serve as a prototype for sequential addition of O, to peroxy radicals. The key reactions
involved in this combustion system are identified and the kinetics of the reactions are
calculated. The results will have greatest importance for methane oxidation and ignition
under high pressure, high oxygen, and supercritical conditions, for example in methane

fuelled engines, turbines, and rockets.

I1. Computational Methodology
The structures of all the stationary points on the ground state potential energy surface

(PES) of CH;0, + O, reaction system are optimized at DFT-M06-2X functional!? with cc-
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pVTZ basis set.!* The M06-2X method has been benchmarked and recommended for main
group elements for determining thermochemistry and kinetics.!* Vibrational frequencies of
the stationary points (intermediates and transition states) were calculated at the same level of
theory and minima were confirmed, with all positive frequencies and transition states having
one imaginary frequency. The optimization of stationary points and frequency calculations
were performed with tight convergence criteria and an ultrafine integration grid. Intrinsic
reaction coordinate (IRC) analysis was performed to check the connectivity of the reactants
and the corresponding products. For very few reactions, the IRC calculations failed due to the
low curvature of the PES and hence, for these reactions potential energy surface scans were
performed to understand the behaviour of the transition states. Single point calculations at
CCSD(T)/cc-pVTZ level'>16 on the structures obtained at M06-2X/cc-pVTZ level of theory
were performed to check the reliability of the M06-2X functional for this reaction. Wherever
necessary, an unrestricted ansatz was used and the stability of the wave function was checked
to ensure that low-spin open shell solutions were found to the Kohn-Sham equations. All the
calculations were performed on a doublet PES. To benchmark the CCSD(T)/cc-pVTZ and
MO06-2X/cc-pVTZ levels for the current reaction, thermochemistry of selected reactions were
also calculated at CBS-QB3 method,!” which has been evaluated as the most accurate method
for reactions involving oxygen-centered radicals.!®!° All the electronic structure calculations
were performed with Gaussian 09 program.?°

Post-transition state dynamics simulations were performed with the VENUS chemical
dynamics computer program?!-?? interfaced with the NWChem electronic structure program.??
The simulations were initiated from the transition states, such that transition state theory
(TST) is valid for the reactions studied. The vibrational and rotational energies for the
transition states were sampled from their Boltzmann distributions for a temperature of 300 K.
These energies were transformed into the Cartesian coordinates and momenta required for
trajectory calculations using quasiclassical sampling.?* The vibrational modes at TS are
excited using quasiclassical sampling, which includes zero-point energy (ZPE). A sixth-order
symplectic algorithm was used to integrate the trajectories numerically.>32¢ The total
integration time for each trajectory was 2 ps. Selection of initial conditions for the trajectories
are standard options in VENUS.?!-22 This simulation procedure was used in our earlier studies
for post-transition state dynamics simulations.?’?® Rate constant expressions were then
computed using transition state theory and master equation calculation results based on the
potential energy surface energy and vibrational mode data from the quantum calculations.

Codes from the Multiwell package were used.?’
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II1. Results and Discussion

A. Mechanism and Reaction Pathways:

Reaction enthalpies for reactions R5-R8 calculated at various levels of theory and
compared with the ATcT data!? are presented in Table 1. The composite method CBS-QB3
gives thermochemical data in closer agreement with the ATcT values. The enthalpy
calculated at UCCSD(T)/cc-pVTZ level with thermochemical corrections from UMO06-2X/cc-
pVTZ level is closely matched with CBS-QB3 values. The UM06-2X/cc-pVTZ level predict
enthalpies with lower values than the CBS-QB3 and coupled cluster methods. Considering
the good agreement results for thermochemistry calculations at the UCCSD(T)/cc-pVTZ
level with thermal corrections from the UMO06-2X/cc-pVTZ level, the results obtained for the

potential energy surface at the UCCSD(T)/cc-pVTZ level are discussed in the manuscript.

