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Chapter 4  

Ab Initio Reaction Kinetics of CH3OĊ(=O) and ĊH2OC(=O)H 

Radicals 

4.1 Introduction 

As discussed in the previous chapter, H-abstraction reactions from methyl formate (MF, 

HC(=O)OCH3)1  produce two chemically distinct MF radicals, methoxycarbonyl (CH3OĊ(=O)) 

and (formyloxyl)methyl (ĊH2OC(=O)H). The two MF radicals may then either decompose 

directly to smaller molecules or radicals, or isomerize to the other via an H atom transfer, as 

follows: 

 

 

 

 

The decomposition pathways via reactions R1 and R3 play an important role in increasing 

the high-temperature reactivity of MF.2 Dooley et al.3 showed that accurately accounting for the 

decomposition kinetics of both radicals was essential to reproduce the combustion behavior of 

MF, such as laminar burning velocities and ignition delays. CH3OĊ(=O) is also a key 

intermediate in the combustion process of many other oxygenated fuels, such as dimethyl 

carbonate and larger methyl and ethyl esters.4,5 The branching ratio of the two decomposition 

channels of the CH3OĊ(=O) radical (the CH3Ȯ/CO pathway depicted in reaction R1 and the β-
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scission to ĊH3/CO2 pathway depicted in reaction R2) can result in very different reactivity of 

MF because further decomposition of CH3Ȯ in reaction R1 will release one reactive H atom  to 

enhance the chain branching reactions. On the other hand, the products ĊH3 and CO2 via reaction 

R2 are much less reactive compared to CH3Ȯ. The two dissociation reactions R1 and R2 have 

been investigated both experimentally6–8 and theoretically.16 Because of its critical roles in both 

combustion and atmospheric chemistry, the reaction kinetics on the potential energy surface of 

CH3OĊ(=O) has been studied extensively. Francisco10 computed the reaction energetics of the 

two decomposition pathways (reactions R1 and R2) using QCISD(T)/ 6-

311++G(3df,3pd)//QCISD/6-311G( 2d, 2p) theory. The barrier heights were revisited by Good 

and Francisco4 at the G2MP2//MP2/6-31G(d) level of theory. Zhou et al.11 investigated the 

vibrational mode for the multichannel CH3Ȯ + CO reactions, as well as the barrier heights for 

both reactions R1 and R2 with density functional theory (DFT)12-B3LYP/6-311++G** theory. 

Besides the ground-state studies, dissociation of CH3OĊ(=O) on an electronically excited 

potential energy surface (PES) was also investigated experimentally and theoretically by 

McCunn et al.13 Whereas all of the above calculations only focused on reaction barriers, Glaude 

et al.14 predicted the high-pressure-limit rate constants of the reverse R1 and R2 reactions, with 

energies obtained at the CBS-Q//DFT-B3LYP/6-31G(d,p) level of theory. These computed rates 

were then used to build a MF combustion mechanism by Dooley et al.3 Similarly, Huynh and 

Violi15 also computed the reaction energetics at the DFT-BH&HLYP/cc-pVTZ level and used 

Rice–Ramsperger–Kassel–Marcus (RRKM)16–18 theory to compute high-pressure-limit rate 

constants for the CH3OĊ(=O) dissociation reactions, which were then utilized in their oxidation 

model of MB. Lastly, in a recently developed oxidation model for methyl propanoate by Zhao et 

al.,19 pressure-dependent rate coefficients for the two dissociation reactions R1 and R2 were 
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computed using RRKM theory with energies obtained by quadratic configuration interaction 

with singles, doubles, and a perturbative treatment of triple excitations (QCISD(T)).20 

Compared to the CH3OĊ(=O) dissociation reactions (reactions R1 and R2), the dissociation 

(reaction R3) and isomerization (reaction R4) of the ĊH2OC(=O)H radical have received less 

attention. However, previous work1–3 on MF H-abstractions observed that abstraction from the 

methoxy site had a larger branching ratio than the formyl site, producing more ĊH2OC(=O)H 

than CH3OĊ(=O). Therefore, the reaction pathways for ĊH2OC(=O)H could have a larger 

impact on MF combustion behavior than the dissociation of CH3OĊ(=O) does. Good and 

Francisco4 computed the barrier height for the β-scission of ĊH2OC(=O)H. The reaction kinetics 

of CH3Ȯ + CO were further investigated by Wang et al.9 with the G2(DFT-B3LYP/MP2/CC) 

method and multichannel RRKM theory, accounting for the reactions of both CH3OĊ(=O) and 

ĊH2OC(=O)H. The reported rate coefficients started from the fragments CH3Ȯ + CO and the 

unimolecular decomposition rates were not considered. Subsequently, Dooley et al.3 estimated 

high-pressure-limit rate coefficients for reactions R3 and R4, which were implemented in their 

MF combustion mechanism. Given that there were no direct experimental or computational 

results to compare to, estimations for the two reactions may contribute to the discrepancy 

between Dooley et al.’s modeling and experimental results, such as the laminar burning 

velocity.3 Although a handful of studies have been published for these unimolecular reactions, no 

pressure-dependent rate constants have been reported for the decomposition and isomerization of 

ĊH2OC(=O)H, to the best of our knowledge. In principle, each reaction is both temperature- and 

pressure-dependent, and the falloff region shifts toward higher pressures with increasing 

temperatures. Consequently, it is necessary to incorporate both temperature- and pressure-

dependence into kinetics models, which is especially essential for combustion in engines.  
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In this work, we report temperature- and pressure-dependent rate constants for the reaction of 

CH3Ȯ with CO, the dissociation reactions (reactions R1, R2, and R3), and the isomerization 

(reaction R4) of CH3OĊ(=O) and ĊH2OC(=O)H. We employ DFT12 and coupled-cluster singles 

and doubles with perturbative triples correction (CCSD(T))21 to locate the stationary points along 

the reaction pathways and to compute the molecular properties. The energies at stationary points 

are refined with CCSD(T), multi-reference singles and doubles configuration interaction 

(MRSDCI)22 with the Davidson-Silver (DS)23 size-extensivity correction, and multi-reference 

averaged coupled-pair functional (MRACPF2)24-25 theory to assess the multi-configurational 

character of these reactions. Rate coefficients are computed using RRKM16–18 theory with the 

master equation (ME)26,27 approach in the temperature range of 300 - 2500 K and a pressure 

range from 0.01 atm to the high-pressure limit. 

