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Thermochemical properties for reactants, intermediates, products, and transition states in the neopentyl radical
+ O, reaction system are analyzed with ab initio and density functional calculations to evaluate reaction
paths and kinetics for neopentyl oxidation. Enthalpies of formatidt:{,9g) are determined using isodesmic
reaction analysis at the CBS-Q composite and density functional levels. The ent®gigs0d heat capacities

Cy(T) (0 = T/K = 1500) from vibrational, translational, and external rotational contributions are calculated
using statistical mechanics based on the vibrational frequencies and structures obtained from the density
functional study. Potential barriers for the internal rotations are calculated at the B3LYP/6-31G(d,p) level,
and hindered rotational contributions$tpes andCy(T)'s are calculated by using direct integration over energy
levels of the internal rotation potentials. The kinetic analysis on reactions of neopentyl migip&formed

using enthalpies at the CBS-Q calculation level. The reaction forms a chemically activated neopentyl peroxy
adduct with an energy of 38.13 kcal malThe energized adduct can be stabilized, dissociate back to reactants,
or isomerize to the hydroperoxy-neopentyl radical. The isomer can dissociate to 3,3-dimethylex&@ahe

to isobutenet CH,O + OH, to methyl+ 2-methyl-2-propenyl-hydroperoxide, isomerize back to the neopentyl
peroxy radical, or further react with OThe AH¢°,9s values for the neopentyl, neopentyl peroxy, and
hydroperoxy-neopentyl radicals are calculated to be 10-%2,.61, and—9.43 kcal mot?, respectively, at

the CBS-Q level. Rate constants to products and stabilized adducts (isomers) of the chemically activated
neopentyl peroxy are calculated as functions of pressure and temperature using quanttuReRisperger

Kassel (QRRK) analysis fok(E) and a master equation analysis for the pressure falloff. An elementary
reaction mechanism is constructed to model the experimental OH formation profile; the concentrations of
initial products 3,3-dimethyloxetane and isobutene are also calculated by the model and compared with the
experimental results. Kinetic parameters for intermediate and product-formation channels of the nelepenty!
O, system are presented versus temperature and pressure.

Introduction range, but the details of the pathway(s) are not treated
consistently, and in some cases the path is not correct. Some
authoré* ascribe this reaction to the abstractidnaoH atom

€y 0., while other§7 treated it by incorporating both direct
molecular elimination and isomerization (hydrogen atom trans-

fer) to a hydroperoxy-alkyl isomer that undergoes further
reaction (-scission) to products.

Two features of the neopentyl radical facilitate a simpler
interpretation of experimental results relative to those of most
alkyl radical oxidation systems: (a) All of the-€H bonds in
the methyl groups are identical, so only one alkyl radical is
controlling processes in the low and intermediate temperatureinVOIVed' (b) The carbor! radical site i.s connected to a qua.r‘[enary
chemistry of hydrocarbon oxidation, especially the chemistry carbon, and. the formatlon of asConjugate alken'dr HO; is
that occurs prior to ignition in internal combustion engines and Structurally impossible by the above routes. This property of
in cool flames. The reactions of the alkyl peroxy radical the neopentyl structure eliminates the COF‘CGVFGQH@'”G‘“OU_
intermediate are, in addition, considered essential to the predic-path from the peroxy adducts; only reactions involving stabiliza-

tion of negative temperature coefficient (NTC) behadibtany tion, dissogi_ation by reverse reaction, isomerization, and isomer
combustion reaction mechanisms consider the overall reactiond€composition are dominant here. _ _
of alkyl radicals with Q to form conjugate alkenes plus HO There are several reported experimental and modeling studies

to be dominant processes over the 500 to 900 K temperatureOn neopentyl radical oxidatidh.!® Hughes et a¥:°® measured
the time dependence of the OH radical from the photolysis of

* To whom correspondence should be addressed. E-mail: Bozzeli@ N€opentyl iodide in a helium bath with varied concentrations
njit.edu. of O, at temperatures from 660 to 750 K. An exact analytical
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Abstraction reactions that form alkyl radicals in atmospheric
and combustion reaction systems are well characterized, relativ
to subsequent association reactions of the radical witlvBich
form a chemically activated peroxy radical that can undergo a
number of isomerization and dissociation reactions before
becoming stabilized. These® R- O, reactions are relatively
complex. They involve the formation of a peroxy radical, which
contains 36-40 kcal mot? of excess internal energy; this can
either be lost via collision processes or used for further reaction
before stabilization occufsThese reactions are important rate-
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solution was postulated, incorporating neopentyl decomposition, the concentration profiles of the reactants, stable intermediates,
reversible peroxy formation, and irreversible hydrogen atom and products. Their experiment and model focused on high-
transfer isomerization based on the assumption of fast subsetemperature experiments (860230 K), and their studies were
guent decomposition via various channels to OH, which given not sensitive to reactions of peroxy radicals because the
the low species concentration present would be lost primarily -scission of the neopentyl radical to isobutene plus the methyl
by diffusion out of the photolysis zone. OH radical concentration radical dominated the kinetic paths at these temperatures.
profiles versus time were obtained by laser-induced fluorescence Curran et al® developed a detailed kinetic model of the
(LIF) and were fit to a biexponential function, which in oxidation of neopentane and compared the experimental results
combination with the proposed analytical solution allowed the at 500 Torr and 753 K by Walker et dB4later they modified
rate coefficients for the isomerization process to be extracted their mechanism in conjunction with new data from high-
and hence Arrhenius parameters to be calculated asfactor pressure flow reactor experimenifsThey estimated thermo-
of 1.58 x 102 s7! and anE, value of 29 kcal mott. chemical and kinetic parameters using THERMnd other
The research group of Baldwin and Walk&¥-14studied the techniques to model stable end-product profiles without transi-
reactions of the neopentyl radical in an oxidizing environment tion-state or falloff analysis.
using a slow-flow reactor (reaction times up to several minutes) Taatjes et al.recently measured the time-resolved production
over the temperature range of 65893 K at 500 Torr with of OH and HQ for the pulsed-photolytic Cl-initiated oxidation
product analysis by gas chromatography. The absolute concen-of neopentane between 573 and 750 K. They reported that the
trations of products at 753 K as a function of neopentane isomerization of the initially formed Rf©radical to form the
conversion were analyzed, and the major initial products were QOOH species is very rapid and that direct pathways of OH
observed to be 3,3-dimethyloxetane, acetone, isobutene, angroduction from chemical activation reactions R O, are
formaldehyde. They suggested a mechanism for the quantitativeessential to the correct modeling of oxidation reactions. They
interpretation of product yields using steady state and equilib- also proposed a kinetic mechanism for modeling their experi-
rium relationships and hence determined Arrhenius parametersmental OH and H@profiles versus time and temperature. The
for elementary reactions in their mechanism. peroxy reactions were based on their previous time-dependent
Bayes et al? studied the rate constants of the neopentyl master equation calculation of analogous processes in the
radical with Q from 266 to 374 K and at a low pressure of 3 reaction ofn-propyl with O,.
Torr. They monitored the pseudo-first-order decay of the  Thermochemical and kinetic parameters in our theoretical
neopentyl radical as a function of the @artial pressure using  model are based on ab initio and density functional calculations,
photoionization mass spectrometric detection. Their experimen-and the reaction mechanism for the neopentyl radieaD,
tal results show a negative temperature dependence for the ratsystem is outlined in Scheme 1.
constant of the neopentyl radical withp:Ok = {2.1 x 10712 The treatment of the energized complex reactions in our
cm® molecule® s71}(T/300 K)~(21+04) they suggested that this  mechanism includes an analysis of the decomposition back to
rate is essentially at its high-pressure linkt) even at 3 Torr reactants and the intramolecular transfer of hydrogen atoms to
on the basis of the comparison with studies of similar reactions. form a hydroperoxy alkyl radical, which can dissociate to
They reported that the results could be interpreted by an products before stabilization. Further isomerizations and dis-
adiabatic channel model calculation. sociations of the stabilized neopentyl peroxy radical and the
Dagaut et al® studied the oxidation of neopentane in a jet- hydroperoxide alkyl isomer are also included along with a
stirred reactor at pressures of 1, 5, and 10 atm and atsecond @ addition to the hydroperoxy-neopentyl radical.
temperatures of 800 to 1230 K using probe sampling of stable Several other important reaction paths, as illustrated above, are
species and off-line gas chromatograph analyses. They usedilso included in the elementary reaction mechanism.
kinetics data from the literature, THERMand kinetic estima- Thermochemical properties of reactants, intermediates, prod-
tion techniques to assemble a reaction mechanism and modelicts, and transition states for the elementary reactions are
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calculated by ab initio and density functional calculations with  Kinetic Analysis. Unimolecular dissociation and isomeriza-
an analysis of internal rotation barriers at the DFT level. High- tion reactions of the chemically activated and stabilized adducts
pressure-limit rate constants are calculated by canonical transi-resulting from addition or combination reactions are analyzed
tion-state theory or evaluated from the literature. Quantum RRK by first constructing potential energy diagrams for the reaction
theory?®=23 is used for the analysis of(E), and a master  system. DFT and ab initio calculations are used to calculate
equatiofi is used for analysis of the falloff in kinetic analysis transition-state structures and activation energies for isomer-
of the chemical activation and unimolecular dissociation reaction ization, g-scission, and dissociation reactions. The enthalpies
systems. The rate constants are incorporated into an elementarand entropies are treated with conventional transition-state theory
reaction mechanism and are shown to model Hughes €t al.’s to calculate Arrhenius preexponential factors and energies of
experimental OH profile well. Concentrations of the initial stable activation that result in high-pressure-limit rate constakt3 (
product profiles observed by Walker et &1 reported as a  as functions of temperature. Nonlinear Arrhenius effects result-
function of neopentane conversion, are also calculated by ouring from changes in the thermochemical properties of the
mechanism. The present kinetic scheme is also used as a startingespective transition state relative to those of its adduct with
reaction mechanism to model the KQormation at the temperature are incorporated using a two-parameter Arrhenius
experimental conditions of Taatjes et’ah a follow-up paper preexponential factord, n) in AT". High-pressure-limit preex-

to this study. HQis a secondary product, and further oxidation ponential factors for association reactions are obtained from the
reactions of the initial hydrocarbon and oxyhydrocarbon inter- literature. Equilibrium constant&eT) are calculated from

mediates need to be included to model it. thermodynamic properties of reactants and products as a function
of temperature. Reverse rate constants are calculated from the
Calculation Method principle of microscopic reversibility. Branching ratios of the

_ ) _ . energized adduct to stabilization and product channels are
Computational Details. The geometries of reactants, im-  cajculated using multifrequency quantum Ric®ampsperger

portant intermediates, transition states, and products in thekassel (QRRK) analysis fok(E)192° with the steady-state
neopentyl+ O, reaction system are preoptimized using PM3  assumption for the energized adduct(s) in combination with a
MOPAC?* calculations, followed by optimizations and fre- master equation analy&® for pressure falloff.
quency calculations at the B3LYP/6-31G(d,p) level using the e QRRK calculation evaluates energy-dependent rate
Gaussian 98 prografi.The optimized structure parameters are constantsk(E), of the energized adduct to each channel for the
then used to obtain total electronic energies at the B3LYP/ yimgjecular chemical activation reaction and includes equilib-
6-311++G(3df,2p) and CBS-Q single-point levels of calcula- iy in isomerization reactions. The QRRK analysis described
tion. The potential energies for the neopentyD, system are  p, chang et a#3and Sheng et lis shown to yield reasonable
calculated at the CBS-Q level. For the secondary reaction yegyits and provides a framework by which the effects of
system, the addition dfO; to the hydroperoxy neopentyl radi-  temperature and pressure can be evaluated in these complex
cal, the potential energies are calculated at the B3LYP/ 1eqction systems. The QRRK code utilizes a reduced set of three
6-311++G(3df,2p) level because of the relatively large mol- \;iprational frequencies and their associated degeneracies that
ecule size. For iodine-containing species, the effective core- accurately reproduce the adduct heat capacity and include one

potential basis sets, modified diffuse sp functions, and d gyternal rotation in the calculation of accurate ratios of the
polarization function are employe&82” Rotational barriers for density of states to the partition coefficiep(E)/Q.3.

