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Thermochemical and Kinetic Analysis of the Formyl Methyl Radical + O, Reaction System
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Thermochemical properties for important species in the formyl methyl radictd,GEO) + O, reaction
system are analyzed to evaluate reaction paths and kinetics in both oxidation and pyrolysis. Enthalpies of
formation AH;°,9g) are determined using isodesmic reaction analysis at the CBSQ composite and density
functional levels. EntropiesX,9s) and heat capacitie<C[°(T)] are determined using geometric parameters
and vibrational frequencies obtained at the HF/6-31G@Vel of theory. Internal rotor contributions are
included inS and Cy(T) values. The formyl methyl radical adds t @ form a C(OO)H,CHO peroxy
radical with a 27.5 kcal/mol well depth. The peroxy radical can undergo dissociation back to reactants,
decompose to C}O + HO, via HO;, elimination, or isomerize via hydrogen shift to form a C(OOH)-
H.C*O. This C(OOH)HC'O isomer can undergB scission to products, G&0O + HO,, decompose to CO

+ CH,O + OH, or decompose to a diradical, @BtC*O + OH via simple RG-OH bond cleavage. Rate
constants are estimated as a function of pressure and temperature using quantuReRispergerKassel
(QRRK) analysis fok(E) and master equation for falloff. Important reaction products are stabilization of the
C(OO)H,CHO peroxy adduct at low temperature and @OCH,O + OH products via intramolecular H

shift at high temperatureAH;°,qg values are estimated for the following compounds at the CBSQ level:
C*H,CHO (3.52 kcal/mol), C(OOH)LCHO (—56.19 kcal/moal), C(OQH,CHO (—21.01 kcal/mol), C(OOH)-

H,C'O (—19.64 kcal/mol). A mechanism for pyrolysis and oxidation of the formyl methyl radical is constructed,
and the reaction of the formyl methyl radical with @ersus unimolecular decomposition is evaluated.

1. Introduction SCHEME 1: One Reaction Path for Propene+ Ozone
Acetaldehyde and the radical species that result through loss o

of hydrogen atoms from the carbon sites in CHO are o/ \o

common products (intermediates) from the oxidation of higher CH,=CHCH;+0; —3 \ —> CH,0 + CH;C’HOO'

molecular weight hydrocarbon species in combustion and in HC——C——CH,

atmospheric chemistry. Oxidation of methane also forms these
species as a result of methyl radical combination and subsequent
reactions of the ethane. The association reaction of these radicals
with molecular oxygen30,) will form chemically activated
peroxy adducts that can be stabilized, or the adduct may react CH;C'HOO" —3» CH,=CH(OOH) —3» CH,CHO' (or C'H,CH=0) + OH
via isomerization to new products before stabilization. The

adducts can also dissociate back to initial reactants. These The CH,CH=O radical is also formed in a number of

reactions are complex, because of competition between theperoxide reactions important in intermediate temperature com-
pressure-dependent stabilization and unimolecular reaction topystion and thermal oxidatidi.

new products or reverse dissociatioh.The isomerization, Olzmann et af.and Atkinson et at:1°have shown that formy!
diSSOCiation, and bimolecular reactions of the stabilized adduct methy| radicals are formed in ozone reactions of O|efinS, where
prOVide further Complexity. The reactions of radicals from the Criegee intermediate QG’HOO undergoes an H shift to
acetaldehyde with oxygen also serve as model reactions for som&orm a vinyl peroxide, which dissociates rapidly through
reaction paths of larger aldehydic molecule systems. This studycleavage of the weak GEEHO—OH bond. An example
focuses on the reaction mechanism of the formyl methyl radical formation of CH,CH=0 in one reaction path for propene with
association with @ ozone is illustrated in Scheme 1.

Bozzelli et al®* and Mebel et at.have separately reported
that the formyl methyl radical is an important intermediate from 2. Previous Studies
the reaction of vinyl radicals, for example, theHz + O,
reaction system. The 30 + O product set is important at
low pressures, and it is important above 900 K at atmospheric
pressure.

Reactions involving abstraction of H atoms from acetaldehyde
by Cl, F, and OH radicals have been studied by several research
groupst~18 Although the abstraction can occur at two sites,
these studies all report that the dominant reaction at atmospheric
temperature is the abstraction from the carbonyl site to produce
CH;+0,—~ CH0 (or CH,CH=0)+ O (1) acetyl radicals. Sehested etahre one group that have reported
data for the abstraction of hydrogen atoms, by atomic fluorine,

* Author to whom correspondence should be addressed [e-mail ON the _methyl radicals. They reported formyl methyl radical
Bozzelli@nijit.edu; telephone (973) 596-5294; fax (973) 596-3586]. production at 35% and acetyl at 65% (batB%) at 295 K and
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SCHEME 2: Enthalpies of Formation at CBS-Q, CBS-QCI/AP
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NO, and G2 Methods with Experimental Values

Enthalpies of Formation (AH;5s) in kcal/mol
Species
CBS-Q CBS-QCI/APNO G2 Ref. Exp. [ref]
CH;Ce(=0) -3.08£0.38 -3.27+0.28 - 29 -2.90+0.70 [31]
CeH,CHO 3.52+0.38 3.08+£0.28 - 29 3.55+1.00 [32]
CH;00e 03+24 12+1.7 - 30 2.15+1.22[33]
CH;CH,O00H -399+1.5 - -40.1x1.8 | 30 -39.7£0.3" [34]
CH;CH,00e -6.7+£23 - -6.8+2.7 | 30 -6.8 £2.3 [35]
CeH,CH,0O0H 112+2.1 - 10.5+24 | 30 10.96 + 1.06" [34]

a Calculation values.

1000 mbar. Abstraction from the methyl group producing a
formyl methyl radical should become important, at increased

SCHEME 3: CBS-Q Calculation Sequence

Level of Theory

temperatures because of the higher degeneracy and reduce
influence of the activation energ¥y).

Alvarez-ldaboy et al” have recently performed computational
chemistry studies to characterize the abstraction reaction of OH
+ acetaldehyde at the CCSD(T)/6-3%+G(d,p)//MP2(FC)/6-
311++G(d,p) level of theory. These results also indicate that
the reaction occurs predominantly by hydrogen abstraction from
the carbonyl site; they reported that OH addition to the carbonyl
carbon has a barrier of 9.31 kcal/mol and is unfavorable relative
to the abstraction.

Formyl methyl was generated by photodissociation of methyl
vinyl ether at 298 K by Zhu and Johnst&hCH;—O—CyHz +
hy — CHz + C,H30. Here the vinoxy radical undergoes rapid
electron rearrangement to the lower energyl§ kcal/mol
lower) formyl methyl structure. Kinetic studies on this formyl
methyl radical with @ show a slower reactiok,= 1.2 x 10"
cm?/(mol-s), relative to that reportédor the acetyl radicalk
= 2.65 x 102 cm®/(mol-s). This suggests that formyl methyl
radicals produced in experiments on Cl or OH reaction with
acetaldehyde will react about;o as fast with @, probably
requiring little or no correction to kinetic data of the faster acetyl
+ Oy reactions. It also suggests that a barrier to the association
may exist or that there is a very low well depth for the formyl
methyl + O, adduct.

Thermochemical properties are estimated for reactants,
intermediates, products, and transition states in the reaction path
using ab initio and density functional calculations. The ther-
mochemical parameters are used to calculate high-pressure-limi
rate constants using canonical transition state theory (TST). Rat

e
constants as a function of temperature and pressure are estimateg

using a multifrequency quantum RRK analysis ¢E) and
master equation analysis for falloff. The thermochemical and

kinetic data at relevant pressures and temperatures should beS

useful to both atmospheric and combustion models.

3. Calculation Method
Enthalpies of formationAH:°,9g) for reactants, intermediate

MP2/6-31G(d’)
QCISD(T)/6-31+G(d’)
MP4(SDQ)/CBSB4*
MP2/CBSB3® CBSExtrap = (Nmin‘=10, Pop?)

Optimized Geometry

Single Point Calculation

26-31+G(d(f),d,p). PH, He 31H-G(2p), Li—Ne 6-31H-G(2df).
‘Minimum number of natural orbital configurations used for CBS
extrapolations@Use population localization.

frequency, structure information, and the TST reaction coordi-
nate vibration information. Zero-point vibrational energies
(ZPVE) are scaled by 0.91844 as recommended by Ochterski
et al2* Single-point energy calculations are carried out at the
B3LYP/6-31G(d) level.