Table 1: Enthalpy (AH,g, kcal/mol) of reactions R5-R8

Reactions CBS-QB3  M06-2X/cc-  UCCSD(T)/cc- ATcT!"?
pVTZ pVTZ

CH;0, +30, — CO + H,0 + HO, -83.9 -77.9 -82.2 -84.3

CH;0, +30, — CO, + H, + HO, -95.7 -91.2 -92.7 -94.1

CH;0, +30, — HCOOH + HO, -90.7 -88.5 -88.3 -90.5

CH;0, +30, — CO, + H,0 + OH -145.9 -139.7 -142.9 -145.9

The reaction between CH30, and 30, proceeds via three different initial steps: (1) H-
atom abstraction, (2) O,-addition and (3) a concerted O, addition and H-shift reaction, as
shown in Scheme 1.

AHygg [keal/mol]

=
H Hq .
H-C-0 + %, — *C-0 + HO, +26.2
H ©° H
H
Ay H
—C- 3 —_— \
Heo. O H-C-Q 189
H 0-0 ’
H, n A
H-C-Q _ + %0, c-Q ,
H O‘ O\ 0 -20.6
O
H

Scheme 1. Initial steps involved in the reaction between CH;0, and 30,. The enthalpy values
calculated at UCCSD(T)/cc-pVTZ level are given.
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As can be readily seen from the thermochemistry illustrated in Scheme 1, the concerted O,
addition and H-shift reaction results in an adduct that is the thermodynamically favourable
initial step in the reaction between CH;0, and 30,. The H-atom abstraction forming CH,00
and HO, is a much less feasible reaction thermodynamically. The mechanistic and kinetic
aspects of these initial reactions and further secondary reactions are discussed in the
following sections.
H-atom abstraction reaction:

The PES for H-atom abstraction reaction is shown in Figure 1, where the energies are
given with vibrational zero-point corrections, AHy(0). The reaction between CH30, and 30,
initially forms a pre-reactive complex (RCla) with a very low stability of 0.7 kcal/mol. The
30, abstracts a H-atom from CH30, forming CH,OO + HO, through a loose transition state
TS1a with energy barrier of 42.6 kcal/mol. One expects most trajectories from this transition
state to form the abstraction products directly. This is the lowest energy path following
TS1a, with 16.5 kcal/mol enthalpy released.

A product channel complex exists between CH,00 and HO,, PCla, at 16.5 kcal/mol
above the isolated reactants and requires 11.9 kcal/mol to break into the products CH,OO and
HO,. An extensive reorientation along the surface is required to reach this configuration. In
the presence of HO,, CH,0O in this complex further undergoes isomerization to a dioxirane
complex with HO, with an energy barrier of 34.4 kcal/mol through TS2a. The product
complex of dioxirane and HO, (PC2a) lies 5.8 kcal/mol below the isolated reactants. PC2a
further isomerizes to methylenebis(oxy) isomer, PC3a by O-O bond cleavage through TS3a
with energy barrier of 11.4 kcal/mol. PC3a lies just 1 kcal/mol below the TS3a and further
undergoes unimolecular dissociation to several products. The methylenebis(oxy) isomer in
PC3a results in the formation of formic acid, PC4a through an H-atom shift reaction passing

via TS4a with an activation energy of 2.4 kcal/mol with respect to the separated reactants.
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AHjp (kcal/mol)
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Figure 1: PES for the reaction between CH30, and 30, through H-atom abstraction
calculated at UM06-2X/cc-pVTZ level of theory. The values calculated at UCCSD(T)/cc-
pVTZ//UMO06-2X/cc-pVTZ level are in parenthesis. Energies, AH(0) are in kcal/mol.

The final products of CH;0, oxidation through this pathway will be determined
mainly from the decomposition routes of highly energetic formic acid product. The PES for
formic acid dissociation was studied earlier?®-32 and CO, + H, and CO + H,O were identified
as the main products. PC4a leads to two dissociation pathways, one forming CO, + H, + HO,
as products and another forming CO + H,O + HO, as products. These products are formed
through TS5a and TS6a with energy barriers of 71.4 and 64.8 kcal/mol with respect to PC4a.
The reactions forming CO, + H, + HO, and CO + H,O + HO, are highly exothermic by 92.7
and 82.2 kcal/mol, respectively, which is in good agreement with the ATcT!? values of -94.1
and -84.3 kcal/mol. The CH,OO + HO, (PCla) complex can also undergo H-shift reaction
resulting in HCOOH + HO, through transition state TS7a. The energy barrier required for
this H-atom shift reaction is 48.3 kcal/mol, which is 13.9 kcal/mol higher than the energy
barrier required for isomerization of CH,OO to form dioxirane. This shows that the
1somerization of CH,OO is more favourable than the H-atom shift reaction. Thus the main

fate of PCla is its impulsive decomposition into CH,OO + HO,, which is both entropically
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and energetically strongly favored over the reactions via TS2a and TS7a. From the high
energy barrier associated with the initial step (TS1a), it may be concluded that the H-atom
abstraction pathway is not a likely mechanism for significant CH;0, + O, reaction.
O, addition reaction