the internal rotational potentials are calculated at the B3LYP/ £\ o1 ~vions of the steady-state QRRK chemical activation
6-31G(d.p) Ieve_l. ) o o analysis we utilize indicate that it is valid for reaction times on

Thermochemical Properties.Contributions from vibrational,  the order of microseconds; an analysis for longer times of
translational, external rotational, and electronic degeneracy t0eaction may require the use of CHEMKIN analysis in order to

entropies and heat capacities are calculated by statisticalinciude reactions of the stabilized adducts depending on
mechanics based on the vibrational frequencies and momentsemperature, pressure, and rate constants.

of inertia from the DFT optimized structures. The torsion
frequencies are identified by viewing bond motions using the
GaussView 98 prograrfthese torsion frequencies are omitted and dissociation reactionsAE)°qoun values of 570, 621, and

in calculations 0fS’20s and Cy(T), and their contributions are 150 ¢al mot! are used in the master equation analysis with
replaced with values from the analysis of the internal rotations. o 1y, and g as the third body, respectively. Lennard-Jones

Contributions from hindered rotors 8,9 and Cy(T) values parametersg (A), and el (K) are obtained from tabulatiofis

are determined by solving the ScHinger equation with free 314 from an estimation method based on molar volumes and
rotor wave functions, and the partition coefficients are obtained compressibility.

by direct integration over the energy levels of the intramolecular
rotational potential curves that are represented by a truncated
Fourier series expansion. Th&H;°,9s values for reactants,
intermediates, and products are calculated using total energies 1. Geometries of Reactants, Intermediate Radicals, and
from ab initio and DFT calculations and isodesmic reactions Transition States. The geometry optimizations for the reactants,
with group balance when possible. Transition-state (TS) geom- transition states, adducts, and products in the neopentyl oxidation
etries are identified by the existence of only one imaginary system are performed at the B3LYP/6-31G(d,p) level, and the
frequency in the normal mode coordinate analysis, an evaluationeffective core-potential basis sets, modified diffuse sp functions,
of the TS geometry, and the reaction coordinate’s vibrational and d polarization functidid are used for iodine-containing
motion. TheAHs°,9g values of transition-state structures are species. The optimized structural parameters for 33 species
calculated from thé\H¢°,9g values of the stable radical adducts including transition-state structures are listed in Supporting
from working isodesmic reaction analysis plus the difference Information Table S1. The corresponding unscaled vibrational
in the total energies between the radical adducts and thefrequencies and moments of inertia are listed in Table S2.
transition states. Several important species in this system are defined;8<C

A 0.5-kcal energy grain is used to obtain rate constants as a
function of temperature and pressure for chemical activation

Results and Discussion
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(neopentyl radical), gCCOO (neopentyl peroxy radical),
C3"CCOOH (hydroperoxy-neopentyl radical);@CYCCOC (3,3-
dimethyloxetane), &(OOH)COO (hydroperoxy-neopentyl-
peroxy radical), @ C(COOH) (dihydroperoxide-neopentyl radi-
cal), C(COOH)CYCCOC (3-methyl,3-hydroperoxideoxetane),
C=C(C)COOH (isobutenyl hydroperoxide),C(COOH)CHO
(2-methyl isopropanal-2-methylhydroperoxide) ,GECHO)-
CH,0O (2-methyl isopropanal-2-methyoxy radical), angOCl
(neopentyliodide). The transition states of important reactions
in this oxidation system are identified as follows:

Alkyl Peroxy Radical Isomerization.

C,CCO0 — TS1— C,;CCOOH
C,C(OOH)COO— TS7— C,/C(COOH),
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OH Elimination from the Alkyl Peroxy Group.

C,CCO0 — TS2— C,CCHO+ OH
C,C(OOH)COO— TS8A— C,C(COOH)CHO+ OH

In this reaction group, the peroxy oxygen radical attacks the
H atom in the nearest carbon via a four-membered-ring transition
state. The reaction path passes through a transient intermediate
R—C*OOH, where the carbon radical formsgcarbonyl) bond
with the oxygen (gaining ca. 80 kcal m@d) and cleaves the
weak O—OH bond (requiring only ca. 45 kcal md)). The C—
O (forming), O—0O (cleaving), and ©H bond lengths are 1.39,
1.50, and 1.27 A, respectively. The changes in these bond
lengths between the reactant and TS suggest that the transition
state reacts through thefC*OOH structure to the intermediate

These reactions represent the intramolecular, endothermicR_CH(zo) + OH

transfer d a H atom from a primary methyl carbon atom to the
peroxy oxygen radical site via a six-membered-ring transition
state including the H atom. The cleaving-€& bond stretches
to 1.40 A from 1.09 A, and the forming-©H bond length is
1.14 A, which is longer than that of a normaH®! bond,
0.978 A.

Epoxide Formation.

C, CCOOH— TS3— C,CYCCOC+ OH
C,"C(COOH),— TS9— C(COOH)CYCCOC+ OH

In this type of reaction, the carbon radical in th€H,* group
attacks the peroxy oxygen to form a four-membered-ring
transition state while the weak RE@DH bond is breaking. The
length of the cleaving 80 bond is 1.68 A, and the length of
the forming C-O bond is 1.99 A. This reaction is responsible
for a major fraction of the OH formation.

[-Scission of Alkyl Radicals.

C,CC — TS0— C,C=C + CH,

C, CCOOH— TS4— C,C=C + CH,O + OH

C, CCOOH— TS5— C=C(C)COOH+ CH,
C,'C(COOH), — TS10— C=C(C)COOH+ CH,O + OH

These reactions involve the cleavage of an alkyl or oxyalkyl
group moving perpendicular from a near-planar isobutenyl
structure with the simultaneous formation ofrebond (olefin
here) on the adjacent carbon. For methyl group dissociation,
the C—C bond length stretches from 1.58 to 2.31 A, and the
length of the forming &C bond is 1.37 A in the TS0 and TS5
structures.

At temperatures above 120Q, the unimolecular dissociation
of the neopentyl radical via TSO is the primary reaction relative
to the reaction with @

For the CHO + OH elimination from G°*CCOOH in TS4,
the C—0 bond length in the leaving group is decreased slightly
from 1.425 to 1.366 A, and ©0 bond length is slightly
increased in length from 1.457 to 1.470 A,

In the structure of TS10, the-60 bond length (1.31 A) is
shorter than that of TS4, and the<® bond length (1.78 A) is
longer than that of TS4 because of the interaction of the
hydroperoxy H and O atoms between the twGOOH groups
(Table S1).

2. Thermochemical PropertiesAH; 298 S°298, and Cp(300)
to Cp(1500). Enthalpies of Formation.The enthalpies of
formation for reactants, intermediate adducts, and products in
the neopentyl oxidation system are calculated by isodesmic
reaction analysis or taken from available literature. Table 1 lists
the calculated reaction enthalpies af\H°,9g values for the
species in the gCC + O, system at three calculation levels.
The calculated\H;°,9g values from the DFT calculations show
good agreement with the higher-level ab initio calculations,
indicating that the errors in the computations for different
molecules are canceled to a significant extent,£a2 kcal
mol~1, by the working reactions. The agreement between the
calculation levels and with the literature data suggests reasonable
accuracy for the absolute enthalpy values. The avefddié g
values from the higher-level CBS-Q calculations are selected
to construct our kinetic model.

Enthalpies for transition states are calculated by the use of
two methods. The first method is straightforward using the
AHi°,9g values of the stable radical adducts from the working
reaction analysis plus the differences with calculated total energy
between the radical adduct and the corresponding transition state
structure. The second method takes an average of (i) the cal-
culated energy difference between the TST structure and the
reactant and (i) the difference between the TST and the products
plus the enthalpy of reactiom\H°«n). The AH®, values are
calculated from thé\H;°,95 values of the reactant and product,
which are determined on an absolute basis by the working
reaction analysis. Enthalpies of formation for six transition states
in the GCC + O, system determined by these two methods at
the three different levels are listed in Table 2. It can be seen
that the reaction enthalpies calculated from the forward reaction
(method 1) show good agreement with the average values
(method 2) for all six reactions at the CBS-Q level. The reaction
enthalpies from DFT calculations show good agreement only
with the values from the CBS-Q level for the reactions with
tight transition states (ring formation). Enthalpies of formation
for transition states calculated from the first method at the
CBS-Q level are used for our kinetic model.

The AH¢°,95 0f the neopentyl radical is calculated to be 10.52
kcal mol! at the CBS-Q level, which gives thegCC—H bond
dissociation energy of 102.76 kcal mébased on the published
AHs°298 value for neopentane—40.14 + 0.15 kcal mot?).33
The above enthalpy value shows good agreement with the value
of 10.36 kcal mot? reported recently by Sumathi el al. at the
CBS-Q calculation level* Holmes el aB®> measured the heats
of formation of alkyl radicals by monoenergetic electron impact,
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TABLE 1: Calculated AH; °9gValues for Species in the @CC* + O, Systent
B3LYP/6-31G(d,p)  B3LYP/6-31:+G(3df,2p)  CBS-Q//B3LYP/6-31G(d,p)

reaction series AH®yn AH:°298 AH®yn AH:°298 AH®xn AH:°298
1. GCCOOH+ COH— C3COH + CCOOH —10.29 —56.06 —10.10 —56.25 —7.65 —58.70
2. G;CCOOH+ CCOH— C;COH + CCCOOH —-6.12 -57.25 —6.33 —57.04 —4.83 —58.54
3. GGCCOOH+ CCOH— C;CCOH+ CCOOH —-1.10 -—58.54 —2.18 —57.46 —1.06 —58.58
averageAH;°9s at CBS-Q level: —58.60
1. GCCOO + CH;O0H— CsCCOOH+ CH;0O 0.52 —26.08 0.55 —26.10 2.08 —27.63
2. GCCOO + CCOOH— C;CCOOH+ CCOO 0.81 —26.51 0.84 —26.54 1.83 —27.53
3. GCCOO + C,COOH— C;CCOOH+ C,CO0 0.24 —27.05 0.06 —26.88 0.84 —27.65
averageAH;°9s at CBS-Q level: —27.61
1.G"CCOOH+ C;Hg — CsCCOOH+ CyHs —0.51 —9.05 —0.65 —8.91 -0.12 —9.45
2. G"CCOOH+ CCOOH— C;CCOOH+ C*COOH —3.80 —7.42 —3.62 —7.59 —1.80 —9.41
3. G"CCOOH+ CCOH— C;CCOOH+ C*COH 1.16 —9.34 0.62 —8.81 1.26 —9.44
averageAH;°9s at CBS-Q level: —-9.43
1. GCC + CHs— CsCC+ CH;s 3.73 8.80 3.53 9.00 2.01 10.52
2. GCC + CHg— CsCC + CoHs —1.03 9.89 -1.17 10.03 —1.65 10.51
average\H;°xgg at CBS-Q level: —10.52
1. GCCHO+ CHs— C3CC + CH,O 11.76  —59.99 11.22 —59.45 10.30 —58.53
2. GGCCHO+ C,Hg— C3CC + CH3;CHO 0.22 —59.86 —0.52 —59.12 —0.69 —58.95
averageAH;°gs at CBS-Q level: —58.74
1. C=C(C)COOH+ CH;— C=CCOOH+ C;H¢ 6.21 —19.93 5.79 —19.50 8.65 —22.36
2. C=C(C)COOH+ CHz;OH — C=CCOOH+ CCOH 0.74 —20.16 0.79 —20.21 2.93 —22.34
averageAH;°s at CBS-Q level: —22.35
1. CCC(C)COOH— C5"CCOOH 6.36 —15.79 6.07 —15.50 0.98 —10.42
AH;°29sat CBS-Q level: —10.42

akcal mol?.

