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Tropospheric Oxidation Mechanism of Dimethyl Ether and Methyl Formate
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The oxidation mechanism of dimethyl ether is investigated using ab initio methods. The structure and energetics
of reactants, products, and transition structures are determined for all pathways involved in the oxidation
mechanism. The detailed pathways leading to the experimentally observed products of dimethyl ether oxidation
are presented. The energetics of over 50 species and transition structures involved in the oxidation process
are calculated with G2 and G2(MP2) energies. The principal pathway following the initial attack of dimethyl
ether (CHOCH;) by the OH radical is the formation of the methoxymethyl radical {08Hs). Oxidation

steps lead to the formation of methyl formate, which is consistent with the experimentally observed products.
Oxidation pathways of methyl formate are also considered.

I. Introduction The net result of eqs 1c and 1d is the conversion of dimethyl
ether into CH and CHO via CO bond cleavage. Evidence was

Concerns abou_t mobile source_emissions and their impaCt_onpresented by Pottie et &lsuggesting that CH bond cleavage
urban tropospheric ozone formation have spurred research into

) ) could compete with CO bond cleavage in mercury, photosen-
the development of alternative fuels. Engine makers and gjti;eq decomposition experiments, i.e., reaction 2. Nashet al.
automotive companies are looking for ways to decrease emis-
sions of CO and NQ Fuel composition affects the tendency CH,OCH, — CH,0CH, + H )
of a fuel to form soot particles and NOncreasing the carbon-
to-hydrogen ratio or the number of carbecarbon bonds  identified 1,1 elimination of K (eq 3) and 1,2 elimination of
increases the tendency of a fuel to form soot. Oxygenated CH, (eq 4) as competitive channels using ab initio methodology.
hydrocarbons, such as ethers, can be added to fuels to maintain
performance while lowering tailpipe emissions of CO. Dimethy! CH;OCH; — CH;OCH + H, 3)
ether (DME) is a fuel antiknock agent and proposed diesel fuel
substitute. DME has been used as a methanol ignition improver CH,OCH; —~ CH, + CH,0 )
in diesel engines, where it has been reported to reduce
hydrocarbon emissions. Some of its attractive features include
low self-ignition temperature, low octane number (high cetane
number, 55-60), reduced combustion noise, particle emission
and NQ emissions. DME-fueled engines are nonsooting, and
DME can economically be produced from a one-step synthesis.
Engine tests have shown that DME-fueled diesel engines have
emission levels that surpass the California Ultralow Emissions
Vehicle (ULEV) regulation for medium duty vehiclésviany
investigators have studied the fate of dimethyl ether in combus-
tion applications. Studies by Askey etZaand Urey et af.
determined that the thermal decomposition of dimethyl ether
followed first-order kinetics. Benson later proposed that CO
bond fission (eq 1a) initiated a chain of thermal degradation

Thus, the formation of ClHand CHO can be explained by
reactions 1c and 1d via CO bond cleavage or by reaction 4,
which proceeds through a four-centered transition structure.
Reaction 3 is a possible explanation for the detection of
hydrogen in previous experimental investigations. Reactions 1c
and 2 yield the CHOCH; radical as a product, yet only one
reaction (1d) describes its fate. A thorough investigation into
the possible thermal degradation channels 0b@EH; has yet

to be undertaken.

The atmospheric oxidation of DME has been studied by Japar
et al.8 Jenkin et al? Wallington et all® Langer et all! and
Sehested et &k13 The first step involves abstraction of a
hydrogen atom from dimethyl ether by the tropospheric hydroxyl
radical, eq 5. The C¥DCH, radical may participate in one of

CH;OCH; = CH; + CH0 (1a) CH,OCH, + OH— CH,0CH, + H,0 (5)

reactions® The barrier for this reaction was estimated at 81.1 three channels, as proposed by Sehested &t al.
kcal mol . Product studies found concentrations of O

C.He, Hz, and CH. The formation of GHs, CH,O, and CH CH,OCH; + M — CH; + CH,0 + M (1d)
was explained by the following mechanism. CH,OCH, + CH,OCH, — products (6a)

CH; + CH; — C,Hgq (1b) CH,OCH; + O,+ M — O,CH,0CH, + M  (6b)

CH; + CH;0CH; — CH, + CH,OCH, (1c) CH,OCH, + O, — O,CH,0CH;* (6¢)

CH,OCH; + (M) — CH; + CH,O+ (M) (1d) Reaction 1d is the aforementioned CO bond cleavage reaction,
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reaction 6a is the methoxymethyl radical self-reaction, and Sehested et &Fin 1996 further investigated the isomeriza-
reactions 6b and 6¢ are;@ddition reactions. Reaction 6b results tion reaction of methoxymethylperoxy radicals. Once ener-
in the formation of ground-state;OH,OCH;z through collisional getic methoxymethylperoxy radicals are formed from reaction
quenching with a third body, M, while reaction 6c results in 6c (0,CH,OCHz*) one of two reaction paths can be followed
formation of excited-state £&H,OCHs*. collisional quenching to form ground-state;@H,OCH; or
The reaction of the methoxymethyl radical with @eactions intermolecular rearrangement to form &HCH,OOH (reaction
6b and 6c) and the subsequent fate of the methoxymethylperoxy13), which may decompose to form two formaldehyde molecules
radical, QCH,OCHgs, has been the subject of numerous studies. and a hydroxyl radical. For total pressures above about 10 Torr,
Jenkin et aP examined dimethyl ether degradation pathways collisional quenching and formation of ground-state methoxym-
in the absence of NO. With this scenario, two methoxymeth- ethylperoxy radicals were found to dominate. Below 10 Torr,
ylperoxy radicals, @H,OCHs, can combine to yield two  the concentration of third bodies is too low for significant
methoxymethoxy radicals, OGBCH; (reaction 7). The meth-  collisional quenching. Intermolecular rearrangement and forma-
tion of formaldehyde was found to dominate.
0,CH,0CH; + O,CH,0CH; — Al of the previous investigations have studied the degradation
OCH,0CH; + OCH,0CH; + O, (7) of dimethyl ether in the absence of NO. Japar €t aded Cl
and OH radical initiated hydrogen abstraction to simulate the
OCH,OCH,; + O, —~ HO, + CH;O0C(O)H (8) reaction of DME with tropospheric OH radical in the presence
of NO.
oxymethoxy radicals can further react with © yield methyl
formate and H@(reaction 8). In Jenkin’s investigation, Jenkin O,CH,0CH; + NO— OCH,0CH; + NO,  (14)
et al? found that the rate of reaction 7 varied with pressure and
that it also depended on the ratio)Cl]. This result implied Reaction products were determined using FTIR spectroscopy.
the existence of a secondary chemical reactiofCHROCH; The production of methyl formate accompanied the loss of di-
always displayed second-order kinetics, eliminating the pos- methyl ether quantitatively. The yield of methyl formate relative
sibility of unimolecular bond cleavage reactions. As the rela- to DME loss was found to be 0.90. After the initial hydrogen
tive amount of Q increased, the rate constant increased; thus, abstraction from dimethyl ether by the hydroxyl radical, reac-
the intermediate may react with,@nd ultimately lead to fur-  tions 6b, 14, and 8 were suggested as being responsible for the
ther removal of @CH,OCHs. As the relative amount of ¢l formation of methyl formate. @abstraction of a hydrogen atom
increased, the rate constant decreases; thus, the intermediatfom OCHOCH; (reaction 8) occurs at the CH bondto the
may react with Gl and ultimately lead to regeneration of radical center. The other possibility would be &itack at the
0,CH,OCHs. B carbon forming OCKHOCH, and ultimately 2CHO. However,
One possible explanation for these observations is H atomno evidence of participation in this degradation channel was
ejection from the methoxymethoxy radical, i.e., reaction 9. Thus, found.
at high concentrations of Dhydrogen atoms formed in reaction ~ The above investigations include only up to the formation of
methyl formate. The atmospheric fate of methyl formate is
OCH,0CH; + M — CH,OC(O)H+ H + M 9) largely undetermined. In addition, the relative thermodynamics
of much of the dimethyl ether degradation mechanism is
9 can react with excess oxygen to yield He@dicals. HQ unknown. We present a detailed ab initio investigation into the
radicals may then further react with methoxymethylperoxy oxidation of dimethyl ether.
radicals, reactions 1012, explaining the increased rate of
0,CH,OCH; loss at high @ concentrations. [I. Computational Method