4.2 Computational Methods and Details  

Geometries of the critical points on the PES are optimized using two methods: DFT using the 

B3LYP28 hybrid exchange-correlation functional in the GAMESS-US29 program package and 

CCSD(T) in the MOLPRO30 package, both with the cc-pVTZ basis set.31 We use unrestricted 

DFT or CCSD(T) for open-shell radicals, while closed-shell molecules are treated with restricted 

methods. The equilibrium geometry or transition state (TS) is confirmed with all real frequencies 

or a single imaginary frequency, respectively. The TS is further affirmed by an intrinsic reaction 

coordinate (IRC) analysis at the DFT-B3LYP level to connect the corresponding reactants and 

products. Vibrational frequencies and zero-point energies (ZPEs) are obtained within the 

harmonic oscillator approximation, and those obtained at the DFT-B3LYP level are scaled by a 

factor of 0.969132 to account for anharmonicity. 
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The energy of each critical point based on both sets of geometries is then refined using 

CCSD(T) with basis sets cc-pVXZ (X=D,T,Q). We also use MRSDCI with the DS correction 

and MRACPF2 to obtain energies at each critical point using the MOLCAS33 and TIGERCI34–40 

codes with basis sets cc-pVXZ (X=D,T), and to examine the multi-configurational character of 

these species. As an a posteriori correction for the size-extensivity error in MRSDCI, the DS 

correction is a good combination of both cost and accuracy,23 whereas MRACPF2 is an a priori 

self-consistent theory to correct the MRSDCI energy by modifying the renormalization of the 

wavefunction. A super-molecule scheme with two fragments 10 Å apart is used when 

determining product energies of the decomposition reactions, in order to maintain size 

consistency in the multi-reference methods. A CAS(9e, 7o), i.e., 9 electrons in 7 active orbitals, 

is used as the active space in the complete active space self-consistent field (CASSCF) 

calculation. It consists of the bonding and anti-bonding orbitals of the breaking/forming bond, 

the C=O S and S* orbitals, the two lone pair p orbitals of the two oxygen atoms, and the singly 

occupied orbitals, as well as the corresponding electrons. All configuration state functions (CSFs) 

with coefficients larger than 0.01 in the CASSCF wavefunction are then used as references in the 

MRSDCI+DS or MRACPF2 calculations. The two-electron integrals are treated with Cholesky 

decomposition with a threshold of 1.0 × 10−7. The frozen-core approximation is applied for all 

three methods. The complete basis set (CBS) limit 𝐸∞  is obtained using the two-point 

extrapolation scheme41 given by 

𝐸(𝑙max) = 𝐸∞ +
𝐵

(𝑙max + 1)4
 

where 𝑙max is the maximum angular momentum function found within the basis sets, and B is a 

fitting parameter.   
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Based on predicted energetics and molecular properties, the temperature- and pressure-

dependent rate constants for the studied reactions are computed using RRKM theory and the one-

dimensional (1D) ME in the VARIFLEX42 code. The ideal gas, rigid rotor, and harmonic 

oscillator approximations are used to compute translational, rotational, and vibrational partition 

functions, respectively, at both the DFT-B3LYP and CCSD(T) levels. The torsional modes are 

treated within the 1D separable-hindered rotor approximation. As described in our previous 

work,1,43 the torsional PES for the equilibrium structure is obtained by a relaxed scan, whereas 

for the TS we additionally freeze the lengths of the breaking and forming bonds, while all other 

geometric parameters are fully optimized. This treatment saves significant computational cost 

but still provides an acceptable approximation to hindered-rotor potentials obtained in a more 

rigorous way.44 The reduced moment of inertia for each internal rotational mode is computed 

using the procedure described by Pitzer.45 The rates are investigated at the total internal energy 

(E) and total angular momentum quantum number (J) resolved levels. Nitrogen (N2) is used as 

the bath gas, and the exponential down model is employed for energy transfer coefficients in the 

ME with the average downward transfer parameter < ∆𝐸 >down= 250(𝑇 298K⁄ )0.8cm-1. The 

Lennard-Jones (LJ) collision diameter parameter σ = 3.74 Å and well-depth ɛ = 57.0 cm-1 are 

applied for N2.46 The LJ parameters for CH3OĊ(=O) and ĊH2OC(=O)H,  σ = 4.71 Å and ɛ = 

282.5 cm-1, are taken to be the same as MF, which are estimated using the algorithms developed 

by Tee et al.,47 where the critical temperature, critical pressure, and boiling temperature for MF 

are taken from the CRC Handbook.48 A quantum tunneling correction is included for all TSs 

using the asymmetric Eckart approximation.49  
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4.3 Results and Discussion 

The cis-geometry of MF with respect to the (O=)Ċ-OCH3 bond is the most stable 

conformation,1 and the cis-H3CO-Ċ(=O) and cis-ĊH2O-C(=O)H radicals (see Figure 4.1 and 

Figure 4.2) are also predicted to be respectively 0.3 kcal/mol and 3.8 kcal/mol lower in energy 

than the corresponding trans-conformers at the CCSD(T)/cc-pVTZ level. However, the trans-TS 

of reaction R1 (trans-TS1) is more stable than its corresponding cis-geometry by 4.0 kcal/mol at 

the CCSD(T)/cc-pVTZ level. By contrast, the energy of the TS for the ĊH3/CO2 channel (R2) 

with a cis-geometry (cis-TS2) is 20.3 kcal/mol lower than the trans-conformer, in agreement 

with the results of McCunn et al.13 and Bell et al.50 The isomerization barrier between the cis- 

and trans-CH3OĊ(=O) radical is 8.0 kcal/mol at the CCSD(T)/cc-pVTZ level, which is much 

lower than the TS1 and TS2 energies (vide infra) and thus cis-trans isomerization of this radical 

is relatively easily accessible at combustion temperatures. Likewise, the cis-TS of the 

ĊH2OC(=O)H dissociation reaction (TS3) is more stable than the trans-TS, as well. We only 

show the most stable conformations with the lowest energies in this work, the molecular 

properties of which are then input to RRKM/ME calculations. The Cartesian coordinates and 

frequencies of the optimized species are given in the Supporting Information of ref. 51. 