TABLE 2: Reaction Enthalpies in the Reactions of NeopentyH O,

B3LYP B3LYP CBS-Q//B3LYP B3LYP B3LYP CBS-Q//B3LYP
/6-31G(d,p)  /6-311++G(3df,2p) 16-31G(d,p) /6-31G(d,p)  /6-311++G(3df,2p) 16-31G(d,p)
an forwarcP an forwanP Ean forwan}) an averagg an averagg Ea: averagg
TS1 24.00 23.42 23.82 21.65 22.79 23.90
TS2 42.54 42.06 41.61 40.36 43.59 42.21
TS3 14.71 14.14 15.51 14.88 15.74 16.12
TS4 29.97 27.81 25.39 31.82 31.69 25.31
TS5 24.19 22.49 26.52 29.58 32.00 26.36
TS6 54.35 53.23 56.34 57.25 55.98 56.55

akcal mol . P Reaction enthalpies are calculated from forward reacfi®eaction enthalpies are calculated from the average enthalpy values
Of the forward, reverse, anﬂHorxn- Ea,averagez 1/Z(an forward + Ea, reverse+ AHorxn)-

TABLE 3: Comparison of Calculated AH;°,95 at CBS-Q with Experimental Values

enthalpies of formationAH;°29g) in kcal/mol

species CBS-Q literature species CBS-Q literature
CH;CH,OOH —399+15 —39.7+ 0.3 CH;CH,O —3.90+ 1.27 —-3.74+0.8%®
CH;CH,0O —6.7+23 —6.84+ 2.3 CH;CH'OH —13.34+0.84 —14.5+ 3%
C*H,CH,O0OH 112+ 2.1 10.96+1.06% CH»CH,OH 5.70+ 0.85 —5.92
CH;C*(=0) —3.08+0.38 —2.904+ 0.70% (CHz),CHOH —69.19+ 0.31 —69.184
CHyOH —-3.941.11 —3.97+ 0.22546 (CH3),.CHO —11.85+ 0.08 —11.0+1.2%

and they reported that their values agree with results from previous studies, which show that the CBS-Q enthalpy values
equivalent measurements using ESR spectroscopy. They rebased on B3LYP/6-31G(d,p) optimized geometries are in

ported aAH;°,9g value of 10.1 kcal mof! for the neopentyl agreement with accepted literature values. The CBS-Q enthalpies
radical. are more consistent than those from QCISD(T)/6-31G(d,p)
The AHs°29¢ Of Nneopentyl peroxy is calculated to be27.61 single-point calculations when the values for one species are

kcal mol™® at the CBS-Q level; Curran et #l.estimated it to compared through a series of different working reactions. A
be —26.80 kcal mot?! by group additivity using THERM? The comparison ofAH¢°,9s values from CBS-Q calculations with
reaction enthalpies of alkyl radicats O, are reported by experimental data or accepted literature data on several oxygen-
Knyazev® to be 32.74, 35.47, 37.14, and 36.52 kcal mdbr ated hydrocarbons is listed in Table 3.

CHs, C,Hs, i-CsH7, andt-C4Ho, respectively, which are obtained Internal Rotation AnalysisThe calculated internal rotation
from the third-law treatment of the temperature dependencies potentials on the €C bonds of the neopentyl peroxy radical

of the equilibrium constastKy(T). Clifford et al3’ reviewed and the hydroperoxide neopentyl radical are shown in Figure
the thermochemistry of alkyl peroxy radicals and gives the 1, where the normal 3-fold barrier for rotation on the £+C

reaction enthalpy ofert-butyl + O, as —37 & 2 kcal mol™. bonds is illustrated. The barriers for methyl rotors are near 3.3,
The well depth for @CC + Oy is calculated to be 38.13 kcal and the GC—COQ barriers are near 5 kcal mdl Figure 2
mol~1 in this work. shows the rotation potentials on the=OOH, C-OC, and

The AH;°,98 values of hydrocarbons, substituted hydrocar- CO—OH bonds for the above two species, which have relatively
bons, and corresponding radicals have been investigated in ouhigh barriers of 4 to 7.5 kcal mol. The 6 and 7 kcal mot
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8 e C,C-COO. " 1 e C--C(C,)COOH B3
o C-C(C,)C00. ] o C~C(C,)COOH MP2
7 s C,C-COOH 05
¢ C-C(C,)COOH i g

Rotational Barrier (kcal/mol)
Rotational Barrier (kcal/mol)

0 60 120 180 240 300 360
Torsion Angle (degree)
' C t Figure 3. Torsional potentials on the*€C bond of the hydroperoxy-
0 60 120 180 240 300 360 neopentyl radical calculated at the B3LYP/6-31G(d,p) and MP2/
Torsion Angle (degree) 6-31G(d,p) levels.
Figure 1. Torsional potentials on the-©C bond of the neopentyl

peroxy radical and hydroperoxy-neopentyl radical calculated at the hindered internal rotational contribution 89s andCy(T) values
B3LYP/6-31G(d,p) level. for C;CCOO and G*CCOOH. Table 5 lists the thermochemical

properties of important reactants, transition states, adducts, and
products calculated in this work.

1 3. Chemical Activation Reaction Analysis3.1. GCC+ O..
A potential energy diagram for thesCC + O, reaction system
calculated at the CBS-Q level is shown in Figure 4. The
| neopentyl radical AH°29s = 10.52 kcal mot?) reacts with Q

e (C,CC-00.
o C,CC--00H
s C,CCO-OH

(C3CCHO+ OH) via TS2 g, = 41.61 kcal mot?). The barrier

for CsCCOO isomerization to @CCOOH is calculated to be
23.82 kcal mot?; therefore, the chemically activatedg@COO*
adduct has sufficient energy for this isomerization to occur
before it is stabilized or reacts back to reactants (reverse).
Because the energy of TS3 is ca. 4 kcal Mdbwer than that

of the entrance channel, the chemically activate@@OO*
adduct can isomerize and dissociate to 3,3-dimethyloxetane

6 4 : :
= to form a GCCOQO radical with a 38.13 kcal mot well depth.
E Reaction channels for the energized addu@COO* include
g s dissociation back to reactants, stabilization tgCCOO,
5 3 isomerization by hydrogen transfer to the peroxy radical site
E 44 via TS1 E, = 23.82 kcal mot?) to form a G'CCOOH isomer
/M (AHf°29¢ = —9.43 kcal mof?), and dissociation to products
8
[=]
="

B OH directly.
0 60 120 180 240 300 360 The energized €CCOOH isomer undergoes unimolecular
Torsion Angle (degree) reaction through several forward channels that are important to

Figure 2. Torsional potentials on the-80 and G-O bonds of the products or revert back to the peroxy isomer. Forward reactions
neopentyl peroxy radical and the hydroperoxy-neopentyl radical are dissociation to 3,3-dimethyloxetafeOH via TS3 €, =
calculated at the B3LYP/6-31G(d,p) level. 15.50 kcal mot?), B-scission to GC=C + CH,O + OH via
TS4 (B, = 25.38 kcal mot?), and anothep-scission (elimina-

barrier heights are typical of published data on these-C®l tion) to G=C(C)COOH+ CHjz via TS5 €, = 26.52 kcal mot?).
and C-OOH bonds'849 The G*CCOOH isomer can also undergo a very interesting

The torsional potential on the GH-C(C;)COOH bond in isomerization via TS6H, = 56.34 kcal mot?) shifting a methyl
Figure 3 shows a very low, 6-fold barrier, where only two wells group onto the—CHy" radical site forming a tertiary radical,
have depths greater than 0.3 kcal molThis CH*—C(Cy)- but the high barrier and tight transition state make this channel
COOH rotor is nearly a free rotor. Figure 3 shows both unimportant. The dominant channel of this hydroperoxy-
UB3LYP/6-31G(d,p) and UMP2/6-31G(d,p) calculations, where neopentyl isomer is the reverse reaction back to the peroxy
the barriers are low and of similar symmetry but the energies isomer, with a barrier of only 5.64 kcal mdl
are somewhat different. We choose the potential curve from The stabilized @CCOOH isomer’s dissociation to 3,3-
the UB3LYP/6-31G(d,p) level to calculate the contribution from dimethyloxetane+ OH via TS3 is very important to the
the CH*—C(C;)COOH internal rotor t&’29 and Cp(T) values formation of OH and the initial 3,3-dimethyloxetane product.
for consistency. Table 4 illustrates the values from vibrational, The barrier for this channel is calculated to be 15.50 kcalol
translational, external rotational contributions, and also each at the CBS-Q level, and it shows good agreement with Benson’s
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TABLE 4: Thermodynamic Properties of C3CCOO* and C;*CCOOH?

species AHd S C30F  C400  C500 G600 G800  C,1000  C,1500
CsCCOO TVRC 69.17 2439 3262 4025 4684  57.22 64.90 76.80
(81y c-o° 6.82 1.45 1.47 1.50 1.50 1.46 1.38 1.15
C(neo)-COC? 6.63 2.19 2.28 2.29 2.22 1.95 1.65 1.06
C—C(neoy 4.30 2.07 2.14 2.07 1.95 1.70 1.52 1.27
C—C(neoy 4.30 2.07 2.14 2.07 1.95 1.70 1.52 1.27
C—C(neoy 4.30 2.07 2.14 2.07 1.95 1.70 1.52 1.27
CsCCOO —27.61 9553 3425 4279 5024 5640  65.74 72.49 82.81
CyCCOOH  TVR 7511 2557 3353 4075 4689  56.54 63.71 75.03
O 0-0¢ 3.59 1.39 1.41 1.44 1.46 1.47 1.45 1.34
c-0° 6.68 2.05 1.84 1.71 1.63 1.54 1.47 1.23
C(neo)-COOH 6.37 2.10 2.16 2.19 2.16 1.98 1.75 1.22
C—C(neoy 4.34 2.08 2.13 2.05 1.93 1.68 1.50 1.26
C—C(neoy 4.34 2.08 2.13 2.05 1.93 1.68 1.50 1.26
C—C(neoy 5.15 1.06 1.03 1.02 1.01 1.00 1.00 1.00
CyCCOOH -943 10558  36.33 4423 5120  57.00  65.90 72.37 82.33

a2 Thermodynamic properties are referred to the standard state of an ideal gas ab kathmol. ¢ cal mol* K=, ¢ Sum of contributions from
translations, vibrations, and external rotatioch€ontribution from internal rotation$ Symmetry number.