HO, + O,CH,0CH, —~ OH + OCH,0CH,  (10) All calculations were performed _Wi.th t_he GAUSSIAN .94
package of programi$.Geometry optimizations for all species

HO, + O,CH,0CH; — CH,OCH,00H+ O, (11) were carried out for all structures to better than 0.001 A for
bond lengths and 0°Ifor angles. The geometries were fully
HO, + O,CH,0CH; —~ CH,O0COH+ H,0 + O, (12) optimized and, with these geometries, a frequency calculation

. . . . was performed using the second-order MgtBtesset (UMP2)
At high concentrations of @l the hydrogen atom emitted in level, with restricted wave functions for closed-shell and

fe‘i‘gtiog 9(;2?’ re?cth\llvith excg_ss fhl_(l_):ne to formhk:yd_rochlg_ric | unrestricted for open-shell systems with all orbitals active using
acid and adaitional chlorin€ radicals. The excess chiorine radicaly, 6-31G(d) basis set. In addition, G2 and G2MP2 energies

further reacts with dimethyl ether and ultimately produces
additional QCH,OCHgs, explaining the decrease in rate of
O,CH,OCH; loss. A question we intend to address is the
possibility of other thermal degradation pathways besides CH
bond cleavage in OCH¥DCH;. CO bond cleavage and other
rearrangements may compete.

At low total pressures, significant concentrations of formal-
dehyde, CHO, were detected using FTIR spectroscopy. A
possible explanation for this finding is the isomerization of AH = AE — AnRT (15)
0O,CH,OCH; to form CHOCHOOH via a six-membered
transition structure. Formaldehyde can then be formed from the For a reaction with the same number of products as reactants,
decomposition of CHOCH,OOH to form 2CHO and the OH the change in molecularityAn, is zero andAH = AE.
radical, reaction 13. To improve the accuracy of the method, isodesmic reactions

N were used. Isodesmic and isogiric reactions are those in which
O,CH,OCH;* — HO,CH,0CH, =~ 2CH,0+ OH  (13) reactants and products contain the same type of bonds, same

were calculated using G2 methodoloyl’ The total energies

are correcteda 0 K by adding the zero-point energy to the
predicted total energy. To obtain the energy at 298 K, the
thermal energy of each species is added to its total energy instead
of the zero-point energy. The reaction enthalpy at 0 or 298 K
can then be obtained by use of the corrected energy along with
the following equation.
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Figure 1. Atmospheric degradation pathways for dimethyl ether and methyl formate.

number of bonds, and the same spin multipliétygecause of The two in-plane hydrogens have CH bond lengths of 1.090 A.

the electronic similarity between the reactants and products, The four out-of-plane CH bonds have lengths of 1.099 A. Table

errors in the calculated energy may cancel between them. 1 lists the calculated structure along with experimental values
For each species, the degree of spin contamination wasfrom Blukis et al’® All calculated values are in reasonable

monitored. For most doublet systems, ti#éIvalue did not agreement with experimental findings.

exceed 0.76. There is, however, one class of reactions for which  The methoxymethyl radical (Figure 2b) displagssymmetry

this condition is not met. The three hydrogen abstraction yth two differing CO bond lengths. The CO bond length

reactions initiated by molecular oxygen each hvalues in  ecreases relative to the parent ether from 1.414 to 1.363 A,

excess of 0.76, which could lead to a deteriorated estimate of ypjje the CO bond increases in length to 1.424 A. On the,CH

the barrier height. group, one hydrogen atom remains in-plane with a dihedral
. . angle of 177.84and a bond length of 1.081 A, while the CH
IIl. Results and Discussions bond remains in out-of-plane, having a dihedral angle of 32.4

The complete map of possible degradation pathways is shownand a slightly longer bond length of 1.088 A. An @olecule
in Figure 1. attaches to the vacant out-of-plane site onp,G8Hjz, forming

A. Structures of Closed- and Open-Shell Species Involved ~ 02CHOCHs (Figure 2c).
in the Oxidation of Dimethyl Ether. As shown in Figure 2a, Methyl formate adopt€s symmetry, as illustrated in Figure
dimethyl ether exists i€,, symmetry with two equivalent CO  2e. Electron diffraction and microwave studies have shown the
bond lengths (1.414 A) and two distinct hydrogen environments. planar cis form to be more stable than the trans f&t&t The
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(a) CH,OCH,

(b) CH,0CH,

(¢c) CH,0CH,0,

(d) CH,0CH,0

(¢) CH,OCOH

(f) CH,0CO

(8) CH;0C(0)0,

L3Byog

(h) CH,0C(0)O

(i) CH,0COH

(j) O,CH,0COH

(k) OCH,0COH

Good and Francisco

(1) HOCOCOH

(m) HC(O)OH

CH,OCH, + OH --> CH;0CH, + H,0
()

CH,OCH, --> CH, + CH,0
(0)

CH;OCH, --> CH, + CH,0
()]

CH,0CH,0 --> CH,0 + CH,0
@

CH,OCH,0 --> CH,OH + HCO
(1)

CH,0CH,0 --> CH,0COH + H

)

CH,OCH,0 + 0, --> CH,0COH + HO,

®
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o) ] CH,0C(0)0 +0, --> CH,0 + CO, + HO,

(aa)

CH;0COH + OH --> CH,0COH + H,0 CH,0COH --> CH,0 + HCO

W (bb)

OCH,0OCOH --> CH,0 + HC(0)O
(co)

OCH,OCOH --> HOCOCOH +H
(dd)

CH;0COH + OH --> CH,;0CO + H,0

(W)

CH,0CO --> CH, + CO,

x)

OCH,0OCOH + 0, --> HOCOCOH + HO,
(ee)

OCH,0COH --> HCO,H + HCO
(fH

CH,0CO --> CH,0 + CO
)

CH,0C(0)0 --> CH, + CO,
(2)

HOCOCOH --> HCO,H + CO
(g8)

Figure 2. Structures of closed- and open-shell species and transition structures involved in the oxidation of dimethyl ether and methyl formate.