Ochterski et af* have developed several high-level, complete
basis set (CBS) composite methods, denoted CBS-QCI/APNO
and CBS-Q. They indicate that CBS-Q is the most accurate for
molecules with several heavy atoms, whereas CBS-QCI/APNO
is more accurate but can be used only on smaller molecules.
The mean absolute deviations from experiment for the 125
energies of the G2 test set are 0.5 and 1.0 kcal/mol for CBS-
QCI/APNO and CBS-Q, respectively. Curtiss and co-workers
also have evaluated the CBS-Q method using isodesmic bond
separation reactions, rather than atomization energies, on the
G2 neutral test set of 148 molecules. The average absolute

Yeviation between experiment and the CBS-Q calculated en-

thalpies was 1.57 kcal/mol. They reported that the combination

't such bond balance reactions with G2 theory leads to a

ramatic improvement in the accuracy of theoretically evaluated
nthalpies of formatioR® We note that similar isodesmic
reactions are used in this study. $/&° have studied\H;°29g
values of hydrocarbons, substituted hydrocarbons, and corre-
ponding radicals and shé#® that the CBS-Q values are in
agreement with accepted literature values. The CBS-Q enthalpies
are more consistent than QCISD(T)/6-31G(d,p) single-point
calculations when values of one species are compared through
a series of different work reactions. A comparison &AH¢®29g)

radicals, transition states, and products are calculated using thevalues from CBS-Q, CBS-QCI/APNO, and G2 methods with

CBS-Q composite method and density functional [B3LYP/6-
31G(d)] calculations. The initial structure of each compound
or transition state is determined using ROHF or UHF/PM3 in
MOPAC 2°followed by optimization and vibrational frequency
calculation at the HF/6-31G{(dlevel of theory using Gaussian
94?1 for the CBS-Q analysis. The prime in 6-31Q(thdicates

the basis set orbitals of Petersson et?&B Transition state
geometries are identified by the existence of only one imaginary

experimental values on several oxygenated hydrocarbons is
given in Scheme 2.

The CBS-Q calculation sequence has the following steps at
the noted levels (Scheme 3). It also includes a correction for
spin contamination and an empirical correction (for the absolute
overlap integral and the intraorbital interference factor). The
CBS-Q calculation is indicated as being equivalent to a QCISD-
(T)/6-3114-G(3df,2p) calculatiort®3” The complete basis set
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(CBS-Q) method of Petersson and co-workers for computing SCHEME 4: AH:°rs (T1HS) Calculation

accurate energiés?438is chosen as the determining enthalpies

used in our kinetic analysis.
3.1. Determination of Enthalpies of Formation.The method

of isodesmic reactions is used to determine the enthalpy of
formation (AH¢°29g) for parent and radical species. It provides

higher accuracy for estimates ohH:°,93 than heats of
atomization?9-43

The working reactions for estimation BiH;°29s on CH;CeO
are

CH,C'O + CH,CH, < CH,CHO + CH.C'H, (IR1)
CH,C'O + CH,OH < CH,CHO + C'H,0OH (IR2)

CH,C'O + CH,C(=0)CH, <
CH,CHO + C'H,C(=0)CH, (IR3)

The working reactions for estimation @dfH;°,9g on CHo-
CHO are

CH,CHO + CH,CH; < CH,CHO + CH,C'H,  (IR4)
C'H,CHO + CH;OH < CH,CHO + C'H,OH (IR5)
CH,CHO + CH,C(=0)CH, <
CH,CHO + C'H,C(=0)CH; (IR6)
AH¢°29g for the estimation of C(OOH)KCHO is by

C(OOH)H,CHO + CH,CH, <
CH,CHO + CH,CH,00H (IR7)

AH¢°29g for the estimation of C(OOH)KC*O (* = radical site)
is by

C(OOH)H,C’O + CH,CH, <
C(OOH)H,CHO + CH,C'H, (IR8)

C(OOH)H,C'O + CH,CHO =
C(OOH)H,CHO + CH.C'O (IR9)

AH¢°,9g for the estimation of C(OQH,CHO is by

C(OO)H,CHO + CH,00H =
C(OOH)H,CHO + CH,00" (IR10)

C(OO)H,CHO + CH,CH,00H <
C(OOH)H,CHO + CH,CH,00" (IR11)

AHR,caIc

C(00.)H2CHO
AHR 78 cale. = AHxn ( Reactant -=> TS ) - AH,

AHp 15 cale. = AHrxn ( Product -> TS )

AH:°1s = (AHR 15 cale. T AHp TS cale. ) / 2

stable radical adducts from the working reaction analysis above,
plus the difference of total energies between these radical species
and the transition state. The method is illustrated for the H-shift
transition state THS in Scheme 4.

Calculation of the enthalpy of formation fogHIS is not taken
as the calculated energy difference between reactant and
transition state. The absolute enthalpies of reactant and product
are first estimated using isodesmic reaction analysis (egs IR8
IR11), andAH, is taken fromAH;° values determined from
the separate isodesmic reaction$li° 1s then is calculated by
an average of two value\Hgr tscaca and AHp s calcd
AHr 15 calcdiS the difference between the calculated energy of
the transition state and reactant mindsl, (AHproduct —
AH¢®reactan)- AHp 75 calcdS the difference between the calculated
energy of the transition state and product.

3.2. Determination of Entropy and Heat Capacity. The
contributions of vibrations and external rotation to entropies and
heat capacities are calculated from scaled vibration frequencies
and moments of inertia for the optimized HF/6-31G @&truc-
tures. Contributions t& and Cy(T) from torsion frequencies
corresponding to hindered internal rotation are replaced with
values calculated from the method of Pitzer and Gvéthiihe
number of optical isomers and spin degeneracy of unpaired
electrons are also incorporated.

3.3. High-Pressure-Limit A Factors (A) and Rate Constant
(k) Determination. For the reactions where thermochemical
properties of transition states are calculated by ab initio or
density functional methodk,, values are fit by three parameters,

A, n, andE,, over the temperature range from 298 to 2000 K,
k. = A(T)" exp(—E4RT). Entropy differences between reactant
and transition state are used to determine the pre-exponential
factor, A, via canonical TST

A= (kT/h) expASTR)  E,= AH'

wherehy is the Planck constant atkglis the Boltzmann constant.
Treatment of the internal rotors f@& and Cy(T) is important
here because these internal rotors are often lost in the cyclic

Ab initio calculations for ZPVE and thermal correction energy transition state structures.

are performed on all four compounds in the reaction. The three

Tunneling.Corrections for H-atom tunneling are applied for

reference compounds in the working reaction (IR1), except the the intramolecular hydrogen atom transfer reactions ¢S

target molecule, CgC'O in (IR1), have experimentally or
theoretically determined values ofHi°29s The unknown
AHs°298 0f CH3C*O is obtained with the calculatetiH® xn(9s)

and the knowm\Hs°,g9g Of the three reference compounds. The

C*H,CHO, C(OOH)HRCHO, C(OOH)HC*O, and C(OOH,-
CHO are calculated in the same manner.

Enthalpies of Transition StateAH;°,9g values of transition
state structures are estimated by evaluatiolhbf°,9g Of the

and TCCHOS and hydrogen atom dissociation reactions
TC*CHO—H and TCCO—H. The tunneling corrections are
determined using the ErwirHenry computer cod@ that is
based on Eckart's one-dimensional potential functfoithe
Erwin—Henry code requires input of vibrational frequencies,
moments of inertia, symmetries, electronic degeneracies, and
total energiestd K of reactants, transition states, and products;
imaginary frequencies are also required. Schwartz £trabte
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TABLE 1: Enthalpies of Formation for Reference Molecules in the Isodesmic Reactions

compound AHs°29g(kcal/mol) [ref] compound AHi°298(kcal/mol) [ref]
CoHs —20.24+ 0.1 [52] CHs;CHO —39.72+ 0.12[53]
C,HsO0H —39.70+ 0.3 [34] CHCH: 28.80+ 0.50 [54]
CH;OO0OH —31.80 [40] CHOO 2.154+1.22[33]
CH;OH —48.16+ 0.07 [55] CH,OH —3.97+ 0.22 [56]
CHsC(=0)CH; —51.94+ 0.17 [55] CH,C(=0)CH; —8.53+ 1.15[43]
CHs0O —6.72+ 2.3[30] GHsOH —56.17+ 0.1¢*[53]
CHsC(=0)OH —103.56+ 0.32 CoHsO —3.90+ 1.27 [42]

aUncertainties are evaluated from ref 3%Average of—103.32 (ref 53),—-103.44 (ref 55), and-103.92 (ref 57).