TABLE 5: Ideal Gas-Phase Thermodynamic Propertied

species AHo0d oo C,300° C400 G500  C600  CB800 G000  C,1500

TSO 40.26 82.76 30.15 37.27 43.34 48.39 56.38 62.50 72.50
TS1 ~3.79 86.14 32.97 42.15 50.04 56.54 66.39 73.48 84.33
TS2 14.00 91.47 34.65 43.25 50.66 56.75 65.98 72.63 82.73
TS3 6.07 99.54 36.69 44.85 51.89 57.72 66.64 73.16 83.25
TS4 15.95 102.77 36.95 44.78 51.52 57.09 65.60 71.82 81.50
TS5 17.09 102.36 37.28 45.17 51.96 57.58 66.17 72.48 82.28
TS6 46.91 102.39 35.20 43.36 50.52 56.49 65.63 72.27 82.38
TS7 ~19.41 105.79 40.08 50.14 58.82 65.90 76.36 83.63 94.23
TS8 19.99 100.61 40.36 50.36 58.92 65.92 76.38 83.78 94.93
TS8A ~1.61 111.40 41.56 51.02 59.21 65.93 75.95 82.98 93.36
TS9 ~9.42 112.81 42.59 51.94 59.95 66.46 76.16 83.04 93.48
TS10 -10.21 115.74 44.58 53.40 60.98 67.21 76.60 83.34 93.66
CsCC 10.52 81.78 29.19 36.48 42.80 48.07 56.32 62.56 72.65
CsCCOOH ~58.60 97.52 36.47 45.10 52.70 59.05 68.78 75.87 86.80
CsCCOO —27.61 95.53 34.25 42.79 50.24 56.40 65.74 72.49 82.81
CsCCOOH ~9.43 105.58 36.33 44.23 51.20 57.00 65.90 72.37 82.33
CCC(C)COOH ~10.42 105.33 34.15 42.22 49.50 55.64 65.07 71.89 82.22
CsCCHO ~58.74 84.46 30.19 37.07 43.21 48.47 56.84 63.17 73.19
c,.cYccoc —35.43 81.19 27.04 34.90 42.01 48.02 57.35 64.21 74.77
C.CYCCOC 10.92 76.30 23.71 31.05 37.51 42.88 51.13 57.16 66.48
C=C(C)COOH —22.35 93.34 30.43 35.88 40.71 44.81 51.26 56.11 63.71
C.C(COOH)CO0 ~42.39 118.81 42.07 51.27 59.34 65.95 75.77 82.61 92.62
C»'C(COOH) —25.14 125.55 43.47 52.28 60.03 66.42 75.91 82.54 92.23
C.C(COOH)CHO ~76.83 108.44 37.16 44.89 51.85 57.73 66.77 73.29 83.07
C(COOH)CYCCOC ~ —52.37 101.84 34.02 42.89 50.85 57.48 67.44 74.43 84.69
C.C(CH,0’)COO -8.25 107.37 37.55 46.35 53.88 59.98 69.01 75.34 84.80
C.C(CHO)CHO" —40.63 96.23 32.75 39.98 46.29 51.56 59.65 65.51 74.40
C.C(CHOY ~75.03 93.95 30.90 37.05 42.59 47.37 54.96 60.61 69.36
C,C'CHO ~19.16 79.12 22.01 26.89 31.59 35.74 42.41 47.37 55.03
CsCCl ~15.35 86.23 32.13 40.40 4751 53.35 62.24 68.73 78.89
csCCl 36.07 93.63 32.07 39.81 46.33 51.61 59.52 65.29 74.34
CHyl 55.00° 66.30 11.58 12.55 13.30 13.86 14.58 15.00 15.47
Io* 27.70 57.43 7.89 8.24 8.45 8.59 8.73 8.80 8.88

aThermodynamic properties are referred to the standard state of an ideal gas of a pure enantiometer ‘kchlatnol . ¢ cal moit K=,
dBased on the parent- and bond-energy calculatibRaruyama, S.; Golden, D. M.; Benson, S. Wt. J. Chem. Kinet1969 1, 283." Bedjanian,
Y.; Bras, G. L.; Poulet, GJ. Phys. Chem1997, 101, 4088.

estimate of 15.06 kcal mot for the decomposition of alkyl-  AAE(Emp) that contributes to the CBS-QB3 barrier height; this
hydroperoxide radicals into oxetanes and also Curran’s esti- quantity appears to be 0.36 kcal mbin the CBS-Q calculation.
maté?® of 15.25 kcal mot. Wijaya et afC calculated this barrier ~ The barrier height, 15.50 kcal md| is therefore more reliable
height to be 19.5 and 21.0 kcal mélat the CBS-QB3 and  for use in the kinetic model. However, the spin contamination
BH&HLYP/6-311G** levels. DeSain el al. calculated this in both of our CBS calculations for TS3 is high; the expectation
barrier to be 15.08 kcal mot at the B3LYP/6-31G* level and  values of[®are 1.23 and 1.25 in the CBS-Q and CBS-QB3
adjusted it t019.98 kcal mol by the difference between the calculations, respectively. The density functional calculations
B3LYP/6-31G* and the QCISD(T)/6-311+G(3df,2pd) ener- do not show the high spin contamination (the expectation values
gies of analogous-propyl + O, stationary points. In this work,  of <S?> are around 0.79) and show forward direction values
this barrier is calculated to be 18.83 kcal mbht the CBS- of 14.71 to 14.14 kcal mol, which support the value we use.
QB3 level, but in the CBS procedure for the extrapolation of  3,3-Dimethyloxetane is an important primary product; it can
energies, we observed a 2.91 kcal mobverstabilization of undergo an abstraction reaction to lose a secondary H atom
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Figure 4. Potential energy diagram for thes@C + O, reaction system.
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bonded on a carbon in the ring structure orel@sH atom on

2,6-dioxaspiro (3,3) heptane

The primary methyl radical can also react with 0 form a

one of the methyl groups as shown in Scheme 2. The radical peroxy radical and then isomerizg kb H shift with a ca. 22

generated on a ring carbon will undergo ring opening viaCC
bond cleavage to form thes@CHO radical with a barriétof
ca. 15 kcal mot! or via C—C bond cleavage to form £=
COC (E; = 33.13 kcal/mol). The €CCHO radical undergoes
p-scission leading to the formation of isobuteheHCO (E; =
18.77 kcal/mol) or methacroleis CHz (Ex = 27.33 kcal/mol).

The GC=COC radical undergoes-scission to form CHO
plus the GC=C" vinylic radical Es = 32.33 kcal/mol). This
isobutenyl vinyl radical will rapidly undergo further oxidatiéh,
the addition of @ to form the peroxy radical.

kcal moi! barrier to a hydroperoxy alkyl radical. The alkyl

radical will add to the-=COOH peroxide oxygen and undergo
OH elimination to form 2,6-dioxaspiro (3,3) heptane and its
isomer (Scheme 2).

The high-pressure-limit rate constants for thgCC + O,
system are calculated from canonical transition-state theory and
fit by three parameterA.., n, andE; over the temperature range
from 298 to 2000 Kk., = AT" exp(—E4RT), by the THERM-

KIN 53 program. These kinetic parameters are used as input for
QRRK and master equation analysis. Thermodynamic analyses
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TABLE 6: Kinetic Parameters for C 3CC* + O, Systent

Sun and Bozzelli

T =300-900 K T=900-2500 K

A n EP A n Ex P (atm)
CsCC + O, — C;,CCOO 2.376x 10% —21.68 8480 8.315 10 —5.70 —8990 ko
CsCC + O, — C3CCOO 5.97 x 108 —24.04 16782 2.3% 10'2 —37.03 18134 0.0001
CsCC + O, — C3CCOO 1.98x 10°° —15.87 10959 2.26¢ 10%%2 —39.34 26 563 0.01
CsCC + O, — C3CCOO 1.30x 10% —8.24 5020 3.96¢< 10*7 —43.02 40821 0.1
CsCC + O, — C3CCO0O 3.84x 107 —3.82 1429 4.86¢ 10%68 —48.27 61586 1
CsCC + O, — C3CCOO 1.48x 10'8 —2.38 237 8.68« 10'%? —54.40 86 257 10
CsCC + O, — C3CCOO 1.990x 10Y —2.10 0 1.990x 10V —-2.10 0 Keo
CsCC + O, — C3CCHO+ OH 1.481x 10¢ 1.73 3960 1.934 10 —1.66 8580 ko
CsCC + O, — C3CCHO+ OH 4.13x 10%° —4.77 13 354 1.1% 107 —-3.61 12 928 0.0001
CsCC + O, — C;CCHO+ OH 3.18x 107 —3.92 14728 1.7% 107 —3.65 13076 0.01
CsCC + O, — C;CCHO+ OH 1.37x 10/ 1.38 11 667 3.94 107 —4.02 14 351 0.1
CsCC + O, — C;CCHO+ OH 7.21x 10714 7.76 6888 4.14¢ 10 —5.92 20973 1
CsCC + O, — C3CCHO+ OH 4.94x 10°%6 11.42 3954 1.406< 10v —10.38 37 096 10
CsCC + O, — CsCCHO+ OH 4.442x 10736 13.24 1480 3.44x 10° —0.51 19 080 Ko
CsCC + O, — C3"CCOOH 3.035x 10 —-12.75 2440 1.21% 10% —-9.74 140 ¢
CsCC + O, — Cs"CCOOH 1.25x 10%4 —26.03 14 321 1.1k 102 —35.60 13051 0.0001
CsCC + O, — C3CCOOH 4.57x 10® —30.13 20 350 1.1% 10 —37.43 19 205 0.01
CsCC + O, — Cz"CCOOH 4.12x 1042 —33.93 27 806 2.8 10%° —39.84 28 697 0.1
CsCC + O, — C3"CCOOH 5.72x 103 —30.66 28 315 3.46 101 —42.46 40 292 1
CsCC + O, — C3CCOOH 1.40x 1076 —21.62 22 560 1.6% 10'5t —44.78 51132 10
CsCC + O, — CzCCOOH 6.680x 1027 10.35 —4220 3.760x 10" —-1.31 9370 Kol
CsCC + O, — C,CYCCOCH+ OH 2.509x 1072 —3.80 1250 6.46% 10°° —5.19 2550 ko
CsCC + 0, —~ C,CYCCOC+ OH 2.30x 10% —11.80 14 954 2.8% 10% —1.39 —6225 0.0001
CsCC + O,— C,CYCCOCH+ OH 7.46x 10% —9.84 16 056 8.65 1013 —1.51 —5790 0.01
CsCC + O, — C,CYCCOCH+ OH 4.37x 10%° —5.44 15 368 3.7k 10V —2.50 —2449 0.1
CsCC + O, — C,CYCCOCH+ OH 9.53x 10° 2.12 11 344 1.13 10%° —5.89 9210 1
CsCC + O,— C,CYCCOCH+ OH 3.52x 10 11.64 4717 2.6k 10°% —11.66 30021 10
CsCC + O, — C,CYCCOCH+ OH 3.537x 107%° 13.36 220 2.884 1072 1.79 11 540 Keo®
CsCC + O, — C,C=C + CH,O + OH 6.695x 1072 —3.86 9740 1.826¢ 106 —4.93 10 950 ko
CsCC + O, — C,C=C + CH,O + OH 1.48x 10% —9.11 17 369 2.2% 1072 —3.82 8372 0.0001
CsCC + O, — C,C=C + CH,O + OH 1.55x 10* —9.54 20402 3.85 107 —3.88 8583 0.01
CsCC + O, — C,C=C + CH,O + OH 1.23x 10* —6.73 21164 2.46¢ 1074 —4.37 10274 0.1
CsCC + O, — C,C=C + CH,O + OH 2.82x 1012 0.24 17 880 5.9« 10% —6.64 18174 1
C3CC + O, — C,C=C + CH,O + OH 1.17x 1078 9.76 11 290 4.34 107t —-11.74 36 518 10
CsCC + O, — C,C=C + CH,O + OH 1.548x 10°% 12.92 6350 2.91% 10* 1.60 18 000 Keo®
CsCC + O, — C=C(C)CQOH+ CHjs 2.982x 107 —3.45 10 520 3.88 1074 —4.42 11 640 ko
C3sCC + O, — C=C(C)CQOH+ CHjs 5.52x 10% —8.38 17 620 2.8% 10% —3.53 9553 0.0001
C3CC + O, — C=C(C)CQOH+ CHjs 2.10x 10% —8.98 20778 454 107t —3.58 9747 0.01
CsCC + O, — C=C(C)CQOH+ CHjs 5.10x 10% —6.34 21 667 2.2k 107 —4.04 11 327 0.1
CsCC + O, — C=C(C)CQOH+ CH;s 2.42 x 10" 0.54 18 490 2.65 10°% —6.23 18 944 1
C3CC + O, — C=C(C)CQOH+ CHjs 1.14x 1071 10.05 11927 1.1k 10°° —11.26 37048 10
CsCC + O, — C=C(C)CQOH+ CHjs 6.035x 1073 13.35 6930 7.13% 1078 2.09 18 500 Keo®
CsCC + O,— CCC(C)COOH 1.215x 107t —3.53 40170 2.39% 107 —4.20 41 410 ko
CsCC + O,— CCC(C)COOH 1.10x 10** —3.51 40 153 1.96¢ 10°8 —14.28 62 589 0.0001
CsCC + O,— CCC(C)COOH 1.96x 107t —3.59 40 252 1.96¢ 10°8 —14.28 62 590 0.01
CsCC + O,— CCC(C)COOH 4.64x 10?7 —5.53 42 992 2.0k 10°8 —14.29 62 600 0.1
CsCC + O,— CCC(C)COOH 2.78x 10%° —6.17 46 483 4.3k 10°8 —14.38 62 909 1
CsCC + O,— CCC(C)COOH 9.00x 1° 0.48 43584 2.43 1074 —15.94 68 347 10
C3sCC + O,— CCC(C)COOH 4.879< 1028 9.93 35490 6.54% 1073 1.90 41 190 Keo®
C3CCOO — CsCCHO+ OH 5.328x 10°8 —13.29 47 210 2.766 1074 —2.66 35390 ¢
C;CCOO — CsCCHO+ OH 5.04x 106 —24.90 59 745 4.8k 10% —14.41 34774 0.0001
C3CCOO — CsCCHO+ OH 2.82x 10°8 —15.18 53 986 8.06« 10" —13.09 40 627 0.01
C3CCOO — CsCCHO+ OH 5.05x 10%° —5.96 47 207 5.98& 10°8 —15.02 52983 0.1
C3sCCOO — C;CCHO+ OH 5.02x 10 -0.71 43 050 1.26< 103 —12.65 55 846 1
C3CCOO — CsCCHO+ OH 2.01x 10° 1.05 41 609 3.7% 102 —14.62 70 229 10
C3CCOO — CsCCHO+ OH 1.286x 108 1.42 41 080 2.36% 107 1.57 39970 Keo
C3CCOO — CsCCOOH 7.672x 100 —14.64 30 360 1.10% 10 —38.26 73 330 ko®
C3CCOO — CgCCOOH 2.14x 10%® —7.93 30 647 5.04 10%° -7.15 21179 0.0001
CsCCOO — C3*CCOOH 3.27x 1% —3.37 27174 4.96¢ 10%° —6.67 25011 0.01
C3CCOO — CsCCOOH 7.95x 101t —0.22 24 645 2.8& 10°7 —-8.21 32793 0.1
C3CCOO — Cg'CCOOH 8.87x 10/ 1.07 23582 1.44¢ 10% —7.20 34 953 1
C3CCOO — CsCCOOH 1.09x 107 1.36 23334 3.86¢ 107 —7.55 40733 10
C3CCOO — CgCCOOH 2.782x 1¢° 1.54 23010 2.074& 1010 —34.58 68 030 Keo
C3CCOOH— C,CYCCOC+H+ OH 1.615x 10% —10.63 17 130 9.77& 10%* —2.19 7410 ko©
C3"CCOOH— C,CYCCOCH+ OH 2.17x 10°° —15.02 26 010 1.0% 10° —1.06 4775 0.0001
C3"CCOOH— C,CYCCOC+H+ OH 1.86x 10°8 —15.51 27 938 3.5% 10" —1.47 6095 0.01
C3CCOOH— C,CYCCOC+ OH 2.66x 10* —10.60 25563 2.86¢ 10%° —6.43 17 906 0.1
C3"CCOOH— C,CYCCOCH+ OH 3.05x 10°%° —7.46 23987 4.78 10 —2.45 11 497 1
C3"CCOOH— C,CYCCOC+ OH 3.38x 10%° —4.15 21548 3.56¢ 107 —3.82 17 451 10
C3"CCOOH— C,CYCCOC+ OH 6.636x 10° 1.06 15 360 4.03% 10° 1.71 14 110 Keo
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TABLE 6 (Continued)