TABLE 1: Structure of Dimethyl Ether 2 TABLE 2: Structure of Methyl Formate 2
coordinate MP2/6-31G(d) expt coordinate MP2/6-31G(d) expt
(6{0] 1.414 1.410 coO 1.442 1.437
CH (in-plane) 1.090 1.091 CcoO 1.345 1.334
CH (out-of-plane) 1.099 1.100 CO 1.214 1.200
cocC 111.1 111.7 CH 1.098 1.101
HCO (in-plane) 106.9 107.2 C'H (in-plane) 1.087 1.086
HCO (out-of-plane) 1115 110.8 C'H (out-of-plane) 1.090
HCOC (in-plane) 180.0 180.0 c'oC 114.0 114.8
HCOC (out-of-plane) 60.7 OoCcOo 125.7 125.9
aBond lengths in angstroms, bond angles in dedt&eference 19. 82‘; (in-plane) %L%?Sll 1093
OCH (out-of-plane) 110.3
energy difference ranges from a low of 1.1 to a high of 9.0 ococ 0.0 0.0
kcal mol1.22-28 The two experimental investigations list the Eg%% (in-plane) 1?&)00 1fg(-)00
i 126-28 'OC (in-plane : :
enthalpy difference as 2.3 and.7 kcal mot™. The gauche HC'OC (out-of-plane) 60.4

form of methyl formate represents the barrier height of rotation
and is reported to be between 5.5 and 13.1 kcal #7328 aBond lengths in angstroms, bond angles in degreBeference
Table 2 lists the calculated structure of methyl formate, as well 20.

as literature values. As shown in Table 2, our values agree with oxygen atom orients itself downward, forming a COCO dihedral
experimental findings. The ether linkag&dbond has increased  angle of 0.0.

to 1.442 A, while the opposing CO bond decreases substantially Hydrogen abstraction from methyl formate yields thesCH
from 1.398 to 1.345 A. The carbonyl CQond has also OCO radical. As illustrated in Figure 2f, the molecule remains
decreased to a typical double bond length of 1.214 A. The in Cs symmetry, with dihedral angles of CO€= 180.0C and
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TABLE 3: Structure of Formic Acid Anhydride 2 TABLE 4: Known Thermodynamic Constants for Species
coordinate MP2/6-31G(d) Lundell et'al. exptF Involved in Isodesmic Reactions

co 1.208 1.208 1.195 species Abhrox AH208x ref
CcO 1.377 1.377 1.364 H,O —57.10+.01 —57.80+.01 b
cO 1.396 1.396 1.389 OH 9.2+ 0.3 9.3+ 0.3 b
c'o"” 1.202 1.202 1.184 CH,(°By1) 93.6+ 0.6 93.7£ 0.6 b
CH 1.096 1.091 1.096 CHa —16.0+0.1 —17.9+ 0.1 b
CH 1.094 1.089 1.101 CHs 35.8+0.2 35.0£0.1 b
OCO 126.3 126.3 126.1 CH,O —25.1+1.5 —26.0+.1 b
c'oC 117.8 117.5 117.8 HCO 9.0+ 0.2 10.0+ 0.2 b
o"'CcC'o 120.1 120.1 120.6 HC(O)OH —88.7 —90.5+0.1 b
O"CH 125.3 125.7 CH3;OH —45.44+0.1 —48.0+ 0.1 b
O'CH 127.1 126.8 CH3;OCH; —39.7+ 0.1 —44+ 0.1 b
o'cocC 0.0 0.0 0.0 CH,OCH;s 4.2 0.9 d
coco" 180.0 180.0 180.0 HOO 3.5+ 05 2.8+ 0.5 e
. Rae?etarré(rjul:eeng;hs in angstroms bond angles in degreBeference 30. 2,2_'220 310 3421:21 0.9 B
' CH30» 2.2 C
CO, —94.0 —94.1 b
C'OCO = 0.0. Subsequent reactions with &xd NO result in Cco -27.2 —26.4 b
the formation of CHOC(O)Q, and CHOC(0)O, respectively. CH30O0H —313 f
Hydrogen abstraction from methyl formate can also result in ECOZ _gé'g _3512'.} b
the formation of CHOCOH (Figure 2i). As with dimethyl ether, CH:OCOH ' —85.04 0.2 g

one of the out-of-plane hydrogens is removed, leaving one
hydrogen in more of an in-plane position with a CH bond length
o%ll 0%9 A and a COCH dFi)hedraF? angle of 169.3he out-of- ’ Redfern, P. C.; Pople J. A. Chem. PhysL997 106(3), 1063.° Lay,

’ 'A T. H.; Bozzelli, J. W.J. Phys. Chem. A997, 101, 9505.9 Good, D.
plane hydrogen has a CH bond length of 1.077 A and a COCH j . Francisco, J. SChem. Phys. Letl997, 266, 512.° Bauschlicher,
dihedral angle of 16.7. Molecular oxygen addition toO€OH C. W., Jr.; Partridge, HChem. Phys. Lett1993 208 241.f JANAF
yields QCH,OCOH (Figure 2j). The forming peroxide'G"’ Thermochemical tabled. Phys. Chem. Ref. Daf®85 No. 14, Suppl.
bond has a bond length of 1.440 A, while th¢ @’ bond 1.9Langford, S. R.; Batten, A. D.; Kono, M.; Ashfold, N. B. Chem.
lengthens to 1.321 A. This alkyl peroxyl radical is reduced to SOC-, Faraday Transl997 93 (21), 3757-3764.

OCH,OCOH, as shown in Figure 2k. . . . o

The structure of formic acid anhydride is shown in Figure of the species of interest can then be determined using literature
2l. The structure of formic acid has been studied by Vaccani values for the remaining species in the reaction. Table 4 lists
et al22 and Lundell et a$® The AE (where A and E denote thermodynamic properties for all species used in isodesmic
in-plane and out-of-plane formyl groups, respectively) con- reactions. Table 5 lists the heat of formation of degradation
former has been found to be the most stable isomer, followed intermediates, along with the isodesmic reactions used to
by the AA (+~8.6 kcal mot) conformer, and finally the EE ~ 9enerate them. Many of the literature values in Table 5 were
(+~16.3 kcal mot?) isomer2®-31 The AE conformer has both  taken from the work of Curran et &Pfwho used group additivity
oxygen atoms within the COC plane, both oriented anti with methods to estimate the heats of formation of various species
respect to one another. The trans side of the molecule has dhvolved in the combustion of dimethyl ether. The heats of
carbonyl bond distance of 1.202 A, an ether linkage CO dis- formation of dimethyl ether and the methoxymethyl radical have
tance of 1.396 A, and a CH distance of 1.094 A. The op- been reported in a previous study using the present methodol-
posing cis side contains a longer carbonyl bond distance of 09y Dimethyl ether was found to have a heat formation at
1.208 A, a shorter CO bond distance of 1.377 A, and a slightly 298 K of —44.0 kcal mof*, while the methoxymethy! radical
longer CH bond distance of 1.096 A. The COC angle connecting Was found to have a heat of formation of 0.9 kcal rolThe
the two sides is 117°7 Table 3 reports the structure of formic value for dimethyl ether is in agreement with literature values,
acid anhydride and compares it with literature values. Our while thqt for the methoxymethyl radical was found to disagree
structure is in reasonable agreement with the experimentalsSubstantially®
determination. The methoxymethoxy radical was found to have a heat of

The structure otransformic acid is shown in Figure 2m.  formation of —35.9 kcal mot?. The literature value of-34.5
The CH bond length is 1.095 A. The carbonyl CO bond has a kcal mol* deviates from our value by about 4%. As shown in
bond length of 1.213 A and makes a 125ahgle with respect ~ Table 5, all reactions are dependent on the heat of formation of
to the CH bond. The CO single bond is 1.351 A long and makes the CHO radical. The heat of formation of the methoxy radical
a 109.4 angle with respect to the CH bond. The OH bond length has a relatively large error associated with it of 0.9 kcalThol

aAll values in kcal mof?. P Curtiss, L. A.; Raghavachari, K.;

is 0.98 A and is oriented trans to the CH bond. or 22%3 The third reaction of the reaction set also uses the
B. Thermochemistry of Closed- and Open-Shell Species  controversial value for the heat of formation of the LK H,
Involved in the Oxidation of Dimethyl Ether. The overall radical. As shown, the third reaction is in agreement with the

reaction mechanism is illustrated in Figure 1. The heat of firsttwo reactions, lending support for the 0.9 kcal malalue
formation for some of the reactants and products are well- used for the heat of formation of GACH,.3®

documented in the literature. However, for many of the key = The methoxymethylperoxy, &8LH,OCH;, radical has a heat
intermediates, thermodynamic data do not yet exist. Thus, the of formation of—39.4 kcal mot?. The literature value of-35.9
second part of this investigation will focus on determining heats kcal mol! deviates by a relatively large 9.7%. The first three
of formation for species involved in the oxidation mechanism. reactions involve methoxy and methylperoxy radicals, both of
A series of isodesmic schemes will be used toward this end. which have relatively high uncertainties in their heats of
The isodesmic nature of these reactions allows for high-accuracyformation. TheAHs2% of the CHO, radical was determined to
determinations of the reaction enthalpies. The heat of formation be —5.5 4 1.0 kcal mot?, as measured by Kondo et3&lThe
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TABLE 5: Isodesmic Reaction Schemes for Closed- and Open-Shell Species Involved in Dimethyl Ether Atmospheric Oxidation