The reaction between CH30, and O, can also proceed by the addition of O, to the
terminal O-radical site of CH;0, and the PES for this reaction is shown in Figure 2. This
addition reaction leads to highly oxygenated molecules,?* a process referred to as extensive
autoxidation (EA).?! The addition reaction takes place on a flat PES with energy barrier of
21.9 kcal/mol and the adduct is 19.1 kcal/mol less stable than the isolated reactants. The
energy barrier associated with transition state TS1b of this reaction is 20.7 kcal/mol less than
that required for the H-atom abstraction reaction through TS1a. This is because in direct
adduct formation transition states, the stabilizing interactions remain mostly intact.** The
adduct further undergoes an intramolecular H-atom shift of the C-H to the peroxy radical site
through TS2b forming an allyl stabilized hydroperoxide radical CH,(OOOOH). In the
transition state TS2b, the intramolecular H-transfer reaction is via a five-membered transition
state involving the -OO-OOH group. This requires a large energy barrier of 60.2 kcal/mol and
the resulting hydroperoxide is 19.5 kcal/mol less stable than the initial adduct. The allyl
stabilized hydroperoxide radical then undergoes O-O bond cleavage reaction forming HCHO
and HOj; in an exothermic reaction with reaction enthalpy of -18.6 kcal/mol. The O-O bond
cleavage occurs through a transition state TS3b with energy barrier of 2.3 kcal/mol with
respect to the hydroperoxide and 35.1 kcal/mol with respect to the separated reactant species.
The transition states TS2b and TS3b are defined as EA transition states® leading to highly
oxygenated HO; species. This very weakly bound species decomposes to OH and O,. The
formation of HO; through CH;0, + O, reaction gains relevance in combustion chemistry, as
a precursor of peroxone which is used to treat petroleum hydrocarbons and diesel fuels.?
Since the effective energy barrier for reaction by this path, through TS2b, is over 60 kcal/mol,

it will not be significant.
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A
AHg(kcal/mol)

0.0

CH,00 +°0,

H,CO + HO,

Figure 2: PES for the reaction between CH30, and 30, through O, addition calculated at
UMO06-2X/cc-pVTZ level of theory. The values calculated at UCCSD(T)/cc-pVTZ//UMO06-
2X/cc-pVTZ level are in parenthesis. Energies, AH(0) are in kcal/mol.

Concerted O, addition and H-atom shift reaction

The reaction between CH30, and O, can also proceed by H-atom shift to the peroxy
radical site accompanied by O,-addition to the C-H radical site in a concerted mechanism.
The PES for this reaction is presented in Figure 3. Surprisingly, this concerted mechanism is
exothermic by -20.6 kcal/mol, revealing that this reaction is the thermodynamically favoured
initial step for the reaction between CH30, and O,. The reaction occurs via a tight-transition
state TS1c with an energy barrier of 13.5 kcal/mol with respect to the separated reactants.
TS1c follows after a pre-reactive complex which lies 3.4 kcal/mol below the reactants adding
up the energy barrier to this reaction to be 16.9 kcal/mol. This energy barrier is 5.6 kcal/mol
less than TS1b associated with O, addition reaction.