T=300-900 K T =900-2500 K

A n EP A n E P (atm)
C3"CCOOH— C,C=C + CH,O + OH 4.997x 10%* —4.83 25590 6.96& 10%° —4.43 26 750 ko®
C3"CCOOH— C,C=C + CH,O + OH 1.55x 10P8 —18.15 29519 2.9& 10° —0.76 3084 0.0001
CyCCOOH— C,C=C + CH,O + OH 6.75x 107 —22.52 36 727 6.06¢ 10v —-5.12 8985 0.01
C3*CCOOH— C,C=C + CH,O + OH 4.94x 10°° —16.10 35902 1.94 10% —13.03 29281 0.1
C3"CCOOH— C,C=C + CH,O + OH 6.04x 10% —10.95 34 330 6.3k 10?7 —6.12 19121 1
C3CCOOH— C,C=C + CH,O + OH 7.82x 1074 —3.96 29417 3.58 10%¢ —7.99 28571 10
C3"CCOOH— C,C=C + CH,O + OH 1.146x 104 0.57 25680 8.18% 10° 1.20 24 480 Keo
C3’CCOOH— C=C(C)CQOH+ CHs 3.487x 10%° —4.16 26 280 2.60& 107° —3.99 27770 ko®©
C3’"CCOOH— C=C(C)CQOH-+ CHs 3.08 x 10°6 —17.84 29 804 7.76 10°3 —0.18 3017 0.0001
C3"CCOOH— C=C(C)CQOH-+ CHs 7.52x 107 —22.69 37525 2.24 10 —4.85 9026 0.01
C3'CCOOH— C=C(C)CQOH+ CHs 8.57x 10°° —16.26 36 936 1.1k 10% —13.05 30 100 0.1
C3?*CCOOH— C=C(C)CQOH-+ CHs 6.17 x 10% —11.00 35431 8.7X 1078 —5.92 19710 1
C3"CCOOH— C=C(C)CQOH+ CHs 1.07x 10 —3.71 30332 6.7% 10% —7.80 29 382 10
C3"CCOOH— C=C(C)CQOH+ CHs 3.110x 1@ 1.05 26 430 2.34% 107 1.67 25230 Keo
C3"CCOOH— CCC(C)COOH 2.321x 10** —1.80 55410 8.35% 107° —4.20 61 320 ko®
C3"CCOOH— CCC(C)COOH 8.48x 10" —13.08 44176 7.7k 10732 0.89 24172 0.0001
CyCCOOH— CCC(C)COOH 1.26x 10%° —32.10 53 259 2.8k 10 —2.43 7224 0.01
C3"CCOOH— CCC(C)COOH 4.04x 1018 —44.85 73 455 2.34& 1077 —22.25 32416 0.1
C3"CCOOH— CCC(C)COOH 3.37x 1028 —39.60 81938 5.76¢ 10°° —22.63 46 351 1
C3’CCOOH— CCC(C)COOH 4.18x 10" —19.60 71555 1.2% 10%° —23.05 65121 10
C3"CCOOH— CCC(C)COOH 6.718x 10 0.57 56 410 5.96% 10° 1.16 55 250 Keo

a Geometric mean frequency from CPFIT (Ritter, E.JRChem. Inf. Comput. Sc1991, 31, 400).> C;CCOO: 446.0 cn! (17.502), 1385.3
cm ! (19.421), 3480.2 cmi (8.577). G'CCOOH: 403.1 cm! (17.879), 1388.0 crit (18.733), 3466.4 crt (8.388). Lennard-Jones parameters:
0 =5.86 A, e/k = 632 K. Units for Ain s or cn® mol~! s and units forE, in cal mol L. ¢ Low-pressure limit: multiply rate by [M]¢ High-
pressure limit: multiply rate by [MJ. € High-pressure limit: multiply rate by [MP.

for reactions of neopentyl oxidation by the THERMKIN are
illustrated in Table S3. Table 6 lists the calculated rate constants
as a function of temperature for the low- and high-pressure-
limit cases and for specific pressures of 0.001, 0.01, 0.1, 1, and
10 atm. These rate constants are presented in two temperature
ranges, 3086900 K and 906-2500 K, to reduce the nonlinear
Arrhenius fit deviation to an acceptable range.

We also present the calculated rate constant data in a .
combined pressure and temperature form of Chebyshev poly-

I Svl]

cm” mo

nomial$* and report this in Supporting Information (Table S5). fou 0010

We tried to fit less complex falloff expressions to the data, but - i : Ceonoion \

because of the many product channels involved, the deviations 2 — 03 CCOOH \

in the observed fits were unacceptable and often more than o o CYCCOCHOH . \
100%. The expressions yielded satisfactory agreement only in 0 — C2=C(C)COOH+CH3 \@
single-well, single-product dissociations, where the depletion —o— C,C=C+CH,0+O0H

of higher-energy-level populations by lower barrier reactions 2 . | ‘ | |

was not occurring. These expressions included Trégs: 05 10 15 20 25 3.0 35
method®® the SRI method® and the extended Troe'Bcent 1000 K/T

6 , ; .
method5. These have _been prQVIoust trl_ed or_1 mutlple "‘(e”’ Figure 5. Calculated temperature-dependent rate constants for the
multiple-product, chemically activated or dissociation reactions chemically activated §oC + O, system aP = 1 atm.

and were reported to be unsatisfactorysang® recently studied

the multi-channel decomposition of ethanol, and indicated that {ansfer. The average errors for thex® parameter Chebyshev
the Troe formalism does not work for rate constant fits Vs fit are also listed in Table S5. These approximated Chebyshev
pressure over a wide pressure range when the unimoIecuIar|c,0|ynomia|S are compatible with those of ChenfRi#f for the
decomposition has multiple channels. The lower energy channelsse of simulation and the modeling combustion process.
deplete the higher energy states and significantly change the The calculated temperature-dependent rate constants for the
falloff behavior of the higher energy reaction processes. chemically activated §CC + O, reaction system from 300 to
Venkatesh et &f? reported that a direct approximation of the 1500 K at 1 atm are illustrated in Figure 5. The dominant
rate coefficients via Chebyshev expansions yields reliable and product channel for C + O is stabilization to GCCOO
accurate representations of the pressteenperature behavior.  pelow 1000 K. The forward and reverse isomerization and
Venkatesh et &t also reported that these Chebyshev fits are reverse reaction dissociation occur rapidly; the isomerization
superior to using a Lindemann-based approach to fit the form and the epoxide-formation steps have relatively tight transition
factor representing the falloff surface. states with Arrhenius preexponential factors of calllg?!