J. Phys. Chem. A, Vol. 104, No. 6, 200D177

species isodesmic reaction AH¢?%2 lit. (298 K)

OCH,OCH; OCH,OCH; + CH; — CH3O + CHsOCHs —35.9

OCH,OCH; + CH,O — CHz0 + CH;OCOH —35.9

OCH,OCH; + CHz — CHzO + CH,OCHs —36.0

av —35.9 —34.5
0,CH,OCHs 0,CH,OCH; + OH + CH4 — CH30 + CH;OCH; + HO; —40.2

0,CH,OCH; + CHsO — CH30, + CHsOCH,O —38.9

0,CH,OCH; + CHy — CH30, + CH;OCH; —38.8

0,CH,OCH; + OH — OCH,OCH; + HO, —39.5

av —39.4 —35.9
CH,OCH,OOH CHOCH,00H + 2CH; — CH3 + CH300H + CH;OCH; —24.0

CH,OCH,O0H + CHy + OH — H,0, + CH3; + CH;0CH,O —254

CH,OCH,O0H + CH; + HO, — H20, + CH; + CH30CH;O; —24.38

av —24.7 —26.1
CH;OCOH CHOCOH+ CH;O — CH3;OCH; + CO; —86.5

CH;OCOH+ CH; — CHsOCH; + CH,O —85.0

CH;OCOH+ CH; — CH;OCH; + CHO —85.7

av —85.7 —85.0
CH;0CO CHOCO+ CHs — CH3;OCOH+ CHs —37.1

CH;0CO+ CH; — CH;OCH; + CHO -37.7

CH;0CO+ CH,O — CHsOCOH+ CHO -37.7

av —37.5 -
CH,OCOH CHOCOH+ CH; — CH3OCH; + CHO —36.7

CH,OCOH+ CH; — CHsOCOH+ CH; —36.0

CH,OCOH+ CH,O — CH;OCOH+ CHO —36.7

av —36.5 -
CH;0C(0)& CH;0C(0)Q, + CH4 — CH30; + CH;OCOH —735

CH;0C(0)Q, + 2CH; — CH30; + CH;OCH; + CH,O —73.7

CH;0C(0)Q, + OH— HO, + CH3;OC(0)O —74.2

CH;0C(0)Q, + H20 — H0, + CH30C(0)O —73.4

av —73.7 -
0,CH,OCOH QCH,OCOH + CH; — CH30, + CH;OCOH —74.2

0,CH,OCOH+ 2CH; — CH30, + CH;OCH; + CH,O —74.4

0,CH,OCOH+ OH — HO, + OCH,OCOH —74.3

0,CH,OCOH+ H,O — H,0, + OCH,OCOH —73.6

av -74.1 -
CH;0C(0)O CHOC(0)O+ CH; — CHsOCOH+ CH;O —82.0

CH;0C(0)O+ H,O+ CH; — CH3OCH; + OH + HC(O)OH —81.2

av —81.6 -
OCH,OCOH OCHOCOH + CH; — CH;OCOH+ CH30 —73.8

OCH,OCOH+ CHs+H,0 — OH + CH;OCOH+ CH;OH —-71.8

av —72.8 —75.5
HOCOCOH HOCOCOH 2CH,O — CH30CH; + 2CO, —115.0

HOCOCOH+ 2CH; — CH3;OCH; + 2CH,O —112.0

HOCOCOH+ CH,O — CH;OCOH+ CO; -113.5 -

av -113.5
HC(O)OH HC(O)OH+ CH; — CH;OH + HCO —90.0

HC(O)OH+ CH4 — CH3;OH + CH,0O —89.3

av —89.7 -90.5

aUsing values calculated at G2 level of theory (in kcal mpl

heat of formation is later remeasured by Slagel €6 §.41+
0.80 kcal mot?) and then revised by Knyazev et%l(2.15+

1.22 kcal mot?). Finally, an ab initio investigation by Jungkamp  radical.

et al38finds aAH{%8 of 2.24 kcal mot? at the G2(RCC) level
of theory. A value ofAH{#% = 2.2 kcal mot* was used in
this study3® The fourth reaction scheme incorporates the
previously determined heat of formation for the meth-
oxymethoxy radical, along with hydroxyl and hydroperoxyl

lending credibility to the calculated heats of formation for both
the methoxymethoxy radical and the methoxymethylperoxy

CH,OCH,O0OH was found to have a heat of formation of
—24.7 kcal mot?. The literature value from Curran et #lis
—26.6 kcal mot?, which deviates from the present value by
about 7%. The isodesmic schemes used to calculate the heat of
formation at 298 K are listed in Table 5. The first reaction uses
radicals. The fourth reaction is in agreement with the first three, established enthalpy values for methane, the methyl radical,
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methyl hydroperoxide, and dimethyl ether. The second and third species, the first two reactions in the set involve the conversion
reactions incorporate enthalpy data from methoxymethoxy and of methane to the C§D, radical. The latter two reactions in
methoxymethylperoxy radicals. The consistency between the each set incorporate the formation of H@dicals from either
three reactions suggests reasonable values for methoxymethoxyhe OH radical or water. In addition, the latter two reactions

and methoxymethylperoxy radicals. @BiICH,OOH lies ap-
proximately 14.7 kcal mol higher in energy than GOCH,O,.
At the MP2/6-31G(d) level of theoryTAS is calculated to be
0.51 kcal motl. With these values forAS and AH, an
equilibrium constant for the conversion of @BICH,O; to
CH,OCH,OOH is estimated to be on the order of 1bat 298
K. Sehested et &F observed evidence (the formation of &B)

use the heat of formation of GBCOO and OCHOCOH,
respectively, which are discussed in the preceding paragraph.
As shown in Table 5, all four reactions in each set are consistent,
lending credibility to the calculated values.

CH30COO and OCHOCOH are possible degradation inter-
mediates. Unlike the previous two comparisons, there is a much
larger difference between the heats of formation for the two

for the conversion reaction only at low total pressures. The rate species. CHDCOO has a heat of formation 0f81.6 kcal

constant for reaction 6dgs;, was compared to reaction 16. At

CHZ;OCH, + Cl, — CH;OCH,CI + Cl (16)
the high- and low-pressure limits, Sehested é¢ &hund ke
kisto be 0.108 and 1.9% 10-1%cm? molecule’?, respectively.
At the low-pressure limit, the rate constant for consecutive
reactions 6¢ and 1Xsc13was compared téie. Ksc19kis was

determined to be 0.063. In addition, a pressure independent.

estimate fok;s was calculated to be 1.0 10-1°cm?® molecule®

s L. This value forks results in the following rate data:
k6b,|owpressure= 2.0 x 1072 cmf molecule? s74, k6b,highpressure:

1.1 x 10 cm? molecule® s71, andkec 13= 6.3 x 10712 cm?
molecule’? s71. Thus, under atmospheric conditions where
significant concentrations of third bodies exist, formation of

ground-state methoxy methoxy radicals would be expected to

dominate.