TABLE 2: Reaction Enthalpies and Enthalpies of Formation in the Isodesmic Reactions

AH®yn 208 (kcal/mol) AH¢°298 (kcal/mol)
working reaction series B3LYP CBSQ B3LYP CBSQ
CH3C*O + CH3CH3 < CH3;CHO + CH3C'H; 12.26 —2.94
CH;C*O + CH3;0H < CH;CHO + C*H,OH 7.25 —2.78
CH3C*O + CH3C(=0)CHs < CH3;CHO + C*H,C(=0)CH; 7.20 -3.51
av for CHC:O: —3.08+ 0.38 (CBSQ)
C*H,CHO + CH3CHz < CH;CHO + CHsC'H; 5.66 3.66
C*H,CHO + CH;0H < CH;CHO + C*H,OH 0.65 3.82
C*H,CHO + CH3;C(=0)CH; < CH3;CHO + C*H,C(=0)CHs 0.60 3.09
av for CH,CHO: 3.52+ 0.38 (CBSQ)
C(OOH)H,CHO + C;Hg < CH;CHO + C,HsOOH -3.16 —2.99 —56.02 —56.19
C(OOH)H,C*O + C;Hg = C(OOH)HCHO + CH;C'H; 13.29 12.46 —20.27 —19.61
C(OOH)H,C*O + CH3CHO < C(OOH)H,CHO + CHsCO 1.01 0.12 —20.39 —19.67
—20.33+ 0.09 (B3LYP)
av for C(OOH)HC O: —19.64+ 0.04 (CBSQ)
C(OO)H,CHO + CH3;00H < C(OOH)H,CHO + CH;00O —-1.14 —1.40 —20.93 —20.84
C(OO)H,CHO + C;HsOOH <« C(OOH)H,CHO + C,Hs00 —1.45 —2.03 —21.59 —21.18
—21.26+ 0.47 (B3LYP)
av for C(OO)H,CHO: —21.01+ 0.24 (CBSQ)

that calculated vibrational frequencies using the HF/6-31G(d) 4. Results and Discussion
level of theory need to be reduced by half to one-third for
calculated transition states rate constant to match experimenta

data in e.lbst.ractlon rgactlons from fluprlnated mgthanes. 0 1S [¢] (Supporting Information) show the MP2/6-31G(d
3.4. Kinetic Analysis. Thermochemical properties for each optimized geometries of the C(OOH)EHO and the two
species on the potential energy surface for the reaction systeMiarmediate radicals C(OP,CHO and C(OOH)HC'O
are evaluated. Forward or reverse rate constants (high'pressur?espectively. All remairyling structures are from MP2/6-31'$’(d
limit) for each elementary reaction step are determined from yatermined geometries except transition statesE(HO,),
the calculations and use of literature data for enthalpies of StableTgE(CHZOOH), and BD(CO + CH,O + OH), which are
molecules. Reverse rate constants are calculated from micro-yatarmined from B3LYP/6-31G(d) calculations. Energies of
scopic reversibility. activation E,) reported below are relative to the corresponding
Multifrequency quantum RiceRamspergerKassel (QRRK) stabilized adduct.
analysis is used to calculate(E) with a master equation TC'H,CHO—0; is the transition state (TS) structure for
analysig® for falloff in order to obtain rate constants as a CH,CHO addition to Q to form the C(O®H,CHO peroxy
function of temperature and pressure. This kinetic analysis is radical. There is a small barrier to reaction, 2.97 kcal/mol, and
for the chemical activation and the dissociation reaction systems.the well depth is 27.5 kcal/mol. Theld;CHO structure is planar
The master equation analy$isises an exponential-down model  with the O, group perpendicular to the plane and the forming
for the energy transfer function withAE)°gown = 1000 cal/ 0O,—C; bond is calculated as 1.91 A.
mol*849for N, as the third body and a 500 cal energy gain is T:E(HO;) shows the B3LYP/6-31G(d) geometry of the TS
used. structure for direct H@elimination from the peroxy adduct:
The QRRK/master equation analysis is described by Chang C(OO)H,CHO to CHCO + HO,. The G—0Og bond shortens
et al**The QRRK code utilizes a reduced set of three vibration from 1.32 to 1.26 A, whereas the;©C; and H—C, cleaving
frequencies that accurately reproduce the molecules’ heatbonds lengthen to 2.31 and 1.31 A, respectively. Ehis 48.13
capacities; the code includes contribution from one external kcal/mol.
rotation in the calculation of the ratio of the density of states to  The H-shift isomerization C(OgH,CHO — C(OOH)H,C*O
the partition coefficienp(E)/Q. is T{HS. The H atom is in a bridge structure shifting fromy C
Comparisons of ratios of thesgE)/Q with direct count to the radical site @ The leaving H—C, bond is 1.29 A, and
p(E)/Q values have been shown to result in good agreeffent. the forming H—Os bond is 1.36 A. The imaginary frequency
Rate constant results from the QRRKlaster equation analysis  is 3104 cmt at HF/6-31G(¢), and theE, is 20.25 kcal/mol.
are shown to accurately reproduce (model) experimental dataThe C(OOH)HCO isomer is only slightly, 1.4 kcal/mol, higher
on several complex systerhid51They also provide a reasonable in energy than the peroxy isomer.
method to estimate rate constants for numerical integration codes The TS structure for H@elimination from the hydroperoxide
by which the effects of temperature and pressure can beacetyl radical adduct is;E(HO,): C(OOH)H,C*O — CH,CO
incorporated in these chemical activation systems. + HO,. The cleaving @-C; bond is 1.86 A, and the £C,

4.1. Geometries of Parent Hydroperoxide Aldehyde, Two
IIntermediate Radicals, and Transition States.Tables IS [a]
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87.28

45.13

88.65

Figure 1. Bond dissociation energy (kcal/mol) of C(OOHEHO.

TABLE 3: Comparison of Bond Energies (Kilocalories per
Mole) between C(OOH)H,C(=O)H, C,HsO0H, and
CH3C(=0)OO0H

C(OOH)HCHO? CHsOOH? CHyC(=0)OOH:

ROO- -H 87.28 85.27 098.33
RO- -OH 45.13 45.12 50.95
R- -OOH 63.21 71.35 85.22
C(OOH)H,C(=0)- -H 88.65

H- -CHCH,O0H 103.21

H- -CH,C(=0)OOH 103.95
CH4sCH0- -H 104.7+ 0.8

CHsC(=0)0- -H 112.32

aIn this study.’ Reference 30%Reference 58! Reference 59.
€ AH¢°295 of CH3C(=0)OH = —103.56 (average of refs 53, 55, and
57), CHC(=0)O = —43.34 (CBSQ with isodesmic reaction,
CH3C(=O)O' + CHsOH <« CH30(=O)OH + CszO').

bond shortens from 1.54 to 1.35 A. The @30 is planar with
the HG, group perpendicular to the plane.

The TS structure fof scission of C(OOH)KC*O to products,
CO + C*H,OO0H, is T,E(CH,0OO0H). The cleaving €-C, bond
is 2.32 A, and the transition state-60s is moving to a double
bond at 1.36 A. Thé&, is 10.32 kcal/mol. The TS structure for
C(OOH)H,C*O decomposition to products, COCH,0 + OH,
is T.D(CO + CH,O + OH). The leaving @—C3 and G—04
bonds are 1.69 and 1.81 A, respectively. Hads 16.80 kcal/
mol.

The TS structure for hydrogen abstraction from thé HO
group of CH,CHO by G to form ketene plus H&(bimolecular
reaction), CH,CHO + O, — CH,CO + HO,, is TCH,CO—
HO,. The H; atom is in a bridge structure shifting from @
O;. The transition state ££C, bond is 1.42 A, and the leaving
Hs—C, and the forming B—0; bonds are 1.35 and 1.28 A,
respectively. The imaginary frequency is 3425 ¢mt HF/6-
31G(d), and theE, is 29.03 kcal/mol.

TCCO—H is the transition state for GJ&°O reaction to Ch+
CO+ H. The G—C4 bond is 1.34 A, and the cleavingi€Hs

Lee and Bozzelli

bond is 1.70 A. The CKCO is planar with the hydrogen
perpendicular to the plane.

The TS structure fof scission of CH,CHO to CHCO + H
is TCCHO—H. The cleaving G—Hs bond is 1.64 A. The CH
CO is planar with the hydrogen perpendicular to the plane. The
E, is 40.49 kcal/mol.

The H-shift isomerization in the formyl methyl radicalitG-
CHO — CHsCO, is identified as TE&HOS in Supporting
Information Table IS [m]. The klatom is in a bridge structure
shifting from G to the radical site on € The imaginary
frequency is 2401 cmt at HF/6-31G(¢), and theE, is 39.51
kcal/mol.

Table IS [n] shows the TS structure for unimolecular
decomposition of the acetyl radical, @&tO — CHz + CO,
TCH3;—CO. The leaving €&-C, and the forming CO bond
lengths are 2.11 and 1.16 A, respectively. H@andAH:®xn 208
are 16.64 and 10.73 kcal/mol, respectively.