The data in Table S5 represent our predicted kinetic param- between 308800 K, and the reverse isomerization is fast
eters in the form of % 5 Chebyshev polynomidtsat pressures  because of the very low barrier (5.64 kcal ml At low
of 0.001-100 atm and temperatures of 368500 K with a temperatures of 666700 K, the stabilization and isomerization
master equation analysis to account for intermolecular energy are the dominant channels; the reverse reaction and dissociation
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Figure 6. Calculated pressure-dependent rate constants for the chemi- 1000 K/T
cally activated @CC + O, system. (a)l = 300 K, (b) T = 1000 K. Figure 7. Calculated temperature-dependent dissociation rate constants

) ) . for CsCCOO and G'CCOOH atP = 1 atm.

to 3,3-dimethyloxetane- OH are the important reactions above
900 K, and this results in falloff by 900 K. peroxy-neopentyl isomer will exist in a quasi-equilibrium, where

Figure 6 illustrates the pressure dependence for the rateihe |ower-enthalpy peroxy radical will be the dominant isomer.
constants (log vs P) of the chemically activated reactions at - e four important reactions of the stabilized@COOH radical
300 and 1000 K. Stabilization t0,CCOQ is the dominant 4 aimospheric pressure are also shown in Figure 7. The fastest
channel over all pressures at 300 K; it is also the dominant c» el s the isomerization back tg@OO, but dissociation
product channel when the pressure is greater than 1 atm at 1000, 3 3_gimethyloxetane- OH, which has a barrier of 15.50 kcal/
Z(.:ti\-:—:t(iaonrispg;rgigmkilz?ghc:r iﬁgﬁgip:?g?urghgr;'g?:mesmol, is competitive with this reverse isomerization over the

. Ca I entire temperature range because of a higher preexponential
h|gh_e_r at_ 300 K than at 1000 K, 1 a;m._'_l’h|s is because the factor. The reaction channels for dissociation teCEC +
stabilization to GCCOO decreases significantly at 1000 K CH,O + OH and dissociation to €C(C)COOH+ CH are

relative to that at 300 K, and the rates of dissociation to _. :
! similar and several orders of magnitude lower than that of the
neopentyH- O, and DMO+ OH are near equal and much faster epoxide+ OH channel from 309?500 K

at 1000 K (Figure 6b). The importance of the isomerization

reaction for low-temperature hydrocarbon oxidation can be seen "' S -, . .
here. or dissociation from stabilized adducts does not include reactions

When the pressure is below 1 atm, the dissociation back to past the adjacent_well(s). We account for the further reaction
CsCC + O, becomes the dominant channel at 1000 K, with of these products in the numerical kinetic integration (Chemkin

the formation of 3,3-dimethyloxetane OH competitive over ~ 2nalysis).

the entire temperature range. The rate constants of other 3.3. G'CCOOH+ O,. The potential energy surface for the

dissociation channels decrease as the pressure increases. THasldition of a second £to the hydroperoxy-neopentyl radical

next important reactions are the formation of isobutér@H,0 (Cs'CCOOH) calculated at the B3LYP/6-313G(3df,2p) level

+ OH and G=C(C)COOH+ CHjs, which have similar rates  is shown in Figure 8. €CCOOH reacts with @to form a

and are lower than the epoxide OH channel over the entire hydroperoxide-peroxy ££(OOH)COO with a 32.96 kcal moi*

pressure range. well depth. Reaction channels for the chemically activated
3.2. Dissociation/Isomerization of the Neopentyl Peroxy and adduct GC(OOH)COO* include dissociation back to reactants,

Hydroperoxide-Neopentyl Isomer§he stabilization of the  stabilization to GC(OOH)COO, isomerization via a hydrogen

neopentyl peroxy adduct is an important product in the chemical shift via TS7 €, = 22.58 kcal mot?) to form a dihydroperoxide

activation reaction system below 1000 K. The plot of logs isomer G*C(COOH) (AH¢°29s = —25.14 kcal mol?), and

1/T for the reaction channels of the stabilizegQC OO radical dissociation to products ¢C(OOH)CHO + OH) via two

at atmospheric pressure is shown in Figure 7. The isomerizationdifferent transition states, TS&{ = 22.40 kcal mot?) and

to C;"CCOOH is the fastest channel in all temperature ranges, TS8A (Ea = 41.23 kcal motl). The dihydroperoxide isomer

and the dissociation back to reactant€C + O is competitive C,"C(COOHY) undergoes dissociation to 3-methyl,3-hydroper-

with the isomerization above 800 K. The isomey@COOH oxideoxetanet+ OH via TS9 €, = 14.35 kcal mot!) and

has a very low barrier (5.64 kcal/mol) for reverse reaction, which S-scission to generate a hydroperoxide olefir@(C)COOH

is therefore fast; the neopentyl peroxy radical and the hydro- and CHO + OH via TS10 E, = 17.34 kcal mot?). The

We note that the master equation anal/&is isomerization
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Figure 8. Potential energy diagram for theCCOOH + O, reaction system.

TABLE 7: Comparison and Estimation of Reaction Enthalpies for Similar Channelst

B3LYP B3LYP CBSQ//B3LYP B3LYP B3LYP
/6-31G(d,p) /6-311++G(3df,2p) /6-31G(d,p) /6-31G(d,p) /6-311++G(3df,2p) correctetd
TS1 24.00 23.42 23.82 TS7 22.79 22.58 22.98
TS2 42.54 42.06 41.61 TS8A 41.87 41.26 40.78
TS3 14.71 14.14 15.51 TS9 15.86 14.35 15.72
TS4 29.97 27.81 25.39 TS10 19.28 17.34 14.93
TS8 22.93 22.40

akcal/mol.® Corrected reaction enthalpies according to the trend calculated from three different levels for the similar reaction channels.

stabilized GC(OOH)COO peroxy undergoes homolytic dis- One new important channel in Figure 8 that is not in the
sociation via cleavage of the weak<® bond with a barrier of CsCC + O, system (Figure 4) is the exothermic formation of
43.03 kcal motl. The stable vinyl hydroperoxide that is C,C(COOH)CHO+ OH via a six-membered-ring transition
produced will also undergo homolytic cleavage of the weak state (TS8) with a 22.40 kcal midibarrier. In TS8, the peroxy
O—O0O bond in the peroxide moiety to generate OH and a vinyl radical abstracts the weakly bonded H atom in#@H,OO0H
alkoxy (chain-branching reaction), serving to accelerate the group; this H-C(C;)HOOH bond is weak because as the H
oxidation process. The vinyl alkoxy radical is an important atom is leaving a strong carbonyl bond (gained0 kcal mot™?)
reaction to form 2-methyl-2-propenal {€€C(C)CHO), which is forming with the weak ©6-OH bond (45 kcal mof?)
was identified as an important product from neopentyl radical cleaving.

oxidation? The chemically activated [f{C(COOH)CHO] species can

A number of the reaction channels for theGQCOOH)COC* undergo dissociation to cleave the weak-ROH bond to form
adduct are similar to those of the@COO* adduct because  a 2-methyl isopropanal-2-methyoxy radicabEECHO)CHO")
of the similarity between the two adduct structures. Table 7 plus a second OH (overall reaction”CCOOH+ O, — C,C-
lists calculated reaction enthalpies for similar reaction channels (CHO)CH,O* + 20H), or it can be stabilized. Although the
in Figures 4 and 8. In Table 7, the barriers for the corresponding branching ratio to the two products is a function of temperature,
isomerization channels and dissociation channels in two reactionwe calculate it to be near 1:1 for the conditions modeled in this
systems show agreement, especially for the channels with tightstudy. The [GC(COOH)CHO] species has an activation energy
transition states (ring formation). of ca. 48 kcal mot?! at the transition-state point.

To obtain reaction enthalpies in this second &@ldition The stabilized @C(COOH)CHO can undergo bimolecular
system that are more accurate than those from the DFTreaction (loss of H atoms via abstraction) and the product
calculations, we evaluate the deviation of enthalpies betweenradicals can dissociate by low-enerfpscission. For example,
the DFT and the CBS-Q levels and then correct the correspond-the weakly bonded H atom will be abstracted to form th€-C
ing DFT-level reaction enthalpies to the CBS-Q level for these (COOH)C=0 radical, which will dissociate to CO and
oxygenated species. The barriers calculated from the B3LYP/ C,C*COOH; the GC*COOH will further dissociate to isobu-
6-311++G(3df,2p) level in Figure 8 are corrected to 22.98, tene+ HO,. These are important chain-branching channels at
15.72, 14.93, and 40.78 kcal mélfor TS7, TS9, TS10, and  low temperature, and they also contribute to OH and,HO
TS8A, respectively. The correction is 6-:4.4 kcal mot? for product formation.
the reactions with ring-formation transition states and 2.4 kcal The 2-methyl isopropanal-2-methyoxy radicalGECHO)-
mol~1 for the dissociation of the-CH,OOH group with TS10. CH,O* will undergo -scission either to € (CHO) + CH,O
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Figure 9. Calculated temperature-dependent rate constants for the 0.001 0.01 0.1 1 10 100
chemically activated @CCOOH + O, system at® = 1 atm. P (atm)

Figure 10. Calculated pressure-dependent rate constants for the

via TS11 or to GC(CHO) + H via TS12, as outlined in the chemically activated @CCOOH+ O, system aff = 700 K.

reaction mechanism scheme. TheCZCHO) radical will
undergopB-scission to &CC + HCO via TS13A or G=C(C)-
CHO + H via TS13, which are important products that were i
observed in neopentane oxidatitn. 4

The calculated rate constants fofCCOOH+ O; are listed ] N
in Table 8 as a function of temperature for two ranges,-300 .
900 K and 906-2500 K, along with the corresponding low-
and high-pressure-limik values at pressures of 0.001, 0.01, 0.1,

1, and 10 atm. These rate constants are also listed in Supporting
Information Table S5, where they are expressed in a 9 _
Chebyshev polynomial formitover the temperature range of
300—-2500 K and the pressure range of 0.6AD0 atm. This x
Chebyshev representation is compatible with the Chemkin 1lI
mechanism integration code.

Temperature-dependent rate constants for the chemically
activated @CCOOH + O, system are illustrated in Figure 9
for conditions of 300 to 1500 K at 1 atm. The dominant product
for C"CCOOH+ O is stabilization to GC(OOH)COO below
800 K, but the reverse reaction becomes the dominant channel
above 800 K.

The most important product channel for the dissociation of
the stabilized @C(OOH)COO radical at atmospheric pressure
is the formation of [GC(COOH)CHO] + OH via TS8 as shown
in Figure 9; this reaction is competitive with the isomerization
channel to @C(COOH) below 600 K. The dissociation channel
(chain branching) of [gC(COOH)CHO] + OH, which further
reacts to produce LL(CO)CHO + 20H, becomes dominant
to a small degree above 800 K; it is the important forward Slagle et af! studied the unimolecular decomposition of the
channel to products and is an important chain-branching stepneopentyl radical T = 560-650 K) in time-resolved experi-
at low and intermediate temperatures. The isomerizatioa*®-C  ments by using a heated tubular reactor coupled to a photo-
(COOHY, is the important forward channel below 600 K, and ionization mass spectrometer. They fit their experimental data
the homolytic cleavage of the weak R@H bond in GC- to the framework of RRKM theory and a vibrational model and
(OOH)COO (also a chain-branching path) becomes important determined high-pressure-limit rate constants in the temperature
above 600 K. range to bek = 10'3-%xp(—30.9+ 1.0 kcal mof/RT) sL. In

A plot of log k versus pressure for thes;€CCOOH + O, this work, the high-pressure-limit rate constant is calculated via
system at 700 K is shown in Figure 10, which illustrates that canonical transition-state theory and fit to a three-parameter
stabilization to the peroxy radical and reverse (dissociation) (A, n, &) modified Arrhenius equation over the temperature
reaction channels are dominant at all pressures. range of 306-2000 K: k= 2.21 x 100 T1.08%xp(—29.78 kcal

4. Unimolecular Dissociation of the Neopentyl Radical. mol~Y%RT) s~%. Figure 11 compares this temperature-dependent
At higher reaction temperatures, the neopentyl radical will rate constant from the experimental data of Slagle &t aith
undergo unimolecular dissociation to isobutene plus the methyl our QRRK calculations, and the QRRK results using both the
radical in competition with the R O, association reaction.  experimentally determined and theoretically predicted high-