4.3.1 Potential Energy Surfaces 

Figure 4.1 compares optimized geometries of the CH3OĊ(=O) radical, TSs (TS1 and TS2), 

and products (P1 and P2) of the two dissociation reactions R1 and R2, obtained at the CCSD(T) 

and DFT-B3LYP levels with the cc-pVTZ basis set. In general, the two methods predict very 

similar geometries for all studied species. The bonds obtained by CCSD(T) are overall slightly 

longer than those obtained by DFT-B3LYP. The maximum deviation of bond lengths is only 

0.062 Å (the C1-O2 bond of TS1), and the largest difference of bond angles is 3.3° (the C1-O2-



 

83 
 

C2 angle of TS1). Both reactions R1 and R2 involve a C-O bond cleavage. Reaction R1 proceeds 

via a trans-TS, and the O1C1-O2C2 dihedral angle changes substantially from 0.0° to 180.0°. 

The C1-O2 bond of TS1 is elongated by ~ 0.6 Å compared to that of the reactant, featuring a late 

TS and a slow endothermic reaction. Compared to the initial radical CH3OĊ(=O), the breaking 

C2-O2 bond of TS2 is elongated to 1.849 Å from 1.457 Å, while the C1-O2 bond length is 

reduced to 1.229 Å from 1.323 Å at the CCSD(T) level. The reduced C-O bond length is due to 

the partly formed C1=O2 π bond, suggesting an early TS as expected for an exothermic reaction. 

 

Figure 4.1. Optimized geometries of CH3OĊ(=O), TSs (TS1 and TS2), and products (P1 and P2) 

of the two dissociation reactions R1 and R2. Bond lengths are given in Ångstroms and angles in 

degrees. Top values listed as (a) are obtained at the CCSD(T)/cc-pVTZ level and bottom set 

referenced as (b) is obtained at the DFT-B3LYP/cc-pVTZ level.  
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Similarly, the structural parameters obtained at the CCSD(T) and DFT-B3LYP levels are 

compared in Figure 4.2 for ĊH2OC(=O)H, the TS (TS3) and product (P3) of the dissociation 

reaction, and the TS (TS4) of the isomerization reaction. The two sets of geometries agree well, 

consistent with the CH3OĊ(=O) case. The maximum deviation of bond lengths is 0.101 Å for the 

C1-O2 bond of TS3; CCSD(T) predicts a tighter structure for this TS than DFT-B3LYP. The 

isomerization reaction proceeds via a planar ring, and the transferring H atom is closer to the C1 

atom with a C1-H bond shorter than the C2-H bond in TS4.  

 

Figure 4.2. Optimized geometries of ĊH2OC(=O)H, the TS (TS3), and products (P3) of the 

dissociation reaction R3, and the TS (TS4) of the isomerization reaction R4. Bond lengths are 

given in Ångstroms and angles in degrees. Top values listed as (a) are obtained at the 

CCSD(T)/cc-pVTZ level and bottom set referenced as (b) is obtained at the DFT-B3LYP/cc-

pVTZ level.  
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The ZPE-corrected energies of all stationary points relative to CH3OĊ(=O) are reported in 

Table 4.1, where they are also compared with other computational values in the literature. In 

further examining the influence of different geometries predicted by CCSD(T) and DFT-B3LYP, 

we perform high-level correlated wavefunction theory, i.e., CCSD(T), MRSDCI+DS, and 

MRACPF2, to refine the energies of structures optimized at different levels. The mean unsigned 

deviation of the refined energies for the two sets of geometries given by CCSD(T) and DFT-

B3LYP, respectively, is only ~ 0.5 kcal/mol, with the largest difference being 2.5 kcal/mol. This 

further suggests that DFT-B3LYP generally predicts geometries similar to those of CCSD(T), 

but with much less computational cost. Therefore, the DFT-B3LYP methodology is justified and 

may be utilized for optimizations when CCSD(T) is too expensive.  

CBS(D-T) is the two-point extrapolation to the CBS limit using energies obtained with the 

cc-pVDZ and cc-pVTZ basis sets (Table 4.1). Likewise, CBS(T-Q) is obtained by extrapolation 

from the cc-pVTZ and cc-pVQZ basis sets. The two extrapolations deviate by less than 1 

kcal/mol at the CCSD(T) level, indicating that the D-T extrapolation is comparable to the T-Q 

extrapolation within chemical accuracy. Therefore, for the more expensive multi-reference 

methods (vide infra), we only extrapolate our results at the D-T level to reduce the computational 

cost. In this study, we observe that the reaction system involves species with relatively high 

multi-configurational character, e.g., TS2 has a T152 diagnostic as large as 0.045. The T1 

diagnostic is often used to estimate the degree of multi-reference character of a species. A T1 

diagnostic < 0.02 was proposed for a closed-shell coupled cluster calculation to be reliable,52 and 

an empirical threshold of 0.04 was suggested for an open-shell system.53 Hence, multi-reference 

based methods (MRSDCI+DS and MRACPF2) are applied to ensure a physical description for 

these species. As mentioned above, all MRSDCI and MRACPF2 results shown in Table 4.1 are  
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Table 4.1. ZPE-corrected energies (in kcal/mol) of TSs and products relative to the CH3OĊ(=O) 

radical, obtained at the CCSD(T), MRACPF2, or MRSDCI+DS /CBS levels with geometries 

optimized at the CCSD(T)/cc-pVTZ or DFT-B3LYP/cc-pVTZ level of theories. 

Geo. Energy TS1 CH3Ȯ 
+CO TS2 ĊH3 

+CO2 
ĊH2OC(=O)H TS3 HĊ(=O) 

+CH2O TS4 

C
C

SD
(T

)  CCSD(T)a 21.8 15.5 14.4 -22.3 0.6 33.9 20.7 39.6 
CCSD(T)b 22.3 15.6 14.8 -22.0 0.3 34.6 21.3 39.4 
MRSDCI+DSb 22.7 17.7 13.4 -20.6 1.8 32.6 22.9 37.7 
MRACPF2b 21.8 14.5 14.2 -20.1 2.6 34.4 22.1 38.5 

D
FT

-
B

3L
Y

P 
 CCSD(T)a 21.5 15.3 14.9 -22.8 0.3 32.6 21.2 39.7 

CCSD(T)b 22.2 15.6 15.2 -22.6 0.1 33.6 22.0 39.5 
MRSDCI+DSb 22.6 18.2 13.7 -21.6 1.4 31.9 23.5 36.2 
MRACPF2b 21.3 15.0 14.2 -21.2 1.9 32.3 22.1 38.4 