4.2. Enthalpy of Formation (AH:°29g) Using Calculated
Total Energies and Isodesmic ReactionsThe total energies
at 0 K including scaled ZPVEs, thermal corrections to 298.15
K, and total energies at 298 K are listed in Table Il

S for the CBSQ calculations. Frequencies are scaled by
0.91844 for HF/6-31G(gkdetermined frequencies as recom-
mended by Ochterski et &t.

The evaluated enthalpies of formation for the reference
molecules and radicals in the isodesmic reactions are listed in
Table 1. The evaluated reaction enthalpies and enthalpies of
formation in the isodesmic reactions are listed in Table 2.

The working reactions IR2IR3 and IR4-IR6 are used to
estimate enthalpies of GB*O and CH,CHO radical species
with the CBSQ composite method.

The average values &H;°,93 from three isodesmic reactions
for CHs;C*O and CH,CHO are—3.08 and 3.52 kcal/mol by
CBSQ, respectively.

A low or zero AH®xn 208 in working reactions where the
central atom environments are similar on both sides suggests
good cancellation of errors due to similarity in the reaction
environment. This should lead to accuratd;°,qs values. This
also supports the hypothesis of group additivity. As an example,
AH;°20d C(OOH)H,CHO] is evaluated from

AH® 1 205~ AH; %208 [CH,CHO] + AH;® 594 [C,H;OOH] —
AHfazgs [C(OOH)H20HO] - AHfozgs [C2H6]

AH i 20s= —2.99 (CBSQ) and-3.16 (B3LYP)

The enthalpies of formation for C(OOH)BHO are—56.19
and—56.02 kcal/mol by CBSQ and B3LYP/6-31G(d), respec-
tively. The enthalpy of formation for the parent hydroperoxide
is important because it allows the evaluation of relative stabilities
in the peroxy radicals.

The bond energies of C(OOH)AHO (Figure 1), GHsOOH,
and CHC(=O0)OO0H are compared in Table 3. The ®OH

TABLE 4: Activation Energies and Enthalpies of Transition States in CBSQ Calculation (kcal/mol)

reactant transition state (TS) product a E AH¢%2950f TS (kcal/mol)
C(OO)H,CHO THS C(OOH)HCO 20.25 —0.76
C(OO)HCHO T.E(HO)2P 48.31 27.30
C(OOH)HCO T,E(HO,)? 23.53 3.89
C(OOH)HLCO T,E(CH,O0Hy® 10.32 —9.32
C(OOH)HCO T.D(CO + CH;0 + OH)2P 16.80 —2.84
CH,CHO + O, TCH,CO—HO; CH,CO + HO, 28.84 32.36

aThe activation energy and enthalpy for this transition state are estimated by taking the difference of total energy with ZPVE and thermal

correction between the transition state and reactant (peroxy/hydroperoxide isb@B8-Q//B3LYP/6-31G(d) calculation.
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TABLE 5: Ideal Gas Phase Thermodynamic Properties Obtained by CBSQ Calculation and by THERM

species (s, e, O1) AH¢® 206 S o0 Cpsold  Cpaoo  Cpsoo  Cpeoo  Cpsoo  Cpiooo  Cpasoo
CH;CHO TVR® 57.97 11.58 14.29 16.88 19.20 22.98 25.80 30.10
(3,0,1) internal rotor 1. 5.16 1.44 1.30 1.23 1.17 1.10 1.07 1.03
total —39.72 63.13 13.02 15.59 18.11 20.37  24.08 26.87 31.13
THERM —39.18 63.13 13.22 15.71 18.22 20.47  24.22 26.97
CH;CO TVR 58.82 11.12 13.24 15.24 17.01 19.90 22.07 25.39
(3,1/2,1) internal rotor 1 5.45 1.16 1.10 1.06 1.04 1.02 1.01 1.00
total —3.08 64.27 12.28 14.34  16.30 18.05 20.92 23.08 26.39
THERM —2.54 64.27 12.28 14.34  16.30 18.05 20.92 23.08
C'H,CHO TVR 61.99 13.10 15.79 18.04 19.86  22.63 24.62 27.66
(1,1/2,1) total 3.52 61.99 13.10 15.79 18.04 19.86  22.63 24.62 27.66
THERM 4.06 61.99 13.10 15.79 18.04 19.86  22.63 24.62
C(OOH)HCHO TVR 69.25 15.10 18.82 22.20 25.05 29.44 32.58 37.30
(1,0,2) internal rotor 1, 2, 3 13.56 3.99 5.82 5.92 5.93 5.84 5.68 5.20
total —56.19 82.81 19.09 24.64 28.12 3098 35.28 38.26 42.50
THERM —55.77 82.81 19.09 24.64  28.12 30.98 35.28 38.26 42.50
C(OO)H.CHO TVR 68.78 14.86 18.37  21.49 24.10 28.05 30.81 34.77
(1,1/2,1) internal rotor 1, 2 11.20 2.27 4.13 3.98 3.84 3.68 3.62 3.48
total —21.01 79.98 17.13 2250 25.47 27.94 31.73 34.43 38.25
THERM —20.17 79.98 17.13 22.50 25.47 27.94 31.73 34.43 38.25
C(OOH)HCO TVR 70.40 14.64 17.81 20.58 22.89 26.39 28.88 32.62
(1,1/2,2) internal rotor 1, 2, 3 11.38 5.90 6.35 6.49 6.45 6.09 5.59 459
total —19.64 81.78 20.54 24.16  27.07 29.34  32.48 34.47 37.21
THERM —18.73 81.78 20.54 24.16 27.07 29.34 32.48 34.47
C*H,OOH TVR 61.46 11.15 13.22 15.05 16.57 18.93 20.68 23.52
(1,1/2,2) internal rotor 1, 2 4.77 3.61 4.05 4.33 4.48 4.45 4.19 3.44
total 66.23 14.76 17.27 19.38 21.05 23.38 24.87 26.96
THERM 15.20 65.41 15.60 18.12 20.15 21.79 24.14 25.65 27.65
CH,OrCO TVR 66.26 13.36 15.79 17.84 19.53 22.10 23.91 26.53
(1,1,1) internal rotor 1 5.91 2.19 1.95 1.74 1.58 1.37 1.25 1.12
total 11.01 72.17 15.55 17.74 19.58 21.11 23.47 25.16 27.65
HC=C=0 TVR 59.79 12.48 13.44  14.23 14.90 15.98 16.79 18.06
(1,1/2,1) total 41.98 59.79 12.48 13.44 14.23 14.90 15.98 16.79 18.06
THS TVR 70.09 17.85 21.71 2496 2758 31.41 33.98 37.51
(1,1/2,2) total —0.76 70.09 17.85 21.71 2496 2758 31.41 33.98 37.51
T:E(HO,) TVR 81.23 22.66 25.70 28.18 30.17 33.12 35.15 38.05
(1,1/2,2) total 27.30 81.23 22.66 25,70 28.18 30.17 33.12 35.15 38.05
T.E(HO,) TVR 70.81 16.98 19.98 22.41 2437  27.35 29.52 32.89
(1,1/2,2) internal rotor 1, 2 5.34 3.60 4.06 4.33 4.46 4.37 4.07 3.33
total 3.89 76.15 20.58 24.04 26.74 2883 31.72 33.59 36.22
T,E(CH,O0H) TVR 85.82 20.33 22.39 24.17 25.69 28.12 30.01 33.10
(1,1/2,2) internal rotor 1, 2, 3 11.38 5.90 6.35 6.49 6.45 6.09 5.59 459
total -9.32 97.20 26.23 28.74 30.66 3214 34.21 35.60 37.69
T.D(CO+ CH,O+0OH) TVR 77.30 19.77 2225 2444 26.29 29.20 31.36 34.77
(1,1/2,1) internal rotor 1 2.16 1.98 2.13 2.23 2.29 2.28 2.14 1.75
total —2.84 79.46 21.75 2438  26.67 28.58 31.48 33.50 36.52
TC'H,CHO—-0, TVR 70.53 15.82 19.16  21.97 2422  27.55 29.88 33.29
(1,1/2,1) internal rotor 1, 2 11.20 2.27 4.13 3.98 3.84 3.68 3.62 3.48
total 6.49 81.73 18.09 2329 2595 28.06 31.23 33.50 36.77
TC'CHOS TVR 61.32 12.12 14.47 16.59 18.40 21.21 23.21 26.11
(1,1/2,1) total 43.03 61.32 12.12 14.47 16.59 1840 21.21 23.21 26.11
TC'CHO—H TVR 64.09 15.29 17.59 19.33 20.71 22.79 24.31 26.64
(1,1/2,1) total 44.01 64.09 15.29 17.59 19.33 20.71  22.79 24.31 26.64
TCC.O—H TVR 63.25 14.69 17.05 18.88 20.34 22.53 24.12 26.54
(1,1/2,1) total 40.09 63.25 14.69 17.05 18.88 20.34 22.53 24.12 26.54
TCH;—CO TVR 60.70 12.22 13.92 15.42 16.75 18.99 20.78 23.69
(3,1/2,1) internal rotor 1 5.45 1.16 1.10 1.06 1.04 1.02 1.01 1.00
total 13.56 66.15 13.38 15.02 16.48 17.79  20.01 21.79 24.69
TC'H,CHO—-HO;, TVR 71.57 17.14 20.32 2296 2510 28.28 30.46 33.62
(1,1/2,1) internal rotor 1, 2 6.31 4.15 4.41 4.44 4.34 3.96 3.57 2.91
total 32.36 77.88 21.29 2473 2740 29.44 32.24 34.03 36.53