1000

® Experimental by Slagle et al.
—— QRRK with experimental data
———- Theoretically predicted

L |

LN B s B B ey B B B B B
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Figure 11. Comparison of calculated unimolecular dissociation
constants of the neopentyl radical with the experimental data of Slagle
et al®!
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TABLE 8: Kinetic Parameters for the C3*CCOOH + O, Systent

T=300-900 K T =900-2500 K

AP n E. A n E P (atm)
C3"CCOOH+ O, — C,C(COOH)CO0 1.939x 10¥ —22.71 9640 1.42& 10%® —6.60 —9140 ko°
C3?*CCOOH+ O, — C,C(COOH)CO0O 1.71x 10 —25.87 19741 3.9% 10°° —-18.92 —21407 0.0001
C3?*CCOOH+ O, — C,C(COOH)COO0 1.33x 101 —19.43 15375 5.9% 1072 —-19.50 -—-19267 0.01
C3CCOOH+ O, — C,C(COOH)CO0 1.77 x 10© —-12.20 9911 1.1% 1088 —-20.67 —-15202 0.1
C3’CCOOH+ O, — C,C(COOH)COO 457 x 10%° —5.78 4785 1.05¢ 1078 —23.10 —-6859 1
C3’CCOOH+ O, —~ C,C(COOH)COO 2.93x 10 —1.81 1514 1.21x 10° —27.73 8972 10
C3’CCOOH+ O, — C,C(COOH)CO0O 8.000x 101t 0.00 0 8.000x 104 0.00 0 ke
Cs'CCOOH+ O, — C,C(COOH)CHO+ OH (s 2.646x 10%7 —6.15 1320 8.52(« 10'° —2.57 —2640 ko
CsCCOOH+ O, — C,C(COOH)CHO+ OH (s 8.11x 10% —11.62 14600 8.7k 101 498 —17891 0.0001
C5s'CCOOH+ O, — C,C(COOH)CHO+ OH (s 1.88x 1034 —7.48 12749 2.43% 1010 486 —17479 0.01
C5sCCOOH+ O, — C,C(COOH)CHO+ OH (rs) 1.78x 10 —1.06 8470 1.1 108 440 —-15941 0.1
C3CCOOH+ O; — C,C(COOH)CHOH OH (rsg) 1.25x 1078 5.94 3180 3.2% 1073 292 -10885 1
C3CCOOH+ O; — C,C(COOH)CHO+ OH (rsg) 1.85x 1072 11.12 —966  9.07x 10% —0.73 1632 10
C3CCOOH+ O, — C,C(COOH)CHOH OH (rsg) 4.074x 10734 1252 —2890 7.503x 1078 3.91 630 k.d
Cs'CCOOH+ O, — C,C(COOH)CHO+ OH (rssa) 5.637x 10° 0.82 9340 2.31x 10% —1.78 13270 ko
Cs'CCOOH+ O, — C,C(COOH)CHO+ OH (rssa) 1.40x 107 —3.88 15745 2.5& 10% —1.84 12625 0.0001
C5'CCOOH+ O, — C,C(COOH)CHO+ OH (rssa) 5.19x 10?7 —5.47 19208 2.6k 10 —-1.84 12629 0.01
C3CCOOH+ O, — C,C(COOH)CHO+ OH (tsga) 2.79x 107 —3.31 19335 3.34 10 —1.87 12729 0.1
C3CCOOH+ O, — C,C(COOH)CHO+ OH (1sga) 1.00x 10° 2.63 15609 6.34 10 —2.22 13905 1
C3’CCOOH+ O, — C,C(COOH)CHO+ OH (1s8a) 6.01x 10°1° 9.32 10559 3.7& 10% —4.06 20158 10
C3CCOOH+ O, — C,C(COOH)CHOH+ OH (1s8a) 1.733x 10°3%° 14.66 5630 2.04% 10° 4,93 11230 k.d
C3’'CCOOH+ O, — C,C(CH,O")COU + OH 2.307x 10 —0.59 12030 1.65& 10% —2.96 15550 ko
C3CCOOH+ O, — C,C(CH,0")COO + OH 7.15x 10%° —3.80 16283 6.9% 10% —4.09 16 709 0.0001
C3’CCOOH+ O, — C,C(CH,0")COO + OH 3.28x 10%8 —6.07 20206 7.0k 10?6 —4.09 16710 0.01
C3’CCOOH+ O, — C,C(CH,0")COOU + OH 3.01x 100 —4.93 21286 7.93% 10?6 —4.10 16759 0.1
C3'CCOOH+ O, — C,C(CH,0")COU + OH 6.26x 1013 0.47 18148 6.3k 10 —4.35 17587 1
C3'CCOOH+ O, — C,C(CH,0")COU + OH 2.29%x 1078 7.25 13107 3.8% 10%* —5.92 22916 10
C3’CCOOH+ O, — C,C(CH,0")COU + OH 4.681x 10730 12.99 8040 1.57% 10! 3.73 13000 k.d
C3CCOOH+ O, — C;"C(COOH) 2.416x 10% —-9.79 1340 1.34% 10% —8.29 —2350 ko©
C3’CCOOH+ O, — C*C(COOH) 7.38x 10% —31.01 19521  7.1% 10% —-16.93 —27731 0.0001
C3’CCOOH+ O, — C*C(COOH) 3.83x 10%7 —39.53 30567 1.5% 10% —17.02 —-27444 0.01
C3’CCOOH+ O, — CC(COOH) 1.26 x 1010 —42.86 37874 3.3% 10% —16.85 —27458 0.1
C3’CCOOH+ O, — CC(COOH) 2.47 x 10t4 —37.37 36515 4.1k 10% —-16.37 —28143 1
C3"CCOOH+ O, — CC(COOH) 1.30x 10°2 —26.79 29583 554 10" —-15.64 —-29078 10
C3’'CCOOH+ O, — CC(COOH) 2.392x 10733 12.62 —2800 1.217x 10°¢ 3.87 940 k¢
C3CCOOH+ O, — C(COOH)CYCCOCt+ OH 5.540x 10 —2.73 4290 4.17k 10%2 —4.35 4760 ko
C3’CCOOH+ O, —~ C(COOH)CYCCOC+H OH 6.93x 10%7 —-11.77 18403 1.26c 101 2.48 —9103 0.0001
C3’CCOOH+ O, — C(COOH)CYCCOC+H OH 5.24x 10°t —12.71 22759 1.5% 101! 2.45 —9012 0.01
C3’CCOOH+ O, —~ C(COOH)CYCCOC+H OH 7.93x 10°%7 —8.02 22442 8.2% 10! 2.25 —8357 0.1
C3’CCOOH+ O, — C(COOH)CYCCOC+H OH 1.14x 10° 3.20 15575 6.4% 10 1.20 —4803 1
C3’CCOOH+ O, —~ C(COOH)CYCCOC+H OH 2.57x 10738 16.09 6352 2.90« 106 —2.24 6831 10
C3’'CCOOH+ O, —~ C(COOH)CYCCOC+H OH 4.379x 10743 14.36 4040 2.58k 1022 7.23 3140 Ko®
C3'CCOOH+ O, — C=C(C)COOH+ CH,O + OH  1.442x 10% —2.59 3520 5.595 10?2 —-4.12 3800 ko
Cs'CCOOH+ O, — C=C(C)COOH+ CH,O+OH 1.68x 10* —11.89 18353 4.16 103 3.17 —11007 0.0001
Cs'CCOOH+ O, — C=C(C)COOH+ CH,O+ OH  1.48x 10°? —1254 22443 5.6% 103 3.13 -10883 0.01
Cs'CCOOH+ O, —~ C=C(C)COOH+ CH,O +OH  6.64x 10°** —7.69 21955 4.1k 1032 290 -10095 0.1
CyCCOOH+ O, — C=C(C)COOH+ CH,O+ OH 2.34x 1C¢° 341 15193 6.4% 1%? 1.76 —6244 1
C3'CCOOH+ O, — C=C(C)COOH+ CH,O+OH 1.83x 10°% 16.13 6136 3.8k 10 =171 5547 10
C3CCOOH+ O, — C=C(C)COOH+ CH,O+ OH 9.885x 10 14.53 3580 3.24% 102 7.47 2560 k»®
C,C(COOH)COO®— C,C(COOH)CHO+ OH (1ssy  1.213x 10  —2522 33370 4.76% 10% —521  —5340 ko®
C,C(COOH)COO— C,C(COOH)CHO+ OH (rsg) 2.88x 10 —8.28 29474 3.78& 101 —2.28 8392 0.0001
C,C(COOH)COO— C,C(COOH)CHO+ OH (rsg) 8.26 x 10# —5.12 27111 4.6X% 10% —6.28 20290 0.01
C,C(COOH)COO— C,C(COOH)CHO+ OH (rsg) 1.08x 1016 —2.21 24815 1.13% 10" —9.92 34494 0.1
C,C(COOH)COO— C,C(COOH)CHO+ OH (rsg) 3.39x 10° —0.08 23088 2.25 10 —3.55 21329 1
C,C(COOH)COO— C,C(COOH)CHO+ OH (rsg) 1.70x 1C° 0.99 22196 5.54 10% —5.38 29058 10
C,C(COOH)COO— C,C(COOH)CHO+ OH (rsg 9.808x 1P 1.07 21990 1.74% 10¢ 1.56 20830 ke
C,C(COOH)COO— C,C(COOH)CHO+ OH (ts8a) 1.569x 10°1 —14.69 46930 6.19% 10°*7 —7.08 42970 ko
C,C(COOH)COQO— C,C(COOH)CHO+ OHtsga)  7.98x 10°t —23.82 56977 2.0& 10% —4.74 14556 0.0001
C,C(COOH)COQO— C,C(COOH)CHO+ OH tsga)  4.92x 10%® —19.01 55177 1.0& 10°%¢ —9.97 30537 0.01
C,C(COOH)COQO— C,C(COOH)CHO+ OH tsga)  4.25x 10% —12.18 50845 3.2& 10°7 —15.23 51214 0.1
C,C(COOH)COQO— C,C(COOH)CHO+ OH tsga)  2.41x 10% —5.46 45861 6.4% 10% —6.03 32691 1
C,C(COOH)COO— C,C(COOH)CHO+ OH rsgny ~ 2.72x 10 —0.89 42227 25k 10% —9.33 46453 10
C,C(COOH)COO— C,C(COOH)CHO+ OH rsgny  3.716x 10° 1.02 40510 6.63k 10° 1.51 39340 ks
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TABLE 8 (Continued)