Literature 

20.9c 
19.5d 

21.4e 
21.8f 
22.3g 
22.7h 
20.8i 

15.1c  
15.5d 
15.0e 
15.2f 
15.5g 
16.5j 

38.2c 
26.8d 

32.3e 
14.7f 
14.6g 
14.7h 
16.6i 

-22.9c 
-23.5d 
-22.5e  
-21.6f 
-22.2g 
-23.4i 

-21.2j 

4.0d 
4.4e 

0.3k 

29.5d 
35.5e 

18.5d 
19.8e 

21.5j 

38.7d 
40.0e 

a. CBS(T-Q): extrapolation from energies obtained with cc-pVTZ & cc-pVQZ bases. 
b. CBS(D-T): extrapolation from energies obtained with cc-pVDZ & cc-pVTZ bases. 
c. QCISD(T)/6-311++G(3df,3pd)//QCISD/6-311G(2d,2p) results of Francisco.17 
d. DFT-B3LYP/6-3111++G** results of Zhou et al.18 
e. G2(B3LYP/MP2/CC)//DFT-B3LYP/6-31G(d) results of Wang et al.16 
f. G2MP2//MP2/6-31G(d) results of Good and Francisco.11 
g. CCSD(T)/aug-cc-pV(Q+d)Z//CCSD(T)/6-311G(2df,p) results of McCunn et al.20 
h. CBS-Q//B3LYP/6-31G(d,p) results of Glaude et al.21 
i. BH&HLYP/cc-pVTZ results of Huynh and Violi.22 
j. Calculated in this work with ∆f𝐻0K

0  taken from Goos, Burcat, and Ruscic’s database.60  
k. Calculated in this work with ∆f𝐻298K

0 reported by Goldsmith et al.61 

only extrapolated using the CBS(D-T) scheme. With the exception of the MRSDCI+DS/CBS(D-

T) barrier for reaction R1, barrier heights for the four reactions computed at the MRSDCI+DS or 

MRACPF2 levels are lower than the predictions of CCSD(T)/CBS(D-T) by 0.5 ~ 3.5 kcal/mol. 

This is mainly due to the higher multi-configurational character of TSs than of reactants. On the 

other hand, we observe that both MRSDCI+DS and MRACPF2 predict overall higher relative 
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energies than CCSD(T) for the products, with the largest deviation being 2.3 kcal/mol. The mean 

unsigned deviation between MRSDCI+DS and MRACPF2 energies for all critical points on the 

PES is ~ 1.2 kcal/mol, indicating that the two methods perform similarly for this relatively small 

reaction system. Krisiloff and Carter39 compared the MRACPF method with several Davidson-

type corrections including the DS correction for large hydrocarbon molecules and showed that 

MRACPF recovered significantly more correlation energy than Davidson-type corrections. 

Consequently, the MRACPF2 energies will be applied to kinetics studies in this work.  

For comparison, relative reaction energies of the three dissociation reactions are also 

computed using the standard heats of formation at 0 K (∆f𝐻0K
0 ) from the thermochemical 

database of Goos, Burcat, and Ruscic.54 The largest uncertainty for these ∆f𝐻0K
0  is reported as ~ 

1.9 kcal/mol for CH3OĊ(=O). To the best of our knowledge, ĊH2OC(=O)H is not included in 

Goos, Burcat, and Ruscic’s database, and its ∆f𝐻0K
0  is not available from other sources. Instead, 

the energy of ĊH2OC(=O)H relative to CH3OĊ(=O) is calculated as the ∆f𝐻298K
0  difference of 

the two radicals that was obtained at the RQCISD(T)/CBS(T-Q)//B3LYP/6-311++G(d,p) level 

with bond additivity corrections by Goldsmith et al.55 Overall, deviations between the computed 

standard reaction energies and our calculations are < 2.3 kcal/mol, with the largest error coming 

from the relative energy of ĊH2OC(=O)H. Given the reported ±0.9 kcal/mol uncertainty for both 

radicals by Goldsmith et al., the relative energy of ĊH2OC(=O)H predicted by CCSD(T) agrees 

well with the results computed using ∆f𝐻298K
0  (to within 0.3 kcal/mol). MRACPF2 also predicts 

a positive relative energy for ĊH2OC(=O)H, but the computed energy difference between the 

two radicals is slightly higher than the values computed with ∆f𝐻298K
0  and CCSD(T). Comparing 

the CCSD(T) and MRACPF2 theories, CCSD(T) includes an estimate of connected triple 

excitations via perturbation theory. MRACPF2 is truncated at double excitations, with selected 
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higher order excitations accounted for by using more than one reference. In this regard, CCSD(T) 

may predict more accurate energies at equilibrium geometries than MRACPF2 does, since it 

recovers more dynamic correlation energy. However, MRACPF2 better captures static 

correlation energy than CCSD(T) by including more than one reference state. The relatively high 

T1 diagnostic makes MRACPF2 more suitable for TSs in this system. This explains the 

observation that MRACPF2 predicts overall higher relative energies for the products but lower 

energies for TSs than CCSD(T) does. Given the exponential dependence of rate coefficients on 

reaction barriers, MRACP2 energies are therefore recommended for these reactions.  

Several other groups have also investigated the energetics of these reactions, which are 

included for comparison in Table 4.1. These reported values can be gathered into two classes. On 

the one hand, Francisco,10 Zhou et al.,11 and Wang et al.9 studied the reactions CH3Ȯ + CO → 

CH3OĊ(=O) → ĊH3 + CO2 via the trans-conformer of TS1, producing the trans-geometries of 

both CH3OĊ(=O) and the TS for R2. Therefore, the energies of TS1 and TS2 in Table 4.1, as 

reported by Francisco,10 Wang et al.,9 and Zhou et al.,11 correspond to the trans-conformers and 

are relative to trans-CH3OĊ(=O), which is slightly higher in energy than cis-CH3OĊ(=O). 