Because of the odd and difficult-to-locate transition state TS1c, we briefly checked
out a few other functionals. All initial attempts to locate TS1c with different functionals and
basis sets invariably converged on a transition state structure, TS1c' which eliminated the
peroxy group attached to the methyl C and showed the addition of incoming O, molecule to
the C-radical site by simultaneous H-atom abstraction from CHj; group by O-atom. The

energy barrier for this process is 51.2 kcal/mol. This is the behaviour which is observed in

10
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dynamic simulations described below, where the post transition state dynamics immediately
lead to the elimination of O, molecule, but it occurs later, not first and at higher energy. The
difference between both the transition states is that C-O bond is broken in TSlc' and the
degree to which H-atom transferred is major in this transition state, with an elongated C-H
bond compared to TS1c. Rather than involving the intermediate PClc, the new transition
state paves the pathway for the direct formation of H,CO + OH + O, product channel. This
shows that the concerted and the step-wise mechanisms may be mixed and this exploration
requires extensive investigation, awaiting future detailed work and benchmarking. In such a
situation, where the minimum energy path and the methods employed are inadequate to
describe the reaction, dynamic effects are necessary to understand the mechanism. The
trajectories obtained through direct dynamics simulations discussed in Section B confirm the
existence of the transition state TS1c and the large probability for the reaction of CH;0,+ O,
to proceed through TS1c. Therefore, with the results obtained from dynamics simulations we
rely on our parameters for now.

The intermediate hydroperoxyalkylperoxy OOQOOH radical formed through TSlc
undergoes alpha C-H bond and O-O bond cleavages, forming OH radical along with
peroxyformic acid HC(=O)OOH. The transition state TS2¢ associated with this reaction step
is four centered tight transition state involving C-H and O-O bond stretches. TS2c lies 15.9
kcal/mol below the separated reactants and the required energy barrier for HC(=O)OOH +
OH complex formation is 4.2 kcal/mol. This reaction is largely exothermic by 100.5
kcal/mol. Unlike the H-atom abstraction reaction which involves formic acid as a key
intermediate, the concerted O, addition and H-atom abstraction reaction involves
peroxyformic acid as the key intermediate. The OH radical in the HC(=O)OOH + OH
complex further abstracts H-atom from alpha C-H group thereby weakening O-O bond
resulting in CO, + H,0 and OH products.

11
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AHg(keal/mol 1327
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Figure 3: PES for the reaction between CH;00 and 30, through concerted O, addition and
H-atom shift calculated at UMO06-2X/cc-pVTZ level of theory. The values calculated at
UCCSD(T)/cc-pVTZ//UMO06-2X/cc-pVTZ level are in parenthesis. Energies, AHy(0) are in
kcal/mol.

The OOCH,0OO0H radical can also undergo C-H and O-O bond cleavage forming H,
and an unstable OO(CH)OO radical. The O-O bond cleavage in OOQOOH radical can also
result in H-atom shift reaction to the elimination of O(’P) and formation of OOCH,OH
radical. Another possible reaction from OOCH,OOH radical is O-O bond cleavage leading to
a trioxide and OH radical. Note that all these three reactions take place in a concerted manner
in high energy barrier process of 57.3, 34.4, and 39.2 kcal/mol, respectively with reference to
CH;00 + 30, reactants via transition states TS4c, TS5¢ and TS6¢. The product channels

formed from these reactions are endothermic pathways.

Another interesting reaction from unimolecular dissociation of OOCH,0OO0H radical is
C-O and O-O bond cleavages in a single kinetic step forming H,CO + OH + 30, in an

exothermic reaction with enthalpy of -13.3 kcal/mol. In the associated transition state TS7c,

12
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the C-O bond linking the allyl and the peroxy radical group of OOCH,OH radical is cleaved,
thereby weakening the O-O bond of the hydroperoxide unit. This therefore results in H,CO +
OH + 30, products. Since a highly energetic PClc is formed and the exothermic TS7c is

much looser (entropically favoured) than TS2c, these would be the expected products.

B. Post-transition state dynamics

Post-transition state dynamics simulations were performed from transition state TS1c
in order to determine the most likely products for the concerted channel of the CH30, + 30,
reaction. The simulations were carried out at 300 K and the corresponding Boltzmann
distribution of energy was added to the rotational, vibrational and reaction coordinate degrees
of freedom. The trajectories were calculated at UM06-2X/cc-pVDZ level of theory and a total
of 100 trajectories were calculated with an integration time step of 2 fs and a total integration
time for each trajectory of 2 ps. The probability of products resulting from the post-transition

state dynamics of TS1c is shown in Figure 4.