Sun and Bozzelli

T=300-900 K T=900-2500 K

AP n E. A n E P (atm)
C,C(COOH)COO— C,C(CH,0O")COO + OH 2.239x 10°¢ —15.03 49 260 1.91% 10% —8.42 46920 ko°
C.C(COOH)COO— C,C(CH,0O")COO + OH 3.31x 10 —26.81 59 863 5.5& 10% —6.47 15616 0.0001
C.C(COOH)COO— C,C(CH,0O")COO + OH 9.73x 10%2 —22.41 58 882 8.2% 10" —-11.74 31841 0.01
C,C(COOH)COO— C,C(CH,0O")COO + OH  4.45x 10%? -15.41 54777  1.6% 107 -17.15 53210 0.1
C,C(COOH)COO— C,C(CH,0O")COO + OH 3.01x 10% —-8.02 49 433 2.6% 10%® —7.60 33996 1
C,C(COOH)COO— C,C(CH0O")COO + OH 2.35x 1074 —2.73 45271 5.58 10% —11.06 48 438 10
C,C(COOH)COO— C,C(CH0O")COO + OH 7.546x 10 —0.29 43110 1.15k% 10 0.22 41920 ke
C.C(COOH)COO— C,*C(COOH) 2.844x 1010 —27.46 32620 4.90% 1023 —30.92 44710 ko
C.,C(COOH)COO— C,”C(COOH) 3.06x 10%7 —-8.91 30537 1.04 10t —2.44 8576 0.0001
C.C(COOH)COO— C,*C(COOH) 3.65x 10%7 —-5.62 28 090 2.4% 1078 —6.52 20 699 0.01
C,C(COOH)COO— C,C(COOH) 1.79x 10'8 —2.56 25690 1.1% 10*% —10.23 35180 0.1
C,C(COOH)COO— C»C(COOH) 2.43x 101 -0.32 23869 1.0k 10% -374 21801 1
C,C(COOH)COO— C,"C(COOH) 7.36x 107 0.83 22919 4.28 1028 —5.63 29 765 10
C,C(COOH)COO— C,"C(COOH) 2.381x 107 0.98 22 630 4.38% 10° 1.47 21470 ke
C,C(COOH)— C(COOH)CYCCOC+ OH 1.139x 10 —-1.87 13 260 1.704& 10%® —-3.21 13940 ko
C,C(COOH)— C(COOH)CYCCOC+ OH 3.50x 102 —14.86 24 220 5.3% 108 —4.44 9892 0.0001
C»C(COOH)— C(COOH)CYCCOG+ OH 2.80x 10% —-8.71 21325  4.66¢ 10% ~7.70 16450 0.01
C»C(COOH)— C(COOH)CYCCOGCH OH 3.29x 10% ~7.88 22946  1.55 101 -2.18 8606 0.1
C»C(COOH)— C(COOH)CYCCOG+ OH 5.94x 102 -390 20341 1.4k 109 -321 13887 1
C;’C(COOH)— C(COOH)CYCCOCH+ OH 2.70x 1012 —0.52 17 633 1.4% 10% —10.00 36 847 10
C;’C(COOH)— C(COOH)CYCCOCH+ OH 7.802x 10 1.78 14 630 1.99& 108 1.34 15070 K
C»C(COOH)— C=C(C)COOH+CH,0 + OH  1.154x 10% -1.32 11640 1.176& 10 —2.91 12660 kot
C,C(COOH)— C=C(C)COOH+CH,0 + OH 2.67x 10°2 —14.39 23988 3.0% 1018 —-3.93 9640 0.0001
C»C(COOH)— C=C(C)COOHFCH,0 + OH  1.69x 10% —-859 21153  3.65 109 -6.70 15184  0.01
C,C(COOH)— C=C(C)COOH+CH,O+ OH  1.47x 10°% ~7.76 22566  2.9% 101 -1.62 7988 0.1
C»C(COOH)— C=C(C)COOHFCH;0 + OH  2.69x 10 413 20174  1.50c 108 —261 12980 1
C;C(COOH)— C=C(C)COOHCH,0O + OH 1.11x 10 —1.06 17714 3.55 10%2 —8.98 34 495 10
C»C(COOH)— C=C(C)COOHCH,0O + OH 5.828x 10* 2.07 13 600 1.46% 10° 1.63 14040 K

aGeometric mean frequency from CPFIT,GECOOH)COQ: 411.6 cnt? (22.044), 1426.9 cmt (21.563), 3924.1 crt (6.893), G*C(COOH):
390.5 cm! (22.354), 1426.8 cri (21.032), 3906.2 crrit (6.614). Lennard-Jones parameteos= 6.40 A, e/k = 720.5 K.? Units for A in s™* or
cm?® mol~* s and units forE, in cal mol™. ¢ Low-pressure limit: multiply rate by [M]9 High-pressure limit: multiply rate by [MT. € High-
pressure limit: multiply rate by [MJ2. f Low-pressure limit: multiply rate by [M]

pressure-limit rate constants show good agreement with the
experimentally determined rate constant reported by Slagle et

al bt

The unimolecular decomposition of the neopentyl radical to
isobutenet CHs is important to the OH radical decay, as shown
in the following OH sensitivity analysis. The OH radical

generated by the neopentyl oxidation reactions and the methyl
radical from the3-scission reaction above will add to isobutene
forming new isobutene adducts:3*COH, GC°*COH, and G-
C'CC. These OH and Cf-addition reactions and the subsequent
0O, association reactions with these adducts have been calculated
by ab initio and DFT methods and included in our mechanism,

[OH] (arbitrary units)

but these reactions show little contribution to the OH formation

1.0

0.8

0.6

0.4

®  Experimental OH LIF Signal
Neopentyl +O, Model

Initial Condition: T = 700K
[n-C;H, 1] = 7.0x10"* molecule cm™

[CH, 1= 3x10'" molecule cm™

profile; isobutene oxidation reactidiisare important only for

modeling the primary initial product isobutene-formation profile.
5. Model and Comparison with Experimental Results.A

detailed reaction mechanism (322 reactions, 138 species) for [O,] = 63.3 torr

the neopentyl radical oxidation is assembled in Supporting [He] = 550 torr

Information Table S4, where the CHEMKIN Il interpreter and 0.0 - T T T I l I

integrator (version 3.%J are used to model the experimental 0.5 1.0 1.5 20 25 3.0

OH-formation profile for the reaction time ofB ms. Abstrac- Time (x107s)

tion reactions are not considered to be pressure-dependent angtig,re 12. Comparison of the present model with the experimental

therefore do not require falloff analysis. Abstraction reactions OH LIF measurements of Hughes efal.

of O, OH, HO, and R radicals are taken from evaluated

literature wherever possible. A procedure from Dean and experimental data published by Hughes étialshown in Figure

BozzellP® is used to estimate abstraction rate constants by H, 12. The experiment was performed at 700 K and 613.3 Torr,

O, OH, and CHradicals when no literature data are available. with an G pressure of 63.3 Torr and aszCC radical
The time dependence of the OH radical formation profile concentration of 3x 10 molecule cn3. The solid curve in

predicted by our reaction mechanism and compared with Figure 12 represents our modeling result for the OH profile,

0.2
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< 5"-:' 0.02 Qj{ ® isobutene, exp.
00 % bt —e— DMO, model
w U i :
a —e— C,CCI<=>C,CC. +1 8 o —a— isobutene, model
=0
§ —=— C,CCI + OH<=>C,.CCl + H,0 @
m 027 .. c3cc +0,5=>C,cC00. 2 010+
2 --+-- C,CC00.<=>C,.CCQ 2
= 037 _...C,CCQ<=>C,CYCCOC+OH g 0%
Q —e-. C,CC.<=>C,C=C+CH, < 0084
g 0.4 | —=— OH=>wall reaction
T T T T T T T 0.04 +
0.0 05 1.0 15 20 25 3.0
0.02
Time (x107s) ;
Figure 13. Sensitivity analysis of OH formation & = 700 K and 0.00 ¥
P = 613.3 Torr. g ; : : : : : '
00 02 03 04 05 06 07 08
and it shows good agreement with the experimental data of Neopentane Conversion (%)

Hugh_es et at. Sensitivity analysis of OH formatlpn "?“ the Figure 14. Comparison of the present model with the experimental
experimental temperature and pressure is shown in Figure 13.measurements of initial primary products by Walker et®ait T =

The reaction channel for the formation of 3,3-dimethyloxetane 753 K andP = 500 Torr containing 5 Torr of neopentane. (a) +

+ OH is calculated to have the highest sensitivity for the 425, Q = 70 Torr; (b) H = 140, @ = 355 Torr. DMO stands for
formation of the OH radical and the isomerization #@COOH 3,3-dimethyloxetane.

from the GCCOO radical is next; the well depth of the

chemical activation reaction ofsCC' + O, for the formation ~ With our kinetic mechanism, along with the appropriate QRRK/
of neopentyl peroxy and the unimolecular decomposition of the Master equation analysis at these temperature, bath gas, and

neopentyliodide radical are also important. pressure conditions. Initial product yields are compared with
The decay of the OH radical is the most sensitive to the OH the experimental results of Walker et'dlin Figure 14; these
wall reaction, and this rate constant is taken to be 88as results are from the use of our calculated kinetic parameters at

measured in the flow system by Hughes et Ehe reaction of a pressure of 500 'I_'orr with a spe_c_ific bath_ gas. We note that
OH with GsH14l is also sensitive, as confirmed by independent OUr current mechan!sm predicts mmgl_ reactl_on product_s for the
experiments in which OH was generated at 193 nm fro@N neopentyH- O, reaction sy§tem; specmcal!y,. |.t does not include
H,0/He mixture€ The unimolecular decomposition of the all the secondary reactions of most initial products. The
neopentyl radical to isobuterie CHs is shown to be important concen_tratlons of 3,3-dimethyloxetene an_d isobutene p_red|cted
to the OH decay because it results in the loss of the OH theoretically show overall agreement with the experimental
precursor. measurements for two mixtures at very different oxygen
Overall, there are a number of reaction sets responsible forconcentrations: (&) hydrogen-rich:,H 425, G = 70 Torr;
the OH formation: (i) the chemical activation reaction of the (P) oxygen-rich: H = 140, G = 355 Torr. We note that the
neopentyl radicak- O, with isomerization and subsequent dlﬁerenqes in the experiment versus model may arise from our
dissociation reactions; (i) the addition of a seconglt®the mechanism being somewhat incomplete, and we are working
hydroperoxy-neopentyl radical with isomerization and subse- On Secondary and final reactions for this system for further
quent dissociation reactions; (iii) the addition and subsequent Publication. We do not have paths for most of the initial reaction
oxidation reactions of isobutene from neopentyl and hydro- Products to intermediates and final @&nd HO species in this
peroxy-neopentyl radical dissociation, and (iv) the oxidation of Present study.
the initial products and intermediates generated in the neopentyl
oxidation system. The importance of these reaction paths
changes with concentrations, pressure, and temperature. At a Thermochemical properties of the neopentyl radieaixygen
pressure of 613.3 Torr and a temperature of 700 K, the formation reaction system and the hydroperoxy neopentyl radic&d,
of 3,3-dimethyloxetane- OH is the most important channel to  reaction system are calculated using ab initio CBS-Q and density
form the OH radical. functional B3LYP/6-31%+G(3df,2p) methods. The barriers for
Walker et alt® measured the absolute concentration of a the isomerization of neopentyl peroxy and subsequent epoxide
number of stable hydrocarbon and oxyhydrocarbon products asformation reactions are calculated to be 23.82 and 15.50 kcal
a function of neopentane oxidation (conversion) in an oxidizing mol~?, respectively. Kinetic parameters for intermediate and
environment using a flow reactor. Their experiment was carried product-formation channels are calculated versus temperature
out at 753 K and 500 Torr total pressure for three mixtures and pressure. A mechanism describing reaction paths and kinetic
containing 5 Torr of neopentane in bath gases of nitrogen, parameters for the initial steps in the neopentyl oxidation
oxygen, and hydrogen. We calculate the absolute concentrationgeaction system is developed to model the experimental OH-
of initial primary products 3,3-dimethyloxetane and isobutene formation profile. Second ©addition to the hydroperoxy

Summary
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neopentyl radical has a minor contribution to the OH profile Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
under the modeled conditions but can be important to chain D:: Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
. . . . M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
branching. Several reactions are predicted to be important to gcherski, J: Petersson, G. A.: Ayala, P. Y.; Cui, Q.. Morokuma, K.; Malick,

the OH-formation profile. Thermodynamic equilibria for the D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

reactions of GCCOO < Cz*CCOOH and reactions £C-
COOH— 3,3-dimethyloxetane- OH and GC=C + CH,0O +
OH serve to control the oxidation rate in this 700 K, 613.3 Torr

Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

reaction system. The concentrations of two observed, initial M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,

products in this system, 3,3-dimethyloxetane and isobutene, are
also calculated by the model and compared with the experi-

mental results.
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