However, trans-TS2 is much less stable than cis-TS2, so the reported barrier heights with trans-

TS2 for R2 are higher than our predictions for cis-TS2. The relative energies predicted by Zhou 

et al.11 and Wang et al.9 for ĊH2OC(=O)H and TS3 similarly correspond to the trans-geometries 

whereas our reported energies correspond to the more stable cis-conformers. Consequently, we 

observe large energy differences between these reported values and our predictions. On the other 

hand, Good and Francisco,4 McCunn et al.,13 Glaude et al.,14 and Huynh and Violi15 also 

identified cis-CH3OĊ(=O), trans-TS1, and cis-TS2 as the lowest conformations for the three 



 

89 
 

corresponding species. Their reported energies are therefore relative to cis-CH3OĊ(=O) and our 

results are generally similar to theirs.  

 

Figure 4.3. Potential energy diagram for dissociation and isomerization reactions of CH3OĊ(=O) 

and ĊH2OC(=O)H, obtained at the MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ level of theory. 

The PES obtained at the MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ level for the four 

reactions is summarized in Figure 4.3. We observe that the isomerization reaction R4 exhibits 

very high activation energies for both the forward and reverse reactions, and that TS1 and TS2 

have much lower energies than both TS3 and TS4. Consequently, we can safely decouple the 

four reactions into two individual systems while computing rate constants, i.e., one system 

including reactions R1 and R2 and the other including reactions R3 and R4. 

4.3.2 Rate Constants  

Because of the decoupling discussed above, the RRKM/ME is solved separately for the two 

reaction systems with the bath gas N2. To simplify further, the dissociation to ĊH3 and CO2 

(reaction R2) and the isomerization (reaction R4) are treated irreversibly for both reaction 
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systems, i.e., as “infinite sinks.” For either reaction system, the two slowest modes with the last 

two smallest absolute eigenvalues describe the “chemical” processes, referred as chemically 

significant eigenvalues (CSEs). The other modes represent intermolecular energy transfer, which 

are the internal-energy relaxation eigenvalues (IEREs). Consequently, phenomenological rate 

coefficients can be extracted from the eigenvalue/eigenvector pairs until a CSE merges with the 

“quasi-continuum” of IEREs at high temperatures.26,27,56 The eigenvalue spectrum for the 

reactions R1 and R2 system is plotted in Figure 4.4 at a pressure of 1 atm. The least negative 

eigenvalue 𝜆1 describes the equilibration of CH3Ȯ + CO with CH3OĊ(=O) while 𝜆2 describes 

the “equilibration” of CH3Ȯ + CO and CH3OĊ(=O) with the ĊH3 + CO2 infinite sink. Because of 

the large energy difference between TS1 and TS2, the two CSEs are widely separated in 

magnitude. We see that 𝜆2 merges with the continuum of IEREs at ~ 2500 K, indicating that the 

dissociation of CH3OĊ(=O) to ĊH3 + CO2 equilibrates on the internal-energy relaxation time 

scales. Thus, this description of the phenomenological rate coefficients does not apply at T ≥ 

2500 K. As the pressure decreases, the merger occurs at a slightly lower temperature. Both 

reactions R3 and R4 exhibit much higher barrier heights than reactions R1 and R2, and the CSEs 

are also well separated from the IEREs under 2500 K. We therefore compute the rate constants 

in the temperature range 300 - 2500 K at increments of 100 K and in a pressure range of 0.01 

atm to the high-pressure limit. The reaction of CH3Ȯ with CO and the unimolecular reactions of 

CH3OĊ(=O) and ĊH2OC(=O)H are discussed separately in sections 4.3.2.1 and 4.3.2.2. Fitted 

modified Arrhenius parameters of rate constants for the unimolecular reactions with energies 

calculated at the MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ level are provided in Table 4.2, and 

the parameters using CCSD(T)/CBS(T-Q) energies are given in the Supporting Information of 

ref. 51.  
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Figure 4.4. Eigenvalue spectrum (−𝜆) for the reaction R1 and R2 system computed by solving 

the 1D ME equation at 1 atm of N2. The PES is obtained at the MRACPF2/CBS(D-

T)//CCSD(T)/cc-pVTZ level of theory. 

4.3.2.1 Reaction of CH3Ȯ with CO 

The reaction of CH3Ȯ and CO may yield a variety of products through different reaction 

channels, such as CO2 and CH2O, but the product ĊH3/CO2 is observed to dominate.57 The 

reaction CH3Ȯ + CO → ĊH3 + CO2 proceeds through the intermediate radical CH3OĊ(=O) 

(Figure 4.3). We compute the rate coefficients with CCSD(T)/CBS(T-Q) or MRACPF2/CBS(D-

T) //CCSD(T)/cc-pVTZ energies at a pressure of 1 atm N2. Compared with the total removal rate 

of CH3Ȯ and CO, stabilization to the intermediate radical CH3OĊ(=O) proves inconsequential 

because the phenomenological rate coefficients leading to ĊH3 + CO2 are about three orders of 

magnitude larger in the studied temperature range. Wang et al.9 reported a barrier for the direct 

abstraction reaction CH3Ȯ + CO → CH2O + HĊ(=O) of 24.2 kcal/mol, obtained at the DFT-

B3LYP/6-31G(d) level. This value is far larger than our predicted barrier for the reaction CH3Ȯ 
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+ CO → ĊH3 + CO2. Given that DFT-B3LYP systematically underestimates reaction barriers,58 

the true barrier for the direct abstraction is expected to be at least a few kcal/mol higher than 24.2 

kcal/mol. We therefore conclude that the reaction channel leading to the bimolecular products 

ĊH3 + CO2 dominates due to its much lower reaction barrier. Rate constants of the reaction 

CH3Ȯ + CO → ĊH3 + CO2 are plotted and compared in Figure 4.5. The partition functions are 

first calculated within the rigid-rotor harmonic-oscillator approximation. The computed rate 

coefficients with MRACPF2 energies are lower than with CCSD(T) energies because 

MRACPF2 predicts a 1 kcal/mol larger energy difference between TS1 and CH3Ȯ + CO than 

CCSD(T) does. The fitted rate expressions using CCSD(T) and MRACPF2 energies are 

𝑘(cm3mol−1s−1) = 1.41 × 109𝑇1.04exp(−6428
𝑇

)  (solid red curves) and 𝑘(cm3mol−1s−1) =

1.33 × 109𝑇1.04 exp (−7429
𝑇

) (solid black curves), respectively. However, the CH3Ȯ radical 

exhibits a moderate Jahn-Teller (J-T) effect, resulting in the deviation of vibrational frequencies 

from the corresponding harmonic ones. Marenich and Boggs59 calculated the vibrational 

frequencies with both the harmonic approximation and using the explicit summation of 

eigenenergies from a spin–vibronic Hamiltonian that included high-order J-T terms at the level 

of the equation-of-motion coupled-cluster method. We therefore compute the ratio of the 

vibrational partition functions utilizing the two sets of frequencies by Marenich and Boggs to 

obtain a correction factor. Here we assume that the correction factor will not vary much among 

different computational methods. This ratio is then used to scale our predicted partition functions 

of CH3Ȯ obtained under the harmonic approximation to estimate the J-T distortion effect in our 

calculation. The fitted rate expressions with the J-T correction are respectively 

𝑘(cm3mol−1s−1) = 9.17 × 108𝑇1.08exp(−6420
𝑇

)  (dashed red curves) and 𝑘(cm3mol−1s−1) =
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8.75 × 108𝑇1.09exp(−7422
𝑇

)  (dashed black curves) using CCSD(T) and MRACPF2 energies. 