aThermodynamic properties are referred to a standard state of an ideal gas of pure enantiometer at 1 atm. Therm values for stable species are
included for comparison (refs 60 and 61)8ymmetry number, optical isomer and electronic spin are taken into aceeRlft(s), RIn2, and RIn2,
respectively. s= number of symmetry, e= electronic spin, Ok= number of optical isomef.Units in kcal/mol.? Units in cal/motK. ¢ Sum of
contributions from translations, vibrations, and external rotatib@sntribution from internal rotation.
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keal/mol
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Figure 2. Potential energy diagram*@,CHO + O,.

bond energy in C(OOH)$CHO is 8 kcal/mol lower than that
of C,HsOOH, because the radical site is resonantly stabilized.
The RO-OH and ROG-H bonds in C(OOH)HCHO are 45.1
and 87.3 kcal/mol, similar to those in@sO0H, 45.1 and 85.3
kcal/mol, respectively. However, the-€©, O—0, and G-H
bond energies in C}C(=0)O0OH are 22, 6, and 11 kcal/mol
higher than those in C(OOHYEHO, respectively, because of
coupling with the GO carbonyl bond.

The enthalpies of formation of the two intermediate radicals,
C(OOH)H,C*O and C(O®QH,CHO, by CBSQ and B3LYP/6-
31G(d) are obtained from the use of isodesmic reactions-IR8

Lee and Bozzelli

TABLE 6: Comparison of C*H,CHO, CH3C*(=0), and C,Hs
(Kilocalories per Mole) with O,

CH,CHO+ O, CHiC.(=0)+ 0, CoHs+0;
well depth 27.5 35.5 35.3
H shift? 20.25 26.42 36.36
HO; eliminatiort 48.31 34.58 30.48

aH shift and HQ elimination for the C(OQH,CHO, CHC(=0)00,
and GHsOO.

TABLE 7: Input Parameters@and High-Pressure-Limit Rate
Constants k.)° for QRRK Calculations®

Input Parameters for QRRK Calculations with
Master Equation Analysis for Falloff

high-pressure-limit
rate constants

Koo
Ea
reaction A n (kcal/mol)

1 CH,CHO + O, = C(OO)HCHO? 3.74E+07 1.55 3.12
—1 C(O0)H,CHO= C*H,CHO + O 2.54E+11 0.80 27.81

2 C(O0)H,CHO = C(OOH)H,C*0¢ 1.04E+04 2.22 17.67

3 C(OO)H,CHO= CH,CO + HO¢ 4.35E+08 1.76  48.24

4 C(OOH)HC'O= CO+ CH,O + OH? 8.47E+10 2.04 10.10

5 C(OOH)HC'O= CH,CO + HO 1.47E+10 0.65  23.82

aGeometric mean frequency [from CPFIT, ref 41: 740.87&tm

(7.239); 725.6 cm® (4.899); 2180.4 cmt (4.862). Lennard-Jones
parameterso; = 5.19 A, e/ = 533.08 K, ref 62]° Units of A factors

IR11 and values of reference species in Table 1. The data resulnd rate constantsare s* for unimolecular reactions and éffmol-s)

in enthalpy values 0f-19.64 and—20.33 for C(OOH)HCO
and —21.01 and—21.26 for C(O®)H,CHO by CBSQ and
B3LYP/6-31G(d), respectively. The simil&H;°,9g values for

for bimolecular reactions. AE down of 1000 cal/mol is used, Nor
bath gas. Unitsk;, cm?/(mol-s); k-1 — ks: s7%. 9 A is calculated using
TST and entropy of transition stat&S'os from HF/6-31G(d) (see
Table VIS);Eais from CBSQ calculation (see Table 5 and description

these two radicals imply nearly identical bond energies at the for determination oE, in Scheme 4). All parameters n, andE,, are
respective radical sites (within 1.4 kcal/mol and a thermoneutral fit over the temperature range of 298000 K.

reaction for the H shift).

The activation energies and enthalpies of transition states atdissociation back to reactants, decompose to productgCOH

CBS-Q level are summarized in Table 4E5(values are
discussed in section 4.4.) A, values are at the CBS-Q level
except the transition states:1H{HO;), ToE(CH,OOH), and
T,D(CO + CH,O + OH), which are determined from CBS-
Q//IB3LYP/6-31G(d) calculations because all attempts at MP2
optimization failed.

4.3. Entropy (S°20¢) and Heat Capacity [Cy(T), 300=< T/K
< 1500]. S’298 and Cy(T) values are calculated on the basis of
vibration frequencies and moments of inertia from the optimized
HF/6-31G(d) structures (Tables IIIS and IVS).

The calculation results using MP2/6-31GQ¢determined
geometries and HF/6-31Gjedetermined frequencies are sum-

+ HO; via concerted HQ elimination with a barrier &,
48.31), or isomerize via hydrogen shil (= 20.25) to form a
C(OOH)H,CO isomer AH;°293 = —19.64).

The C(OOH)HC'O isomer can undergg scission to
products, CHCO + HO, (E5 = 23.53), decompose to C®
C*H,0OO0H (CH20O0H rapidly dissociates to G&@ + OH with
little or no barrier) Ex = 10.32) via LE(CH,O0H), decompose
directly to CO+ CH,O + OH (E, = 16.80) via ED(CO +
CH,0 + OH), decompose to a diradical, @&C*O + OH via
simple RG-OH bond cleavageH, = 40.14), or isomerize via
hydrogen shift E; = 18.88) to form a C(OQH,CHO isomer.

4.5. Comparison of CH,CHO + O, CH3C*O + O,, and

marized in Table 5. TVR represents the sum of the contributions C2Hs + Oa. The CH,CHO + O, CHC'O + Oz, and GHs

from translation, vibrations, and external rotations$tiys and
Cp(T) values. Symmetry, number of optical isomers, and
electronic spin are incorporated in estimation $heg as
described in Table 5. Torsion frequency vibrations are omitted
in these calculations; instead, contributions from internal rotation
for S’»9s and Cy(T) values are calculated on the basis of
rotational barrier heights and moments of inertia of the rotors
using the method of Pitzer and Gwifth;data on these
parameters are listed in Table VS with internal rotor contribu-
tions noted in Table 5.

4.4. Energy Diagram for CH,CHO + O, Reaction
System.The energy diagram for the*8,CHO + O, reaction
system is illustrated in Figure 2, where enthalpies of formation
are from CBSQ calculations in units of kilocalories per mole.
The formyl methyl radical @1,CHO (AH;°298 = 3.52 kcal/mol)
adds to Q (Ex = 2.97) to form a C(OQH,CHO peroxy radical
with a 27.5 kcal/mol well depth. This peroxy radical can undergo

+ 0,% reaction systems have significant differences. The
C'H,CHO + O, reaction system of this study has a lower well
depth of 27.5 kcal/mol compared to @EtO + O, and GHs

+ Oy, which have well depths of 35.5 and 35.3 kcal/mol,
respectively.

The H-shift barriers in the C(OgH,CHO and CHC(=0)-

OO peroxy radicals are both lower than those of concerted HO
elimination, whereas in £s00 direct HG elimination has a
lower barrier than the H shift.

The well depth and barriers of H shift and H@&limination
in the CH,CHO, CH,C*O, and GHs® with O, reaction systems
are compared in Table 6.