[] H,c(oH)0,+0
7] H,C(0)00 + OH
[] HycloH)+0,+0
[] cH,00+HO,
|| HCo +HO,+OH
] CO,+H,0+0H

B RO B DL
|

Probability

Figure 4: Probability of products resulting from TS1c

As shown in Figure 4, the most probable product channel is H,CO + O, + OH,
followed by CO, + H,O + OH, and the least probable channels are CH,OO + HO, and HCO
+ HO, + OH. Though the products, CO, + H,O + OH are formed with a larger exothermicity,
its probability is significantly lower (0.15) compared with the H,CO + O, + OH product
channel (0.70). H,CO and OH radical are the major products formed, and CH,00 + HO,
channel is negligible and cannot be an important source of formic acid, which would lead to
CO + H,0 and CO, + H; product channels. Another minor product channel H,C(OH) + O, +

O, not calculated in the QM calculations is observed in the dynamic simulations. The

13
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trajectories of these minor product channels if run for a long time beyond 2 ps are expected to

lead to H,CO along with co-products.

A snapshot of the trajectories leading to H,CO + O, + OH products is shown in Figure
5. The reactive events are very rapid such that within 1 ps of time frame the isolated products
H,CO + O, + OH are formed. At 0.2 ps, the O-O bond carrying hydroperoxide unit is cleaved
and at 0.3 ps, the C-O bond carrying the peroxy radical unit is cleaved. The O-H bond is
formed at 0.5 ps and at 0.6 ps, H,CO, O, and OH are formed with less interactions. The
products are almost completely formed at 0.8 ps and finally isolated at 0.9 ps. The products
H,CO, O, and OH remained the same at the end of 2 ps, without undergoing any secondary
dissociations. Earlier studies show that the classical barrier for H,CO dissociation to H, + CO
is 87.4 kcal/mol’® and with the transition state ZPE3¢ added the energy criterion for
dissociation is 98.8 kcal/mol. With this large classical barrier and insufficient internal energy,

secondary dissociation of HCO is least feasible in the reaction.

]
Q.. I _,f"Q'. I ) oo
“&?’ Yo oo Rt X s
O [+ (#]
0 ps 0.2ps 0.3ps 0505 0.6ps
o-
o O. % " o| #
© o s
%o Pe
0.7ps o.sops 0.9ps

Figure 5: Representative snapshots of trajectories for the H,CO + O, + OH product channel.

On comparing the three different initial routes for the CH30, + 30, reaction, the
concerted H-atom shift and O, addition pathway is the most favorable reaction both
kinetically and thermodynamically. The O, addition reaction forming a peroxone is the next
most likely. In both of these reactions, HCO is the major product formed. The traditional H-
atom abstraction reaction forming a Criegee intermediate and HO, is less favored due to a
high energy barrier. The dynamics simulations further demonstrate that CH,OO formed from
an H-atom abstraction reaction do not contribute to the formation of the final products from

the CH;0, + O, reaction.

14
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C. Rate constant values

Rate constant expressions for modelling use were estimated using theoretical methods
from the quantum theory transition state parameters. Transition state theory calculations and

stochastic master equation computations were performed with the Multiwell suite of codes.?”

For the first abstraction channel, we have computed a rate constant expression using
simple transition state theory with an energy barrier of 42.6 kcal/mol and the calculated TS1a
frequencies given in Table 2. This reasonably assumes no back reaction or effect of the very
small RCla entrance complex. The resulting three parameter rate expression is 467.T>%"
20870'T cm3mole's™!. In 1 atm air at 1000K, this would give a CH30; loss rate of only 0.01 s

The high barrier prevents significant reaction.

Since the second pathway, Figure 2, involves both a high energy barrier and a tight
rearrangement transition state TS1b, entropically disfavoured, the rate of this reaction will be
very slow. A simple transition state theory calculation yields a rate constant expression of

4.5x10%31000T cm3mole-!s! for the reaction CH;0, + O, — H,CO + O, + OH.