Compared to the results with harmonic frequencies, this approximation only slightly changes the 

rate coefficients, by ~ 9.0% to 20%. Wang et al.9 also computed the total rate coefficients for 

CH3Ȯ + CO with multichannel RRKM theory and derived modified Arrhenius expressions for 

three temperature ranges, 200 to 1000 K, 1000 to 1500 K, and 1500 to 3500 K (green curve in 

Figure 4.5). However, as discussed above, the TS for reaction R2 determined by Wang et al. is 

the trans-conformation, which has a much higher energy than cis-TS2. Consequently, Wang et 

al.’s total coefficients are much smaller than our ĊH3 + CO2 coefficients at high temperatures. 

Wang et al. also concluded that the major pathway for the reaction between CH3Ȯ and CO was 

stabilization of the CH3OĊ(=O) radical at low temperatures, in contrast with this study which 

finds the rate coefficient to ĊH3 and CO2 to be much higher. 

Three sets of measurements are included for comparison in Figure 4.5. Wantuck et al.7 

measured the total rate constants of CH3Ȯ + CO using a laser photolysis/laser-induced 

fluorescence technique over the temperature range of 473 to 973 K. They found that reaction 

pathways other than the ĊH3 + CO2 channel start to emerge at T > 773 K. Consequently, the total 

rate constants by Wantuck et al.7 (blue squares) are effectively the upper limit for the reaction 

CH3Ȯ + CO → ĊH3 + CO2. Our predictions using MRACPF2 energies are slightly smaller than 

Wantuck et al.’s rate coefficients, falling within the bound set by Wantuck et al.’s experiment, 

whereas the CCSD(T) energies slightly overestimate the rate coefficients compared to the 

experimental bounds, especially at relatively low temperatures. Therefore, the rate constants 

obtained with MRACPF2 energies will be discussed in the following sections.  
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Figure 4.5. Predicted rate constants (this work) for CH3Ȯ + CO → ĊH3 + CO2 obtained using 

energies and molecular properties at the CCSD(T)/CBS (red curves) or MRACPF2/CBS (black 

curves) //CCSD(T)/cc-pVTZ levels with (dashed curves) and without (solid curves) the 

correction for Jahn-Teller distortion at 1 atm of N2, as compared to available theoretical and 

experimental coefficients in the literature. Fitted rate coefficients computed with RRKM/ME by 

Wang et al.9 (green curve) and experimental coefficients by Wantuck et al.7 (blue squares) 

correspond to the total rates of removal of CH3Ȯ + CO. Derived coefficients from fitting to the 

dimethyl ether mechanism by Hidaka et al.8 (purple line) and deduced experimental coefficients 

by Lissi et al.57 (orange triangles) correspond to the reaction CH3Ȯ + CO → ĊH3 + CO2.  

Lissi et al.57 obtained rate constants by measuring the concentration changes of CO2 during 

the thermal decomposition of dimethyl peroxide (CH3OOCH3) at varying pressures of CO over 

the temperature range of 396 to 426 K. They derived the rate expression 𝑘(cm3mol−1s−1) =

1.58 × 1013exp(−5940
𝑇

), shown as orange triangles in Figure 4.5, which are much lower than our 
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predictions and Wantuck et al.’s data extended to the same temperature range. As explained by 

Wantuck et al.,7 the rate coefficients of Lissi et al. were determined indirectly assuming a 

mechanism, meaning that Lissi et al.’s accuracy depends on the rates of other reactions, such as 

CH3OOCH3 → 2CH3Ȯ and 2CH3Ȯ → CH3OH + CH2O. Therefore, there might be  substantial 

uncertainty in their derived rate coefficients. Hidaka et al.8 derived an expression of 

𝑘(cm3mol−1s−1) = 8.0 × 1012exp(−5938
𝑇

) by fitting a dimethyl ether (CH3OCH3) combustion 

model to shock tube experiments in the temperature range 900 to 1900 K (purple curve in Figure 

4.5). However, the mechanism includes 94 reactions and Hidaka et al. indicated that CH3Ȯ + CO 

→ ĊH3 + CO2 was only a minor reaction in the system they studied, implying possibly a high 

uncertainty in this estimation.  

4.3.2.2 Unimolecular Reactions of CH3OĊ(=O) and ĊH2OC(=O)H 

Figure 4.6 compares the high-pressure-limit rate constants 𝑘𝑖∞(T) (i = 1 - 4) of the four 

unimolecular reactions. The energetics used in the RRKM/ME are computed at the 

MRACPF2/CBS(D-T) level for consistency, with molecular properties (geometries and 

frequencies) obtained using CCSD(T)/cc-pVTZ (solid curves) and DFT-B3LYP/cc-pVTZ 

(dashed curves), respectively. The predicted  𝑘𝑖∞(T) using molecular properties from CCSD(T) 

are similar to those from DFT-B3LYP. The maximum deviation of the rate constants for 

reactions R1, R2, and R4 are ~ 40% between these two methods. The deviation for the computed 

𝑘3∞(T) is ~ 100%, mainly resulting from differences in low frequencies obtained from the two 

methods. DFT-B3LYP therefore should be used with caution to compute frequencies, and we use 

the CCSD(T) geometries in the following discussion. 
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Table 4.2. Comparison of the modified Arrhenius (k = ATnexp(− Ea
RT
)) parameters for the 

unimolecular dissociation and isomerization reactions of CH3OĊ(=O) and ĊH2OC(=O)H, 

obtained with MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ energies.  