4.6. Analysis of the CH,CHO + O, Chemical Activation
Reaction. QRRK calculations fork(E) and master equation
analysis for falloff are performed on this*l;CHO + O,
reaction system to estimate rate constants and to determine
important reaction paths as a function of temperature and
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TABLE 8: Resulting Rate Constants in QRRK Calculationst
Calculated Reaction Parameter®at 0.01 atmk = A(T/K)" exp(—E4/RT) (298 < T/K=< 2000)

reaction A n E. (kcal/mol) Kaos
1 CH,CHO + O, = C(OO)H.CHO 1.58E+77 —21.90 19.35 6.68{E08
6 CH,CHO + O, — CH,CO + HO; 1.88E+05 2.37 23.73 5.43E07
7 CH,CHO+ O,—= CO+ CH,O + OH 2.68E+17 —-1.84 6.53 1.21E08
8 CH,CHO + O, — C(OOH)H,C*O 3.64E+65 —21.87 19.02 3.16E03
2 C(OO)H,CHO= C(OCH)H,CO 8.27E+30 —6.65 24.50 3.13E04
3 C(O0)H,CHO = CH,CO + HO;, 2.05E+40 —-13.31 52.15 1.35E31
4 C(OOH)HC'O= CO+ CH,O + OH 2.36E+17 —2.95 8.10 1.37E04
5 C(OOH)HC*O = CH,CO + HO; 1.12E+07 —3.76 21.68 6.99E19
Calculated Reaction Parameter®at 0.1 atm,k = A(T/K)" exp(E4/RT) (298 < T/K=< 2000)
reaction A n E: (kcal/mol) kaos
1 CH,CHO + O, = C(OO)H,CHO 3.88E+-69 —18.84 19.24 7.33iE08
6 CH,CHO + O, = CH,CO + HO;, 1.88E+05 2.37 23.73 5.43E07
7 CH,CHO + O,— CO+ CH,O + OH 1.52E+20 —2.58 8.98 1.62E07
8 CH,CHO + O, = C(OOH)H,C'O 3.64E+58 —19.00 19.09 3.53E03
2 C(OO)H,CHO= C(OCOH)H,CO 1.73E+26 —4.99 23.76 2.92E04
3 C(O0O)H,CHO= CH,CO+ HO; 5.72E+45 —14.00 52.20 6.80E28
4 C(OOH)HC*O= CO + CH,O + OH 2.38E+18 —2.95 8.10 1.37E05
5 C(OOH)HC'O = CH,CO + HO; 1.10E+08 —3.76 21.68 6.92E18
Calculated Reaction Parameter®at 1 atm,k = A(T/K)" exp(—E4/RT) (298 < T/K < 2000)
reaction A n E: (kcal/mol) Kags
1 CH,CHO + O, — C(OO)H,CHO 7.80E-59 —15.40 17.65 7.04#£08
6 CH,CHO + O, = CH,CO + HO; 2.51E+05 2.33 23.80 5.15E07
7 CH,CHO+ O,— CO+ CH,O + OH 1.65E+19 —2.22 10.34 1.37#£06
8 CH,CHO + O, = C(OOH)H,CO 6.65E+48 —15.55 17.46 3.51E03
2 C(OO)H,CHO= C(OCH)H,CO 9.03E+19 —2.92 22.17 2.97E04
3 C(OO)H,CHO= CH,CO + HO; 4.16E+55 —15.76 55.08 1.68E24
4 C(OOH)HC*O— CO + CH,O + OH 2.51E+19 —2.95 8.11 1.42E06
5 C(OOH)HC'O = CH,CO + HO; 9.20E+08 —3.73 21.63 7.43E17
Calculated Reaction Parameter®at 10 atm .k = A(T/K)" exp(—E4/RT) (298 < T/K< 2000)
reaction A n E. (kcal/mol) koos
1 CH,CHO + O, = C(OO)H,CHO 3.05E-50 —12.20 15.63 6.861E08
6 CH,CHO + O, = CH,CO + HO; 7.05E+07 1.63 25.29 2.16E07
7 CH,CHO+ O,= CO+ CH,O + OH 8.95E+13 —0.60 10.12 1.11#05
8 CH,CHO + O, = C(OOH)H,C'O 4.80E+38 —12.14 14.96 4.72E03
2 C(OO)H,CHO= C(OCH)H,CO 1.43E+16 —1.67 21.21 2.94E04
3 C(OO0)H,CHO = CH,CO + HO; 1.12E+61 —16.04 60.01 2.23E23
4 C(OOH)HC'O= CO+ CH,O + OH 4.16E+20 —3.02 8.24 1.27807
5 C(OOH)HC*O = CH,CO + HO; 2.09E+09 —3.55 21.22 9.46E16

aUnits of A factors and rate constarksare s for unimolecular reactions and éftmol-s) for bimolecular reactions.

pressure. Table 7 presents high-pressure-limit kinetic parametersA transition state for direct abstraction of a hydrogen from the
used as input data, and Table 8 presents results versus-CHO group of CH,CHO by O to form ketenet+ HO; is
temperature and pressure. identified with a barrier of~29 kcal/mol at the CBSQ level.
Rate constants at 1 atm pressure versus T0A@ illustrated (This TS is calculated as a doublet.) This barrier seems to be
in Figure 3. Stabilization [C(OQH,CHO] is important below high for a reaction that is this exothermic, so further calculations
500 K, with reverse dissociation and C®& CH,O + OH were performed. The species structures and the barrier are
products important above 1000 K. The ketenddiO, product further calculated using the recently published KMLYP density
set via direct HQ elimination is also important above 1500 K.  functional metho®f with the /6-311G(d,p) basis set. The barrier
Plots of calculated rate constants foHgCHO + O, at 298 is calculated relative to the reactants and relative to the HO
K versus pressure are illustrated in Figure 4. Stabilization is elimination transition state pE(HO,)]. Comparison of the two
the dominant path above 0.1 atm, whereas stabilization, reversecalculation results for the three methods (B3LYP, KMLYP, and
dissociation, and CO- CH,O + OH products are important  CBSQ) is given in Scheme 5. The barrier of 28.8 kcal/mol at
below 0.01 atm. CBSQ is similar in both comparisons. This value is 4.3 kcal/
Rate constants at 1000 K versus pressure are illustrated inmol lower than the value from KMLYP and 4.1 kcal/mol higher
Figure 5. Reverse dissociation and @GCH,O + OH products  that from B3LYP. Kang et &3 reported comparisons between
are most important at both high and low pressures. Stabilization the B3LYP barriers and experiment showing that B3LYP is less

decreases as pressure is decreased. accurate than KMLYP in estimating barriers and that it has a
4.7. Abstraction of a Hydrogen from the —CHO Group tendency to underestimate barriers as reported in several
of C*H2CHO by Oo. studies?4-66 The value at CBSQ level is chos&t?438
. 3 . The barrier is determined to be high in all of the calculation
CH,CHO + "0, — CH,CO + HO, (AH;° 1 206= methods. The high barrier is interpreted as being due to the

—12.79 kcal/mol in CBSQ) (2)  noninitiation of the new &C IT bond in the TS structure, where
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Figure 3. C'H,CHO + O, — productsk versus 1000V at 1 atm.

Figure 4. C*H,CHO + O, — productsk versus pressure at 298 K.
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Figure 5. C*H,CHO + O, — productsk versus pressure at 1000 K.

SCHEME 5: Comparison of Activation Energiest

Units (kcal/mol) (a) Ea (b) Ea
CBSQ 28.84 28.61
KMLYP/6-311G(d,p) 33.10 25.55
B3LYP/6-31G(d) 24.67 15.76

aE, values are calculated from (a)*Mz;CHO + 30, — TS
(bimolecular reaction) and (b) relative to,H{HO,) (unimolecular
reaction).

This direct abstraction channel to form ketehddO is not
competitive with the chemical activation*t;CHO by G
(association) rate constant to the same product set below 1500
Kat 1 atm.

4.8. Unimolecular Dissociation of Formyl Methyl Peroxy
and Acetyl Hydroperoxide Radicals. Stabilization of the
adducts is observed to be important at lower temperature and
moderate pressure conditions. Important dissociation products
of the adducts and the rate constants are, therefore, of value.

(1) C(OO)HCHO Dissociation ReactionPlots of rate
constants for C(OQH,CHO dissociation at 1 atm pressure
versus 10007 and of rate constants at 298 and 1000 K versus
pressure are illustrated in the Supporting Information (Figures
1S, 2S, and 3S, respectivelyyHGCHO + O, and CO+ CH,O
+ OH products via H shift are important above 500 K at both
high and low pressures. C& CH,O + OH products via H
shift is the dominant path below 500 K, at which the keteéne
HO, products increase as temperature is increased at 1 atm
pressure.