Sehested et &f revisited this work using the pulse radiolysis
technique. In this investigation, the following rate data were
obtained: Kep jowpressue= 9.4 x 10739 cm® molecule? s71,

Keb, highpressure= 1.14 % 10 cm?® moleculet s72, andKsc 13iowpressure
= 6.0 x 10722 cm?® molecule! s1. Independently, Maricq et

mol~1, while OCHOCOH has a heat of formation 6f72.8
kcal molL. The literature value of-75.5 kcal mot?! deviates
by 3.6%.

Formic acid anhydride is the most stable species in the
proposed reaction scheme and has a heat of formatierd ©8.5
kcal mol. No literature value for the heat of formation for
this species has been found. Formic acid was found to have a
heat of formation at 298 K 0f-89.7 kcal mot?. This value is
in agreement with the well-established literature value-80.5
kcal molL. A deviation of less than 1% exists.

C. Reaction Pathways for Dimethyl Ether Oxidation. 1.
CH,0OCH:;. The first step in the oxidation of dimethyl ether is
reaction with OH radicals. This reaction is illustrated in Figure
2n! The longer out-of-plane CH bonds are preferred for
abstraction as the hydroxyl radical approaches. In the transition
structure, the CH bond increases in length to 1.200 A and is
ultimately removed from dimethyl ether. As the hydroxyl radical
approaches, the forming OH bond is found to have a length of
1.359 A in the transition structure.

The enthalpy of reaction and barrier height is also listed in
Figure 3. The enthalpy of reaction is predicted to+1.6 kcal

al4° determined nearly identical values for these rates. Their mol™%, using the G2 level of theory, ané22.4 kcal mot* at

investigation findep lowpressure= 2.6 x 1072° cmf molecule?
SY, Kep,highpressure= 1.1 x 107! cm® molecule® s1, and
Kec,13lowpressure= 6.0 x 10712 cm® molecule’! s™%. The values

the G2(MP2) level of theory. Good et # determined a heat
of formation for the methoxymethyl radical of 0.9 kcal mbl
at 298 K. Using literature values for the heats of formation of

in these studies are in reasonable agreement with the previouglimethyl ether {44.0 kcal mot?), water (-57.8 kcal mot?),

investigation.

At low pressures, the excited state of £&MCH,O, is not
collisionally quenched to the ground state, and the high-
energy CHOCH,O,* radical rearranges to GI®@CH,OOH.

However, under both atmospheric and combustion condi-

tions where concentrations of third bodies are relatively high,
the CHOCH,O, radical will likely be quenched to the

and the hydroxyl radical (9.3 kcal md), a heat of reaction of
—22.2 kcal mot? is derived. Good et al. predicted a reaction
enthalpy of —22.5 kcal mof! using calculated CH bond
dissociation enthalpies for dimethyl etif8All three determina-
tions are in reasonable agreement with each other.

The barrier height for hydrogen abstraction is predicted to
be 0.1 and 0.2 kcal mot at the G2 and G2(MP2) levels of

ground state. In this case, our calculations and the work of theory, respectively. Experimental determinations by Wallington

Sehested et k13 suggest that conversion to GBICH,OOH
is improbable.

Methyl formate was calculated to have a heat of formation
of —85.7 kcal mot?. The well-established heat of formation
of —85.0 kcal mot? deviates by less than 1%. As indicated by
its low enthalpy of formation, methyl formate is a very stable
species as compared to its precursors.

et al*34 and Trully et al® find a barrier height between
0.6 and 0.8 kcal mol. The rate of this reaction has been
studied by Perry et afS Trully et al.?® and Wallington et
al*344 An average activation energy of 0.7 kcal mblhas
been reported. At 298 K, the average rate constant for this
reaction is approximately 2.& 10712 cm® molecule! s
Using experimental rate data and 2D chemical transport models,

Methyl formate undergoes hydrogen abstraction reactions Good et al’ determined an atmospheric lifetime of 5.1 days

forming CHOCO and/or CHOCOH. Heats of formation for
neither species has been found in the literature;@ED is
found to be slightly more stable than @BICOH by about 1
kcal molt. CH;OCO has aAH¢?% of —37.5 kcal mot?, while
CH,OCOH has aAH?%8 of —36.5 kcal mot™. Both isodesmic
reaction sets use the same species,(Ci;, CH,O, and HCO)
in their respective reaction sets.

O, addition to CHOCO and CHOCOH yields CHOC(O)-
0O, and QCH,OCOH, respectively, having heats of formation
at 298 K of—73.7 and—74.1 kcal mot?, respectively. For both

for the dimethyl ether reaction with the hydroxyl radical.
Atmospheric degradation of dimethyl ether was predicted to
occur solely in the troposphere. From a set of 148 molecules,
calculated heats of formation using G2 theory were found to
have an average absolute deviation of 1.58 kcal-fnfilom
experiment. G2(MP2) values were found to deviate from
experiment by over 2.04 kcal mdl3* The activation energy
calculated for the dimethyl ether/hydroxyl radical reaction is
within experimental error, given the above estimated G2 and
G2(MP?2) errors.
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Figure 3. Energetics of the degradation pathways for dimethyl ether.

2. CH,OCHs. The formed methoxymethyl radical, GBCHs,

plane. As the ChLD functional group pulls away, however, the
may participate in the following reaction channels. CH, functional group reorients itself perpendicular to the COC
plane.
CH,OCH; + M — M + CH, + CH,;0 a7

Reaction 18 produces formaldehyde and the methyl radical

. just as reaction 1d. Reaction 18, however, proceeds through a
M+ CHOCH, =~ CHO+ CH, + M (1d) four-centered transition structure, as shown in Figure 2p. While
CH,OCH; — CH,O + CH, (18) the thermodynamics for reaction 18 are identical to that of
reaction 1d, the barrier height is much larger. The barrier height
CH,0CH; =~ CH,OH + CH (19) for reaction 18 is 42.5 kcal mol, as compared to the 27.2 kcal
CH,OCH, + 0,— O,CH,0CH, (6b) mol~! barrier height for reaction 1d. The transition structure

structure ha€,, symmetry, as illustrated in Figure 2p. The two
Reaction 17 is a CO bond cleavage reaction forming @kt g(HD Eg:gﬁe?];hlsﬁsl éel;)r:g The shared hydrogen atom has
the CHO radical. Using the heats of formations from Tables 4 . i ) '
and 5, an enthalpy of reaction of 96.9 kcal malvas calculated. Reaction 19 involves hydrogen transfer from carbon to
Using G2 and G2(MP2) levels of theory, heats of formation of ©XYgen via a_thre_e—rlng transition structure. The heat of reaction
99.9 and 100.8 kcal mot were determined. No higher energy for this reaction is 91.7 kcal mol. The unfavorable thermo-

barrier was found for this reaction. Several points calculated dynamics suggest that this channel is probably unimportant, even

along the reaction coordinate indicate a gradual progressionunder combustion conditions.
toward products. Reaction 6b is an addition reaction involving oxygen. In
Reaction 1d is also a CO bond cleavage reaction forming reaction 5, an out-of-plane hydrogen is abstracted to form the

formaldehyde, CHO, and the methyl radical, GHHThe reaction methoxymethyl radical. In reaction 6b,@dds to this vacant

is only slightly endothermic, with a reaction enthalpy of 8.1 out-of-plane site. As illustrated in Figure 3, the energetics of
kcal molL. A reaction barrier of 27.2 kcal mot was found in this reaction are quite favorable. A heat of reaction-@f0.3

this work, while Curran et &2 estimate a reaction barrier of kcal moi~t was determined using calculated heats of formation,
25.5 kcal mot?l. The energetics of this reaction are illustrated while reaction enthalpies of42.1 and—42.9 were determined

in Figure 3. In the transition structure (Figure 20), the CO bond at G2 and G2(MP2) levels of theory, respectively. The bimo-
adjacent to the Ckifunctional group increases from 1.420 A lecular addition of @ to the methoxymethyl radical has no
in CH,OCHs to 1.915 A in the transition structure. The @H  barrier associated with it. Table 6 summarizes the results of
functional group in CHOCH; is oriented parallel to the COC  the possible CHDCH;s reaction channels.
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TABLE 6: Reaction pathways for CH,OCH3?