Pressure A(s-1) n Ea(cal/mol) 
R1: CH3OĊ(=O) → CH3Ȯ + CO 

p = 0.01atm 1.08 × 10−2 2.81 22479 
p = 0.1 atm 9.00 × 10−1 2.49 21047 
p = 1 atm 2.33 × 103 1.73 19418 
p = 10 atm 8.05 × 1010 -0.17 19858 
p = 100 atm 5.76 × 1018 -2.07 22649 
High-pressure limit 3.38 × 1013 0.21 22997 

R2: CH3OĊ(=O) → ĊH3 + CO2 
p = 0.01atm 2.48 × 1012 -1.25 9537 
p = 0.1 atm 1.39 × 1014 -1.45 10755 
p = 1 atm 7.20 × 1015 -1.65 12071 
p = 10 atm 2.06 × 1017 -1.79 13439 
p = 100 atm 8.59 × 1017 -1.72 14572 
High-pressure limit 5.92 × 1010 0.78 13340 

R3: ĊH2OC(=O)H → HĊ(=O) + CH2O 
p = 0.01atm 3.06 × 1029 -5.92 33119 
p = 0.1 atm 4.46 × 1031 -6.23 35629 
p = 1 atm 2.64 × 1032 -6.15 37754 
p = 10 atm 2.23 × 1030 -5.29 38475 
p = 100 atm 1.34 × 1025 -3.57 37253 
High-pressure limit 2.24 × 1010 0.88 30723 

R4: ĊH2OC(=O)H → CH3OĊ(=O) 
p = 0.01atm 2.88 × 1023 -4.64 29909 
p = 0.1 atm 3.47 × 1027 -5.45 34155 
p = 1 atm 1.60 × 1032 -6.43 39271 
p = 10 atm 2.70 × 1027 -4.78 38122 
p = 100 atm 1.12 × 1023 -3.28 37640 
High-pressure limit 3.26 × 105 1.97 29407 
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Figure 4.6. High-pressure-limit rate constants 𝑘𝑖∞(T)  for Ri (i=1 – 4) computed with 

MRACPF2/CBS(D-T) energies compared to rates derived from the modified Arrhenius 

expressions of Huynh and Violi15 (blue dotted curves). The molecular properties are obtained at 

the CCSD(T) (red solid curves) or DFT-B3LYP (black dashed curves) level with the cc-pVTZ 

basis set. 

The predicted high-pressure-limit rate constants derived from MRACPF2/CBS(D-

T)//CCSD(T)/cc-pVTZ energies are fitted using a modified Arrhenius expression; the 

corresponding parameters are given in Table 4.2. Consistent with the analysis of the energetics, 

the order of high-pressure-limit rate coefficients of the four reactions is 

𝑘2∞(T) > 𝑘1∞(T) > 𝑘3∞(T) > 𝑘4∞(T) 

𝑘2∞ is about three orders of magnitude larger than 𝑘1∞ at 500 K, mainly due to the difference in 

the barrier heights (Table 4.1 and Figure 4.6). As the temperature increases, 𝑘1∞ grows faster than 
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𝑘2∞  (𝑘2∞/𝑘1∞ falls to ~ 1.12 at 2500 K), since 𝑘1∞  is associated with a larger pre-exponential 

factor. This is consistent with the geometry analysis, which indicates that TS1 is “looser” than 

TS2, so the low frequencies of TS1 are smaller than those of TS2. 𝑘3∞(T) is about 11 to 26 times 

larger than 𝑘4∞(T) in the studied temperature range, mainly resulting from the difference in 

barrier heights. Both 𝑘3∞(T) and 𝑘4∞(T) are orders of magnitude lower than 𝑘1∞(T) and 𝑘2∞(T), 

confirming that the two reaction systems are decoupled. Huynh and Violi15 obtained modified 

Arrhenius expressions of the high-pressure-limit rate constants for reactions R1 and R2 (blue 

dotted curves) with RRKM theory, which are also plotted in Figure 4.6. It is observed that the 

frequencies of TS1 and TS2 at the DFT-BH&HLYP/cc-pVTZ level15 are in general larger than 

our predictions at the CCSD(T) or DFT-B3LYP level. Utilizing their computed barrier heights at 

the DFT-BH&HLYP/cc-pVTZ level, respectively 20.8 kcal/mol and 16.6 kcal/mol for reactions 

R1 and R2, Huynh and Violi15 predicted slightly larger values for 𝑘1∞(T)  than our work. 

However, their predicted 𝑘2∞(T) is smaller than ours at low temperature but increases faster with 

temperature than our rate coefficients do. 

The temperature- and pressure-dependence of the four rate constants 𝑘𝑖(T,p) (i = 1 – 4) are 

plotted in Figure 4.7 (a) – (d), respectively, with energies and molecular properties obtained at 

the MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ level. The qualitative trend we observe in the 

high-pressure limits for the four reaction rates (𝑘2(T, p) > 𝑘1(T, p) > 𝑘3(T, p) > 𝑘4(T, p) ) 

holds for all of the studied temperatures and pressures. However, the rate constants at finite 

pressures differ significantly from the high-pressure limits, especially for the dissociation 

reactions of CH3OĊ(=O) (see Figure 4.7 (a) and (b)). The unimolecular reaction rate is 

determined by the rates of both the bimolecular collisional activation step and the unimolecular 

reaction step. Since the dissociation barriers for reactions R1 and R2 are much smaller than for 
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reactions R3 and R4, reactions R1 and R2 exhibit higher pressure-dependence than reactions R3 

and R4. This pressure dependence suggests that it is insufficient to use only the high-pressure-

limit reaction rates, and that pressure-dependent rates are necessary to accurately study the 

reaction dynamics of this system. The deviations of rate constants at low pressures from the 

high-pressure limits increase with temperature. Thus, accounting for the pressure-dependence of 

rate constants is especially important for combustion modeling, for which high temperatures are 

the most relevant.  

 

Figure 4.7. Comparison of the rate constants ki(T,p) for Ri (i = 1-4) at p = 0.01 atm, 0.1 atm, 1 

atm, 10 atm, 100 atm, and the high-pressure limit. The energies and molecular properties used in 

the RRKM/ME are computed with MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ. 
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Figure 4.8. Comparison of the predicted branching fractions of R2, defined as 𝑘2
𝑘1+𝑘2

, at p = 0.01 

atm, 0.1 atm, 1 atm, 10 atm, 100 atm, and the high-pressure limit. The energies and molecular 

properties used in the RRKM/ME are computed with MRACPF2/CBS(D-T)//CCSD(T)/cc-pVTZ 

in this work. The fraction at the high-pressure limit computed by Huynh and Violi15 (blue solid 

curve) is also included for comparison. 