(2) C(OOH)H.C O Dissociation ReactiorRate constants for

some rearrangement is required to form the ketene structure,C(OOH)H,C*O dissociation at 1 atm pressure versus 1000/
for this direct hydrogen abstraction by, @om the —CH(=0).
The forming CG=C bond is 1.42 A in the transition state structure illustrated in the Supporting Information (Figures 4S, 5S, and
and is 1.47 A in the stable*B,CHO radical.

and rate constants at 298 and 1000 K versus pressure are

6S, respectively). The C& CH,O + OH product set is most
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TC.CHO-H
TC.CHOS 44.01 Ea=40.49 (CBSQ &
43.03 Ea=39.51 CBSQ 166 0. G3MP2/B3LYP)

43.67 Ea=40.15 B3LYP 44'09"Fa=43.17 cBsQ 46.29 Ea=42.77 B3LYP
o 41.29 Ea=44.37 B3LYP
NG

\ cH.co+n

39.51 CBSQ
43.18 B3LYP

TCH;-CO
13.58 Ea=16.64 CBSQ
14.19 Ea=17.27 B3LYP

C.H,CHO
3.52 CBSQ

CH3 +CO

7.65 CBSQ
12.91 B3LYP

\ cricof

-3.08 CBSQ

Figure 6. Potential energy (kcal/mol) diagram of acetyl and formyl

methyl radical unimolecular isomerization/dissociations.
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43.17), or isomerize via H shiftE, = 46.11) to form the
C*H,CHO isomer. The barrier of G4€°O decomposition to Ck

+ CO is 26.5 kcal/mol lower than the barrier fBrscission to

products, CHCO + H; thus, the CH + CO product set is the
dominant path for CkC*O dissociation.

4.10. Detailed Mechanism of Formyl Methyl Radical
Oxidation Reactions. A small detailed mechanism including
the reactions evaluated in this study is assembled and given in
Table 9. The mechanism consists of 72 reactions and 31 species
with each elementary reaction evaluated and referenced. The
Chemkin Il integrator cod® is used to model typical low-
pressure flow reactor conditioHsin this study on the formyl
methyl radicalH O, reaction system. The acetyl radicalO,
reaction system was previously modeled under similar condi-
tions38 Abstraction reactions by O, H, OH, HQO,, and CH
radicals are taken from evaluated literature whenever possible.

important at both high and low temperatures and decrease ad® procedure from Dean and Bozzélliis used to estimate

temperature is decreased. Isomerization to C{E4HO shows

falloff above 600 K. At 298 and 1000 K, the C® CH,O +

OH product set is the dominant path at both high and low

pressures.

4.9. Formyl Methyl Radical Unimolecular Dissociation.

The energy diagram for formyl methyl radical unimolecular
dissociation is illustrated in Figure 6. The formyl methyl radical,

C°*H,CHO, can underg@ scission to products, GI&O + H

(Ea= 40.49), or isomerize via H shife = 39.51) to form the
slightly lower energy ChBIC*O isomer. The barriers of these two

channels are similar.
This CH;C*O isomer can decompose to gH CO (E; =
16.64), undergg3 scission to products, GIEO + H (E; =

TABLE 9: Detailed Mechanism

abstraction rate constants by H, HGCHs, and CHC(=0)-
OO radicals when no literature data are available.

The reactions of CRECHO + OH — CHsC'O and —
C'H,CHO + H,0 are analyzed to model these typical low-
pressure flow reactor conditions:—0.01 s, 300 K, and 3 Torr.
The reaction with no @added (mole fraction: C}¥CHO =
1.2 x 1074, OH = 3.6 x 107%) shows 99% CKCO, acetyl
radical, and 1% @&,CHO, formyl methyl radical, at 0.01 s via
OH abstraction paths. This is in agreement with the data of
Michael et alt> and Slagle et al®

Data on concentration versus time for reaction conditions
similar to those above [reaction time<Q.0 s), plus 3 Torr of
0O (mole fraction= 9.1 x 1074)] are illustrated in Figure 7.

reaction A n E ref reaction A n B ref
CH3CHO = CHz + HCO 6.99E+-44 —9.82 88320 a Chl+ O, = CH300 1.99E-31 —6.72 4212 f
CH3CHO =CH;CO+H 7.50E+44 —11.49 92652 a CyDO = CH,O + OH 1.99E+20 —7.76 47315 a
CH3;CHO + O, = CH3C*O + HO, 3.01E+13 0.0 39143 b Chl+ CH,O =HCO+ CHq4 5.54E+03 2.81 5862 ¢
HCO =H+CO 7.946+17 —3.51 16326 a Ckl+HO, = CH3;O+ OH 1.81E+13 0.0 0 b
CH3zCHO + OH = C*H,CHO + H,0 4.31E+11 0.0 1000 c CkD =CH,O+H 6.13E+28 —5.65 31351 f
CH;CHO+H = C*H,CHO + H; 2.4E+8 15 2103 d CHO+ HO; =CH,O+ H,0, 3.01E+11 0.0 0g
CH3CHO+ O = C*H,CHO + OH 5.85E+12 0.0 1808 b CpD+ 0O =OH+ HCO 1.81E13 0.0 3080 g
CH3CHO + HO, = C'H,CHO + H,0, 1.4E+4 2.69 14068 d ChO+H =H,;+ HCO 2.29EF10 1.05 3279 b
CH3CHO + CH3 = C'H,CHO + CH,4 8.1E+5 1.87 5251 d CpD+OH =H,0+ HCO 3.44E-09 1.18 —447 b
C*H,CHO + Oy = C(OO)HCHO 8.22E+90 —27.02 21062 a HCG&- O, =CO+ HO, 6.25E+15 —1.15 2018 f
C'H,CHO + O, = CH,CO+ HO;, 1.88E+05 2.37 23728 a HCO O, =CO,+ OH 5.45E+14 —1.15 2018 f
C*H,CHO + O, = C(OOH)H,C*(=0) 6.62E-73 —26.06 20125 a (e{caNe] =CO, 6.17E+14 0.0 3001 ¢
C*H,CHO+ O, = CH,CO + HO, 1.15E-03 221 3493 a C& OH =CO;+H 6.32E+06 1.5 —497 ¢
C'H,CHO + O, =CO+ CH;O+ OH 1.18E+15 —-1.16 5109 a COF HO, =CO,+ OH 1.51E+14 0.0 23650 g
C*H,CHO + O, = CH,O*'C*O + OH 3.24E-01 2.43 14700 a Ca O, =CO;+0 2.53E+12 0.0 47693 ¢
C(OO)H,CHO = C'H,CHO + O, 4.45E+74 —21.35 39750 a HO,+M =HO,+M 1.41E+18 —0.8 0 b
C(OO)H,CHO = CH,CO+ HO, 3.26E+49 —19.88 53147 a H- Oz =0OH+O0 1.99E+14 0.0 16802 b
C(OO)H,CHO = CHy(OOH)C(=0) 8.57E+32 —7.48 24373 a OH- OH =0+ H0 1.51E+09 1.14 99 b
C(OOH)H,C*(=0) = CH,CO + HO, 9.55E+02 —4.58 22116 a K+ OH =H,O+H 1.02E+08 1.6 3300 b
C(OOH)H,C*(=0) =CO+ CH,O+ OH 1.39E+18 —3.32 8482 a H-OH+M =H,0+M 2.21E+22 2.0 0 b
C(OOH)H,LC(=0) = CH,O*C'O + OH 8.21E-05 -—5.22 36056 a OF HO, =0OH+ O, 1.75E+13 0.0 —397 h
C(OOH)H,C*(=0) = C(OO)H,CHO 9.60EF04 —3.41 14091 a OH-HO, =H0+0, 1.45E+16 —1.0 0g
CH,O*C*O =CH,0O+ CO 2.02B-10 —-1.08 2552 a H+ HO, =OH+ OH 1.69EF14 0.0 874 ¢
C(OOH)HC(=0)+0, = C(OOH)HC(=0)OO 3.38E+68 —21.47 7828 a HF HO, =Hy+ O, 6.62E+13 0.0 2126 g
C(OOH)H,C*(=0) + O, = CHOCEO)OOH+ OH 2.06E+16 —1.43 1083 a H+ HO, =H)O0+ 0 3.01E-13 0.0 1721 b
C(OOH)HC(=0)OO = C(OOH)HC(=0)+ O, 4.99E+50 —14.75 37753 a HO+M =OH+M 4.71E+18 —1.0 0g
C(OOH)HC(=0)OO = CHOCFO)OOH+ OH 1.61E+41 —9.97 26200 a H»+M =OH-+OH+M 1.21E+17 0.0 45507 b
CHsC*O =CH,CO+H 2.33E-23 1.64 38980 a b0, + OH = H,O + HO, 1.756+12 0.0 318 h
CH3CO =CHz+ CO 4.87E-06 0.33 12525 a O, + O = OH+ HO;, 9.63E+06 2.0 3974 ¢
CH3CO = C'H,CHO 7.10E-25 1.48 39974 a O, +H = OH+ H0 241E+13 0.0 3974 ¢
CH,CHO =CH,CO+H 1.43E+38 —8.75 46719 a kD, + H =HO; + H» 4.82E+13 0.0 7949 ¢
C*H,CHO = CHzCO 5.84E-38 —9.08 46719 a Ch+HO, =HyO,+CH; 9.04E+12 0.0 24641 b
C(OO)H,CHO+NO = C(O)H,CHO+ NO; 1.26E+12 0.0 1133 e 2H® =20H+ O, 1.00E+12 0.0 11500 f
C(O)H.CHO = CH,O + HCO 8.72E+22 —4.9 12378 a H@+ HO, =Hy0,+ O; 1.87E+12 0.0 1540 b
C(O)H.CHO = CHOCHO+H 2.94E+13 —2.2 28503 a H-H+M =H,+M 5.44E+18 —1.3 0 g
CH3z + O = CH,O + OH 2.61E+-08 1.01 12487 f OF Hy =OH+H 5.12E+04 2.67 6285 b

aFrom QRRK calculations (3 Torr, 298000 K).? Reference 68: Reference 69 Estimated in this study: Reference 70.Reference 71.