Good and Francisco

reaction enthalgy

activation barrier

reaction G2 G2(MP2) heat of formation G2 G2(MP2)
CH,OCH; — CH, + CH3;0 106.4 107.1 96.9
CH,OCH; — CH + CH3OH 92.7 92.6 93.6
CH,OCH; — CH,0O + CH;s 7.5 7.6 8.1 27.2 27.5
CH,OCH; — CH,O + CHs 7.5 7.6 8.1 425 425
O, + CH,OCH; — O,CH,OCHs —42.2 —42.9 —-40.3 no barrier no barrier

a All values in kcal mot?. P Reaction enthalpy computed at 298 K.

3. O,CH,OCHs. The QCH,OCH; radical formed at this point

oxygen atom, forming methanol and the HCO radical (Figure

can participate in two major reaction channels. As discussed 2r). In the transition structure, this hydrogen is partially bonded

by Wallington et al1® O,CH,OCH; may undergo molecular
rearrangement to form GECHOOH, reaction 13a. This

0,CH,0CH, — CH,0CH,00H (13a)
CH,OCH,00H— 2CH,0 + OH (13b)
0,CH,0CH, + NO— OCH,OCH, + NO,  (14)

intermediate may then decompose to form two formaldehyde

to both carbon and oxygen. The reaction is exothermie Byl
kcal mol! and has an activation barrier of 32.1 kcal mol
Figure 2s depicts reaction 9, which is the hydrogen atom
ejection reaction discussed by Jenkin et &he fracturing CH
bond increases from 1.097 to 1.458 A in the transition structure.
The reaction is slightly endothermic, having a reaction enthalpy
of only 3.0 kcal mot™. The barrier height is a modest 10.3 kcal
mol~1.
Reaction 8 is an abstraction reaction in whichabstracts a

molecules and the hydroxyl radical, reaction 13b. The formation hydrogen atom from the methoxymethoxy radical to form

of CH,OCH,OOH is endothermic by 14.7 kcal mdl The
following dissociation into formaldehyde is exothermic by
—18.0 kcal mot!. The net reaction of converting the meth-
oxymethylperoxy radical into formaldehyde and the hydroxyl
radical is exothermic by-3.3 kcal mot™,

Under atmospheric conditions, reaction of the methoxy-
methylperoxy radical with NO forming the methoxymethoxy
radical and NQ is the expected principal reaction channel,
reaction 14. Langer et at.studied the kinetics of reaction 14
using the pulse radiolysis-UV absorption technique. By moni-

toring the increase in absorption at 400 nm, attributed to the

formation of the NQ radicals, the rate of this reaction was
determined. The rate for this reaction is 91 10712 cm?®
molecule! s™1. This rate is over 6 times faster than the
methoxymethylperoxy self-reaction (reaction 7) studied by
Jenkin et al. K = 1.5 x 1072 cm® molecule* s%). Under

atmospheric conditions, NO concentrations are much higher than

those of the methoxymethylperoxy radical. Therefore, meth-
oxymethylperoxy reaction with NO will dominate over the self-

reaction, supporting the mechanism put forth by Japar &t al.
This step is exothermic by-15.9 kcal mot?, while the first

methyl formate and the hydroperoxy radical, H@igure 2t).
The thermodynamics and kinetics are depicted in Figure 3. The
reaction is very exothermic, having a reaction enthalpy 46.3
kcal mol™L. The activation energy is a modest 2.1 kcal mol
The [$value is found to be 0.78, slightly above the expected
0.75 value typical of singlet systems. Of the reactions listed
above, reactions 8 and 9 are the most favored. This conclusion
is supported by Jenkin’s investigation, in which methyl formate
was found to be formed almost exclusively. The possible
reactions for OCKHOCH; are summarized in Table 7.

5. Oxidation and Hydrolysis of Methyl Format&here are
three main reaction channels that are of atmospheric interest in
which methyl formate may participate.

CH,OCOH+ OH— CH,0CO+H,0  (22)
CH,OCOH+ OH— CH,0COH+H,0  (23)
CH,OCOH+ H,0— CH,OH + HC(O)OH  (4)

The first two reactions are hydrogen abstraction reactions

step in the rearrangement reaction was endothermic by 14.7 kcaf"volving the tropospheric hydroxyl radical, while the third

molL,
4. OCHOCH;. The methoxymethoxy radical formed in
reaction 14 may participate in the following reaction channels.

OCH,OCH, — CH,0 + CH,0 (20)
OCH,0CH, — CH,OH + CHO (1)
OCH,0CH, — H + CH,0COH 9)

OCH,0OCH, + O, — CH,0COH+ HO, 8)

Reaction 20 is a unimolecular CO bond fission reaction,
producing formaldehyde and the methoxy radical. Figure 2q
shows that the rupturing CO bond in OgBICH; gradually

reaction is a hydrolysis reaction forming methanol and formic
acid. Reaction 22 is illustrated in Figure 2w. In the transition
structure, the approaching hydroxyl radical approaches the
carbonyl hydrogen. The CH bond lengthens to 1.223 A in length.
The forming OH bond decreases to 1.291 A and eventually to
0.969 A in the departing water molecule. Reaction 23 is
illustrated in Figure 2v. In the transition structure, the hydroxyl
radical approaches one of the two out-of-plane hydrogens. The
CH bond lengthens to 1.218 A, while the forming OH bond
decreases to 1.286 A, and eventually to 0.969 A, in the departing
water molecule. The two hydrogen abstraction reactions were
found to have similar thermodynamic and kinetic properties.
Reaction 22 has an activation energy of 2.3 kcal thaind a
reaction enthalpy of-18.6 kcal mot?! (Figure 4a). Reaction

lengthens from 1.399 to 1.774 A as reactants proceed to the23 has a barrier height of 3.8 kcal méland a reaction enthalpy

transition structure. The thermodynamics and kinetics of this

of —17.5 kcal mof? (Figure 4b). Reaction 22 is slightly favored,

reaction are illustrated in Figure 3. The reaction is endothermic both in its barrier to reaction and in reaction enthalpy. However,

by about 14.0 kcal mol and has an activation barrier of over
23.1 kcal mot™.

the hydroxyl radical is 3 times more likely to collide with the
methyl group hydrogens than with the carbonyl hydrogen. Le

Reaction 21 is a rearrangement reaction in which a hydrogen Calve et al® measured an activation energy of roughly 1 kcal
atom attached to the carbonyl carbon atom shifts to the centralmol™! for the reaction of methyl formate with the hydroxyl
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TABLE 7: Reaction Pathways for OCH,OCH3?