The branching fractions of reaction R2, defined as 𝒌𝟐
𝒌𝟏+𝒌𝟐

, decline as temperatures and 

pressures grow, with a minimum of 53% at 2500 K and the high-pressure limit (Figure 4.8). 

More than 91% of CH3OĊ(=O) decomposes to ĊH3 and CO2 for T ≤ 2500 K and p ≤ 100 atm, 

which is larger than the fraction at infinite pressure predicted by Huynh and Violi15 as well as the 

fraction currently assumed in MF combustion mechanisms.2,3 The predicted corresponding 

branching fractions at the high-pressure limit and at finite pressures differ significantly, even at 

100 atm. In the high-pressure limit, the computed phenomenological rate constant of each 
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reaction coincides with the results obtained with transition state theory, and the high-pressure-

limit rate coefficients of reactions R1 and R2 are computed separately. When we compute the 

phenomenological rate coefficients at finite pressures using the multiple-well ME theory, the 

competition between reactions R1 and R2 should further intensify the difference between the two 

corresponding rate coefficients obtained separately. Comparing the rate coefficients for reactions 

R3 and R4, we predict that over 92% of ĊH2OC(=O)H is consumed by the β-scission reaction 

within the studied ranges of temperature and pressure, which is slightly more than the estimation 

provided by Diévart et al.2 The rate coefficients of reaction R4 are much lower than 𝑘1, 𝑘2, and 

𝑘3, indicating that isomerization between the two radicals is very slow, even at high temperatures 

and pressures. 

The ester moiety in the CH3OĊ(=O) radical leads to early formation of CO2, in contrast to 

conventional fuels. This makes biodiesel not as effective as expected in decreasing pollutants, 

because each CO2 formed directly from the ester group represents the ineffective use of one O 

atom in preventing molecular growth and reducing particulate matter. Comparing the two 

product pairs of reactions R1 and R2, the CH3Ȯ radical may further decompose to release a very 

active H atom through the reaction CH3Ȯ → CH2O + H; hence CH3Ȯ/CO is more active than 

ĊH3/CO2 in accelerating the high-temperature chain-branching process. The predicted branching 

fraction of reaction R2 to reaction R1 derived here is larger than the fractions assumed in 

previous work.2,3,15 This implies that the overall reactivity of MF, or other oxygenated fuels 

involving CH3OĊ(=O) as an intermediate, may not be as high as previously assumed. Similarly, 

the predicted larger branching fraction of reaction R3 relative to reaction R4 as compared to 

previous work2 suggests that the majority of ĊH2OC(=O)H decomposes to HĊ(=O) and CH2O. 

One of the dissociation products, HĊ(=O), should easily break down to generate an active H 
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atom via the reaction HĊ(=O) → H + CO. Hence, the ĊH2OC(=O)H radical is much more 

efficient in promoting the total reactivity than CH3OĊ(=O) in this regard.  

4.4 Conclusions 

In this work, reactions of CH3OĊ(=O) and ĊH2OC(=O)H were theoretically investigated. 

Geometries optimized at the DFT-B3LYP and CCSD(T) levels within the cc-pVTZ basis yielded 

similar geometrical parameters, although it was determined that the frequencies predicted by 

DFT-B3LYP should be used with caution. The minimum energy path for the CH3Ȯ + CO → 

CH3OĊ(=O) → ĊH3 + CO2 reaction was predicted to proceed via a trans-TS1 and a cis-

CH3OĊ(=O) radical, which was followed by a cis-TS2 with respect to the (O=)Ċ-OCH3 bond. 

Similarly, the ĊH2OC(=O)H radical was concluded to decompose through a cis-TS3. CBS 

extrapolations of CCSD(T) energies from cc-pVXZ (X=D,T) agreed well with the CBS(T-Q) 

extrapolation to within 1 kcal/mol, suggesting that the former can be used reliably to reduce 

computational cost. Multi-reference methods, MRSDCI+DS and MRACPF2, applied to refine 

the stationary point energies both captured the multi-configurational character of these reactions. 

MRACPF2 predicted smaller barrier heights than CCSD(T) for these reactions.  

Phenomenological rate coefficients for the reaction CH3Ȯ + CO → ĊH3 + CO2 via the 

CH3OĊ(=O) intermediate were obtained using CCSD(T) and MRACPF2 energies. The J-T 

distortion of CH3Ȯ had only a small effect on the rate coefficients. The bimolecular 

decomposition channel to ĊH3 and CO2 happens much faster than stabilization to the CH3OĊ(=O) 

intermediate or direct abstraction to CH2O + HĊ(=O). Experimental upper bounds to these rate 

coefficients confirmed that MRACPF2 theory is more appropriate to use than the CCSD(T) 

method for these highly multi-configurational reactions. The temperature- and pressure-

dependence of the rate coefficients for the four unimolecular reactions were also investigated in 
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two separated reaction systems using RRKM-based ME calculations. More than 91% of 

CH3OĊ(=O) was predicted to decompose to ĊH3 and CO2 at T ≤ 2500 K and p ≤ 100 atm. Hence, 

the ĊH3/CO2 channel was predicted to dominate the decomposition reactions of the CH3OĊ(=O) 

radical, which explains the observed early formation of CO2 in methyl ester combustion. The 

predicted higher branching ratio of the ĊH3/CO2 channel compared to the ratios used in previous 

combustion models2,3,15 lowers the overall reactivity of CH3OĊ(=O), because the products ĊH3 

and CO2 are less active than their counterparts CH3Ȯ and CO in a chain-branching process. The 

isomerization between the two radicals proved to be inconsequential, given its small rate 

constant. The ĊH2OC(=O)H radical prefers to decompose via the β-scission reaction, which 

greatly enhances the overall reactivity of MF. Lastly, the computed pressure-dependent rate 

coefficients even at high pressures differed significantly from the high-pressure limits, especially 

at relatively high temperatures. Deviation of the high-pressure-limit branching fractions from the 

pressure-dependent ones further demonstrates the importance of incorporating pressure-

dependence into kinetics models for these unimolecular reactions.   
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