9 Reference 727 Reference 73.
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Initial Condition (Mole Fraction)
1e-5 CH,CHO = 1.2E-4
H,0, C.H,CHO OH = 3.6E-6
o099 O -91E4
- == CH,C.0 Reaction Not Considered
1e-6 o ‘
S
g T2 A A ':} e C.H,CHO
B C(O0.)H,CHO g8 |
E 1ad _ (,_..)--f P ) cHO, J —@— C(00.)H,CHO
© e *:_q_ i 35 _A— H,0,
2 > = —o— wa 3:20
1e-8 ATV L eV =
T="" "Ho, H, —o— H,0
—o— H,
1e-9 —&— HCO
HCO —&— CO
g B—a—8—8—8—0 v HO,
) ‘ —@— H.
1e-10 T i | —8— 0.
0.4 0.6 0.8 1.0
Time (sec)

Figure 7. Chemkin kinetic calculation: concentration versus time (OH abstraction of the carbonyl H atom is turned off in these model runs in
order to observe the formyl methyl radical formation and its reactions).

Formation of CH3C*O is not included here as we focus on ECHE:\/l'\lAE 6;] Ilzgalcéi_on Igf Oxidation and Dissociation of
C*H,CHO (CH,C'O is discussed in ref 58). C(CYp,CHO, ormyl Methyl Radica

CO, and CHO are the major products; these result from formyl T/% Oxidation Dissociation
methyl radic_al rea_lction with © In the mechanism the dira_lqlical 3 Torr Tatm 3 Torr Laim
CH,0O°C*O dissociates to C¥D + CO. Under these conditions
(3 Torr of O,), we observe that 11% of the OH radical is 600K 9.9 9.0 0.1 1.0
regenerated through the formyl methyl radical withr€action. 650K 99.2 86.7 0.8 133
Reaction analysis at atmospheric pressure is also modele 700K 953 39.8 4.7 60.2
with reaction time (0— 1.0 s) at 300 K (mole fractions: N= 750K T 37 137 913
0.8, =0.2, CHHCHO=1.0x 1074 and OH= 1.0 x 1077).
The product ratio is determined as 34.12% [C&BRCHO/ 800K 3.6 18 464 982
OH]. The concentration of C& CH,O + OH product set is 850K 27.0 0.5 73.0 99.5
~10® times lower to C(OQH,CHO. 900K 12.1 0.1 87.9 99.9
4.11. Comparison of CH,CHO + O, with Unimolecular
. i o . 950K 5.4 0.1 94.6 99.9
Dissociation of CH,CHO. The competition between uni-
molecular dissociation of €,CHO — CH,CO + H versus 1000K 2.6 0.0 974 100.0

association of @4,CHO with O, as a function of reactor at = 1.0 s: mole fraction: CKCHO = 1.2 x 104 OH = 3.6 x
temperature is considered. We utilize the above mechanism forjg-s ang g = 9.1 x 104 ' ' '
this evaluation because the reaction system is complex, and it

involves reactions of chemical activated and stabilized

C(OO)H,CHO. products, CO+ CH,O + OH/CH,CO + H is 42:1. The major
Several reaction condition sets are evaluated, one is the low-products are stabilized C(C®,CHO, CO, CHO, and OH,
pressure flow reactor abolfe(1.0 s reaction time with Cid which result from formyl methyl radical reaction with,OThe

CHO at1.2x 104 OH=3.6 x 105 and @ = 9.1 x 104 C(OO)H,CHO has a barrier to €,CHO + O, of only 27.5
mole fractions). The second condition set is 1 atm pressure; kcal/mol, and it dissociates rapidly at this temperature. It is not
both condition sets are over varied temperature. The fraction a highly stable product.
of formyl methyl that reacts with ©versus unimolecular Products are illustrated in Figure 9 for reaction at 1100 K, 1
dissociation is summarized in Scheme 6, which shows that theatm, and short times to evaluate initial reactor paths. The major
two reaction processes, oxidation and unimolecular dissociation,species are CO, G, OH, CHCO, H, and C(OQH,CHO;
are competitive around 800 K at 3 Torr. The unimolecular these result from both formyl methyl radical reaction with O
dissociation channel accounts f8B80% of the reaction at 900  and CH,CHO unimolecular dissociation to GEO + H. Above
K at 3 Torr. 1200 K, the major products are ketene and H from the
The third condition set considers the competition between unimolecular dissociation. The oxidation and dissociation chan-
oxidation and dissociation at concentrations more relative to nels are competitive at1100 K under these conditions. Ratios
combustion [mole fractions: *€,CHO = 1.0 x 10°° O, = of the product sets are summarized in Scheme 7 at varied
0.15, N = 0.80, and CH (fuel) = 0.05]. Plots of concentration  temperature. These data are in reasonable agreement with the
versus time for 10 ns, at 900 K and 1 atm, are illustrated in relative unimolecular rate constants, where][®as included
Figure 8. The @H,CHO radicals decrease slowly with time, inthe bimolecular rate constant forlbCHO + O, association
from the oxidation with effectively no unimolecular dissociation. at these conditions (Tables VIIS and VIIIS). Similar trends are
At 0.1 s time, the ratio of oxidation to unimolecular dissociation observed for longer times.
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Figure 8. Chemkin kinetic calculation: concentration versus time.
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Figure 9. Chemkin kinetic calculation: concentration versus time.
5. Summary Major reaction paths at 1 atm pressure are stabilization of

Thermochemical properties of stable radicals and transition the peroxy adduct [C(OH,CHO] below 500 K, with reverse

states on the ®,CHO + O, reaction system are calculated dissociation and COt CH,O + OH products via H shift
using density functional and ab initio methods. Enthalpies of 'mportant at>1000 K.

formation (AH°209 are determined using isodesmic reactions A detailed reaction mechanism is constructed that includes
at the CBSQ level. EntropieSTog and heat capacitie€|(T)] pressure dependence for the formyl methyl radical reaction with
include internal rotor contributions. ThelCHO + O, system O,. The mechanism is also used to compare the competition
is found to have a lower well depth of 27.5 kcal/mol compared between formyl methyl radical decomposition and reaction with
to CHsC'O + O, and GHs" + Oy, which have well depths of O, versus temperature.

35.5 and 35.3 kcal/mol, respectively. The H shift and the,HO

elimination barriers are also significantly different from those

of ethyl and acetyl radical with Oreactions. Reaction paths Acknowledgment. We acknowledge the U.S. EPA Northeast
and kinetics are analyzed on thtHgCHO + O, reaction system Regional Research Center and the U.S. EPA Airborne Organics
using QRRK fork(E) and master equation for falloff. Reaction Research Center for funding. We thank to C. Sheng for the
to products is evaluated versus both pressure and temperaturéeSMCPS program.
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SCHEME 7: Fraction of Oxidation and Dissociation of
Formyl Methyl Radical @

T/ % Oxidation Dissociation Ratio
900K 94.8 5.2 0.1
1000K 78.3 21.7 0.3
1100K 50.0 50.0 1.0
1200K 26.2 73.8 2.8
1250K 18.6 81.4 4.4
1300K 13.2 86.8 6.6
1400K 7.0 93.0 13.2
1500K 4.0 96.0 23.8
1600K 2.5 97.5 39.1

(Ratio: Dissociation/Oxidation)

at = 10 ns, pressure= 1 atm, mole fraction: ¢&,CHO = 1.0 x
1075 O, = 0.15, N = 0.80, and CH(fuel) = 0.05.
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