reaction enthalgy activation barrier
reaction G2 G2(MP2) heat of formation G2 G2(MP2)
OCH,0CH; — CH,O + CH3O 13.6 135 14.0 23.1 23.2
OCH,OCH; — CH;OH + CHO -3.3 -3.9 -2.1 32.1 314
OCH,0CH; — CH;OCOH+ H -1.0 -1.6 3.0 10.3 101
0O, + OCH,0CH; — CH;OCOH+ HO; —50.9 —-52.1 —46.3 21

a All values in kcal mot™. P Reaction enthalpy computed at 298 K.

radical. Our determination is in reasonable agreement with this rate constant8 on the order of 102 cm® molecule® s7%. In

value considering the estimated errors associated with the G2the troposphere the concentration of i©® on the order of 2x

methodology, as mentioned previously. 10" molecules cm?, thus the lifetime of CHOC(O) with
Reaction 24 is a hydrolysis reaction that forms methanol and respect to @addition is expected to be on the order of micro-

formic acid. The reaction is illustrated in Figure 2u. In the seconds. By contrast, reaction 25 has an estimated activation

transition structure, the oxygen atom of the water molecule energy of 14.7 kcal mol and an estimated Arrhenius factor

approaches the carbonyl carbon to within 1.720 A. Simulta- of 102 cm® molecule’! s™L. Thus, the lifetime of CEOC(O)

neously, this carbonyl carbon pulls away from thesOHyroup with respect to unimolecular dissociation is expected to be on

to a distance of 1.712 A. One of the H atoms of the water the order of milliseconds. These estimated lifetimes suggest that

molecule begins to dissociate while associating with the oxygen O, addition will be the dominant fate of the GEC(O) radical.

atom of the CHO group. The dissociating OH bond in the water 7. CH,OCOH. CH,OCOH can participate in the following

molecule is 1.215 A, while the forming OH bond in methanol reaction mechanisms:

is 1.231 A. The activation energy is 45.0 kcal molThe

reaction enthalpy is a slightly endothermic 5.0 kcal mait CH,0COH— CH,0 + HCO (28)

the G2 level of theory, or 4.3 kcal mdl using individual .

heats of formation. In addition to being endothermic, the en- CH,O0COH— CH, + HC(0)O (29)

tropy change of the hydrolysis reaction is calculated to be 0, + CH,0COH— O,CH,OCOH (30)

AS = 3.4 x 1072 J molt K1, Thus, at 298 K, the equilib-

rium constant is on the order of 10 A temperature of over  Reaction 28 is a unimolecular CO cleavage reaction forming

1000°C is required to shift the equilibrium to products. Un-  formaldehyde and the formyl radical. In the transition structure

der combustion conditions, this scenario is possible and re- (Figure 2bb), the cleaving CO bond increases to 1.676 A, while

action 24 may compete. The two hydrogen abstraction re- the opposing ether linkage bond decreases from 1.383 to 1.234

actions are energetically favored and faster; however, water iSA_The reaction illustrated in Figure 4b is endothermic by 20.5

a major product in combustion reactions and is orders of kcal molL, with a reaction barrier of 30.8 kcal mol

magnitude more concentrated {1@nolecules cm?) than the Reaction 29 is a CO cleavage reaction that forms @hti

hydroxyl radical (16 molecules cm?) in the ambient atmo-  HCO, radicals. The reaction is endothermic by 108.1 kcafhol

reactions. o ] ] mechanism. Even considering the potential formation o CO
6. CHOCO.CH;OCO can participate in the following three  through hydrogen ejection of HGOa reaction enthalpy of 97.1
reaction mechanisms: kcal mol? still exists.

In contrast to reactions 28 and 29, reaction 30 is a molecular

CH,0CO—CH; + CO, (25) oxygen addition reaction, which proceeds without barrier. The
CH,0CO— CH,0 + CO (26) reaction enthalpy is predicted to be37.6 kcal mot®. Again,
the addition reaction is expected to dominate the possible
CH,0CO+ O,— CH;0C(0)G, (27) reaction pathways.

CH30C(0)Q, and QCH,OCOH are each expected to follow
Reaction 25 is a simple CO bond cleavage reaction forming one of the following reactions:
carbon dioxide and the methyl radical. The reaction is illustrated
in Figure 2x. The reaction is exothermic by21.6 kcal mot? RO, + RO, —~ 2RO+ O, (31)
and has an activation barrier of 14.7 kcal mo(Figure 4a). RO. + NO — RO + NO. (32)

Reaction 26 is also a simple CO cleavage reaction, forming 2 2

CH30 and carbon monoxide. The transition structure shown in g, reaction leads to the formation of @COO0 and OCh
Figure 2y illustrates the cleaving CO bond increasing to 1.866 ~op
A. The COCO dihedral angle changes substantially fromi 0.0 8. CHOC(0)Q
to 180.0. The carbonyl CO bond decreases from 1.201 to 1.150

A as the triple bond of carbon monoxide forms. The reaction CH,OC(0)O— CH,0 + CO, (33)
illustrated in Figure 4a is endothermic by 15.2 kcal nmaind
has an activation barrier of 21.8 kcal mél CH,0OC(0)O+ O,—~ HO,+ CH,0+ CO, (34)

Reaction 27 is a bimolecular addition reaction formings€H
OC(0O)Q. The reaction illustrated in Figure 4a proceeds without The CO cleavage reaction in reaction 33 forms carbon dioxide
barrier and is exothermic by36.4 kcal moft. The structure and the methoxy radical. The reaction enthalpy was found to
of CH;OC(0O)Q, is shown in Figure 2g and was described be —23.5 kcal mot? and the barrier height was found to be
previously. This reaction is the most favored of the three possible 13.0 kcal mot?®. Reaction 34 is a hydrogen abstraction reaction
degradation pathways available to the OO radical. Under initiated by Q (Figure 2aa). As the incoming @atom removes
high-pressure conditions,,@ddition reactions typically have the out-of-plane hydrogen atom, the g£ftagment is simulta-
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Figure 4. Energetics of the degradation pathways for methyl formate: (a) pathway following extraction of the carbonyl hydrogen; (b) pathway

following extraction of the methyl hydrogen. Note: @b+CH;—SQTS refers to the four-center squarelike transition state represented in Figure
2p.

neously ejected. The dissociating CO bond has a length of overand an activation energy of 1.0 kcal méal For this reaction

2.790 A. As shown in Table 10 and Figure 4a, the reaction is the $?Ovalue is 0.79, which is above the expected value of
very favorable, with a reaction enthalpy 660.8 kcal mot? 0.75.
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TABLE 8: Reaction Pathways for Methyl Formate?

reaction enthalgy activation barrier

reaction G2 G2(MP2) heat of formation G2 G2(MP2)
CH;OCOH+ OH— CH;OCO+ H,0 —18.6 —19.2 —19.6 24 2.6
CH;OCOH+ OH — CH,OCOH+ H,0 —-17.5 —18.1 —17.9 4.0 4.1
CH;OCOH + H,O — CH3;0H + HC(O)OH 5.0 51 4.3 45.0 45.2

a All values in kcal mot?. P Reaction enthalpy computed at 298 K.