The setup for estimating a rate constant for the pathway of Figure 3 consists of 4
steps: formation of the collision complex RClc with 3.4 kcal/mol stability at a gas kinetic
rate, its fast dissociation back to reactants, or reaction via TS1c over a 16.9 kcal/mol barrier,
followed by the assumed total decomposition of the resulting OOCH,OOH PClc
intermediate via the loose TS7c¢ (favoured both by enthalpy and entropy). Only a small
fraction of the RClc will go on to reaction. We performed master equation calculations on
the system involving RC1c formation, decomposition to reactants and to products via TS1c.
We assumed a rate constant for RC1c formation equal to half the high pressure limit for CH;
+ O, — CH;30,, and compute the equilibrium reverse rate for decomposition of RClc to
reactants. The decomposition to products is determined from the TSIc parameters. The
Multiwell master equation code?® was used with the Inverse Laplace Transform (ILT) option
for the calculations. No RC1c formation is predicted up to 100 atm above 500 K, and results
are pressure independent. A fit of the results yields the expression 4.2x1013¢-3676T cm3mole's-
I. While this is a slow rate, it could still be significant for large oxygen densities. The lifetime
of CH;0, to this reaction at 1000 K and 1 atm of air would be just 50 ps. This reaction is not
chain branching but does transform a less reactive peroxy radical to a more reactive OH and

produces a formaldehyde fuel. It may be important for methane combustion in the 1000-
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1300K temperature range at high oxygen concentration. At lower temperatures it is too slow

and at higher temperatures equilibrium CH30, concentrations are too low.

If one assumes for a high oxygen environment that equilibrium exists between the
reactants and the weakly bound RC1c complex, the rate constant can be computed by simple
transition state theory involving TS1c. Resulting rate constants are nearly identical to the
master equation results (4840.T30e640T cm3mole's™!), (We also get a similar result from
directly computing the steady state RClc concentration and its TST dissociation rate
constant.) This then implies the master equation results are not dependent on the assumed

RCla rate constant, or the accuracy of the shallow RClc well depth.

Table 2. Rate constant calculation parameters

Transition TS1a TS2b TSl1c
state
Frequencies 31.1, 101.6,115.4, 152.7, 392.6, 32.3,47.0, 65.5,
(cm-1) 272.8,532.4, 564.8, 509.2,563.4, 634.2, 82.1,117.9, 282.7,
633.9, 1062, 1085, 738.5,837.3, 916, 776, 894, 1018,

1149, 1219, 1325, 1437, | 1039,1095, 1152, 1219, | 1073, 1162, 1167, 1456,
1455, 1513, 3100, 3240 | 1281,1448, 1715, 3078, | 1776,2033, 3092, 3218

3217

IV. Conclusions

Quantum mechanics computations were undertaken to define the potential energy
surface features for the previously unexplored reaction of CH;0, with 30,, in order to assess
its possible importance in the lower temperature ignition of methane fuels at high pressure
and oxygen concentration. Stationary points identified as intermediates, transition states, and
products were computed at the UCCSD(T)/cc-pVTZ//UMO06-2X/cc-pVTZ level of theory.

Three potential reaction paths were found.

The anticipated H abstraction channel transition state has a high barrier of 42.6
kcal/mol. The products can form a H-bonded complex, capable of undergoing further
rearrangements, with likely final products HO, + CO, + H, or HO, + CO + H,O from
HCOOH decomposition. The direct route from the transition state to HO, + CH,00, is with
subsequent rapid decomposition of the Criegee intermediate to CO + H,O. A transition state
theory calculation based on the calculated parameters for TSla gives a rate constant

expression for CH;0, + 30, — HO, + CO + H,0 of 467.T2%20870T ¢cm3molels!.
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A second reaction pathway is initiated by 30, addition to the peroxy end of CH;0,,
followed by an H atom shift involving an even higher barrier. The second intermediate
CH,0000H would decompose to OH + O, + H,CO products. This channel has a very low

reaction probability.

The third pathway discovered involves a concerted >0, addition to the carbon atom of
CH30, with H migration to the added O. This follows formation of a weakly bound complex.
While further rearrangements to various products can occur, rapid dissociation of the
resulting OOCH,O0H intermediate (PClc) to H,CO + OH + O, is preferred. This was
confirmed by trajectory studies. Assuming a rapid formation rate for the complex RClec,
rapid decomposition of the PClc intermediate, and the computed parameters for TSlc, a
transition state theory/master equation calculation estimate gives a rate constant expression
for this channel for CH;0, + 30, — H,CO + OH + O, of 4.2x103¢3¢7%T cm3mole!s™!. The
rate constants will be included in version 2 of the optimized Foundational Fuel Chemistry

Mechanism.
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