TABLE 9: Comparison of Decomposition Pathways for CHHOCO and CH,OCOH?2
reaction enthalgy

activation barrier

reaction G2 G2(MP2) heat of formation G2 G2(MP2)
CH3OCO— CHsz + CO, —21.0 —21.0 —21.6 14.7 14.8
CH;OCO— CH30 + CO 16.8 16.9 15.2 21.8 22.0
CH;0CO+ O, — CH;0C(0)O —38.7 —39.2 —36.4 no barrier no barrier
CH,OCOH— CH,O + HCO 20.3 20.1 20.5 30.8 30.7
CH,OCOH— CH; + HCO, 110.5 110.8 108.1 >110.5 >103.7
CH,OCOH+ O, — O,CH,OCOH —40.5 —41.1 —37.6 no barrier no barrier

2 All values in kcal mot™. P Reaction enthalpy computed at 298 K.

TABLE 10: Comparison of Decomposition Pathways for CHOC(O)O and OCH,OCOH?
reaction enthalgy

activation barrier

reaction G2 G2(MP2) heat of formation G2 G2(MP2)
CH;OC(0O)O— CH30 + CO;, —6.9 -7.2 -8.4 13.0 135
CH;OC(0)O+ O, —~ HO, + CH,O + CO;, —38.7 —40.4 —-35.7 1.0
OCH,0COH— CH,O + HCO, 19.6 194 15.8 28.7 28.8
OCH,O0COH— H + HOCOCOH 9.9 9.3 11.4 18.6 18.4
OCH,0COH+ O, — HO,+HOCOCOH -394 —40.6 -37.9 7.0
OCH,OCOH— HC(O)OH+ HCO —6.7 -7.3 7.7 13.0

a All values in kcal mot™. ® Reaction enthalpy computed at 298 K.

9. OCHOCOH.OCH,OCOH can participate in the following
pathways:

membered ring transition structure to give RC(O)OH and RCO.
The alkoxy radical HC(O)OCKD would thus be expected to
yield HC(O)OH and HCO, reaction 38. The transition structure

OCH,0COH—H + HOCOCOH (35) is illustrated in Figure 2ff. The reaction is exothermic by.7
kcal mol! and must overcome a modest barrier of 13.0 kcal
OCH,OCOH+ O, — HO, + HOCOCOH (36) mol~L. This reaction, along with the competing reaction 36, are
OCH,0COH— CH,0 + HC(O)OH (37) b?';h en.ergej[(ijcally favored reactions that result in the formation
of formic acid.
OCH,0COH— HC(O)OH+ HCO (38) 10. HOCOCOHThe decomposition of formic acid anhydride

has been found to produckansformic acid and carbon

Reaction 35 is a hydrogen ejection reaction forming formic acid monoxide. The transition structure proposed by Lundell &t al.
anhydride. In the transition structure (Figure 2dd), the cleaving involves the simultaneous cleavage of one of the ether CO bonds
CH bond has a length of 1.535 A. The reaction is endothermic and a hydrogen shift from the cleaving HCO fragment to the
by 11.4 kcal mot! and must overcome a reaction barrier of carbonyl oxygen of the HC(O)O fragment. Straight CO bond
18.6 kcal mot?l. cleavage to produce HCO and HC(O)O is thought to be highly

Reaction 36 is another hydrogen abstraction reaction initiated improbable®® The time constant for the formation of formic
by molecular oxygen. Figure 2ee shows the forming OH bond acid and carbon monoxide has been determined to be about 1
to be 1.340 A, while the cleaving bond lengthens from 1.097 h at room temperatuf. The transition structure for the
to 1.379 A. The carbonyl CO bond decreases from 1.361 A in formation of formic acid and CO is illustrated in Figure 2gg.
OCH,OCOH to 1.220 A in the transition structure, and This reaction is found to be exothermic by3.4 kcal motl.
ultimately to 1.202 A in formic acid anhydride. The energetics, ~ 11. HC(O)OH.There are several pathways by which formic
as illustrated in Figure 4b, are favorable. The reaction enthalpy acid can be removed. These could be by unimolecular decom-
is —37.9 kcal mot?, with a reaction barrier of about 7.0 kcal ~ Position or by reaction with OH radicals.
mol~1. As with the other hydrogen abstraction reactions initiated

by molecular oxygen, th&?Ovalue is slightly higher (0.78) HC(O)OH— CO+ H,0 (39)

than the expected value for doublet systems. HC(0)OH— CO, + H (40)
Reaction 37, which is illustrated in Figure 2cc, results in the 2 2

formation of CHO and HCQ. In the trans}i:\tion structure, the HC(O)OH— HC(O)O+H (41)

dissociating CO bond lengthens to 1.928 A, while the opposing

single bond decreases to 1.335 A. The reaction is found to be HC(O)OH— C(O)OH+ H (42)

endothermic by 15.8 kcal mol and has a reaction barrier of HC(O)OH+ OH— H,O0 + HC(O)O—H + CO, (43)

28.7 kcal mot™.
Recent work by Tuazon et #l.suggests that alkoxy radicals Processes 39 and 40 are unimolecular decomposition reactions
of general structure RC(O)OCHOR isomerize through a five- referred to as the dehydration and decarboxylation reactions.



1184 J. Phys. Chem. A, Vol. 104, No. 6, 2000 Good and Francisco

Reaction 40 is a decarboxylation reaction and has a slightly that the oxidation of methyl formate can occur via two pathways.
exothermic reaction enthalpy efl.4 kcal mot’. Reaction 39 One pathway is initiated from the abstraction of the carbonyl
is a dehydration reaction, having an endothermic reaction hydrogen by the hydroxyl radical to form the @BICO radical.
enthalpy of 8.4 kcal mot. Blake et aP!reported on the thermal  The fate of CHOCO radicals is the conversion to @Bl CQOp,
decomposition of formic acid. The decarboxylation reaction was and HQ radicals. The second pathway results from the removal
first order with a rate expression &f(s™1) = 10124 485RT, of a methyl hydrogen from methyl formate to form gBCOH

For the dehydration reaction, two rates have been reported. Forradicals, the fate of which is conversion to formic acid
temperatures below 870 K, the rate was found to be secondanhydride, HOCOCOH, through an oxygen addition and a
order, with a rate constant kf{cm® mol~1 s71) = 1011-44~3L7RT, hydrogen abstraction step also mediated by molecular oxygen.
For temperatures above 950 K, the rate was found to be of Formic acid anhydride ultimately rearranges to formic acid and
fractional order, withk (s71) = 10'53% 60-5RT51 Samsonov et carbon monoxide through a unimolecular rearrangement mech-
al>2 reported activation energies in the range 6168.0 kcal anism. Formic acid reacts with the hydroxyl radical to form
mol~1 for the dehydration reaction. Evans eP&tuggested that  CO,, H,O, and H atoms. The rate of this reaction is £.00~13

the dissociation of formic acid could have free radical products, molecule cm?® s™1. Using a simplistic expression for atmo-
as illustrated by processes 41 and 42. However, shock tubespheric lifetime ¢ = 1/k[OH], [OH] ~ 10° molecules cm?d),
studies in the 128062030 K by Hsu et al. concluded that such formic acid is estimated to have an atmospheric lifetime of
reactions were unimportant. Hsu et>&lreported threshold  approximately one month. Alternatively, as suggested by Wine
energies for the dehydration and decarboxylation reactions toet al.>® formic acid may hydrogen bond with atmospheric water
be 62-65 and 65-68 kcal mot?, respectively. Saito et &, vapor, thus slowing its reactivity with the hydroxyl radiél.
using shock tube methodology, determined a second-orderUnder these conditions, heterogeneous processes such as wet
reaction rate of the dehydration experiment tckifem?® mol—2 or dry deposition of formic acid may compete. Industry is
sl = 1043%404RT Saijto’s ab initio calculations at the considering derivatives of dimethyl ether as possible fuel
Hartree-Fock level using split valence basis sets showed the alternatives. It is expected that oxidation mechanisms of these
energy for the dehydration process to be 67.5 kcalfaethile derivatives can be modeled on the basis of properties such as
that for decarboxylation was 88.9 kcal m&P® Francisc&® the energetics found for the dimethyl ether system.
investigated concerted molecular and bond fission unimolecular
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