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The loss of OH radical, is most sensitive to wall reaction, and the unimolecular
decomposition of neopentyl radical to isobutene + CHj is also important, since it results
in the loss of the OH precursor. The entropy of TS3 for the formation of 3,3-
dimethyloxetane + OH is calculated as 98.04 cal/mol, and it is increased by 1.5 cal mol’!
K to fit the OH formation profile with reaction time.

Overall, there are several major reactions responsible for the OH formation: (i)
Dissociation of hydroperoxy-neopentyl radical to 3,3-dimethyloxetane + OH; (ii) The
addition of a second O, to hydroperoxy-neopentyl radical with isomerization and
subsequent dissociation reactions; and (iii) Reactions of CH; from neopentyl dissociation.
Importance of these reaction paths changes with concentrations, pressure and
temperature. At a pressure of 613.3 torr and a temperature of 700 K, the formation of 3,3-

dimethyloxetane + OH is by far the most important channel to form OH radical.

4.5 Summary
Thermochemical properties of the neopentyl radical + oxygen reaction system and the
hydroperoxy neopentyl radical + O, reaction system are calculated using ab initio CBS-Q
and density functional B3LYP/6-311++G(3df,2p) methods. The barriers for the
isomerization of neopentyl peroxy and subsequent epoxide formation reactions are
calculated as 23.82 and 15.50 kcal/mol, respectively. Kinetic parameters for intermediate
and product formation channels are calculated versus temperature and pressure. A
mechanism describing reaction paths and kinetic parameters for the initial steps in the
neopentyl oxidation reaction system is developed to model the experimental OH

formation profile. Second O, addition to the hydroperoxy neopentyl radical has a minor
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contribution to the OH profile under the modeled condition, but can be important to chain
branching. Several reactions are predicted to be important for OH formation profile.
Thermodynamic equilibrium on the reactions of C;CCOO+ < C3;*CCOOH and reactions
(C3*CCOOH — 3.3-dimethyloxetane + OH, C,C=C + CH,O + OH), serve to control

oxidation rate in this 700 K and 613.3 torr reaction system.



CHAPTER 5

KINETIC ANALYSIS OF 2-HYDROXY-1,1-DIMETHYLETHYL, 2-HYDROXY-
2-METHYLPROPYL, AND 1,1-DIMETHYLPROPYL RADICALS OXIDATION

5.1 Overview
The reaction systems of 2-hydroxy-1,1-dimethylethyl, 2-hydroxy-2-methylpropyl, and
1,1-dimethylpropyl radicals plus O,, which are secondary reactions in neopentyl radical +
O, oxidation system, are analyzed with ab initio and density functional calculations to
evaluate reaction paths and kinetics important in neopentyl oxidation. Enthalpies of
formation (AHfozgg) are determined using isodesmic reaction analysis at the CBS-
Q//B3LYP/6-31G(d,p) level. The entropies (S°29s) and heat capacities C,(7)’s (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. The hindered internal rotor contributions to S°9g and
Cy(T)’s are calculated from the analysis of rotational potentials. AHj’g;;g values for
radicals C,C*COH, C,C(OO+)COH, C3*COH, C,C(OH)COOse, and C,C(O0°)CC are
calculated as -22.22, -62.71, -24.12, —61.76, and —33.58 kcal mol™! at the CBS-QB3
level. The potential energy surfaces of the three reaction systems are calculated at the
CBS-QB3 level. Rate constants are calculated as function of pressure and temperature
using quantum Rice-Ramsperger-Kassel (QRRK) analysis for £(E) and master equation
for pressure fall-off. Kinetic parameters for intermediate and product formation channels
of above reaction systems are presented versus temperature and pressure. An elementary
reaction mechanism is constructed to model experimental HO, formation profiles at

different O, concentrations in the neopentane oxidation reactions.
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5.2 Background

The reactions of neopentyl radical with molecular oxygen have been investigated for
modeling the time dependence of the OH formation profile based on ab initio and density
functional computation methods in Chapter 4. Taatjes et al.'® recently measured the
time-resolved production of HO, and OH in pulsed-photolytic Cl-initiated oxidation of
neopentane between 573 and 750 K. They reported that: (a) significant HO, formation is
observed above 623 K, where the formation of HO, increases with increasing
temperature; (b) the HO, produced also increases with increasing O, at 673 K; (c) their
OH measurements are especially sensitive to the direct pathways from R + O, to QOOH
and to OH + 3,3-dimethyloxetane. They also developed a kinetic model based on the
comparison with their previous time-dependent master equation calculation of analogous
processes in the reaction of n-propyl with O,. Taatjes et. al performed B3LYP/6-31G(d,p)
calculations for the stationary points on the neopentyl + O, system (surface) and adjusted
this DFT data by the difference between B3LYP/6-31G(d,p) and QCISD(T)/6-
311++G(3df,2pd) energies from their study on the n-propyl + O, system. The well depth

for neopentyl + O, is estimated as 35 kcal mol ™.

The results of Taatjes et. al and from Chapter 4 both show that there is no direct
neopentyl + O, reaction to form HO; that is important. The HO, formation is therefore a
secondary reaction product. The most significant reaction path producing HO; in the
mechanism of Taatjes et. al's is identified to be the reaction of OH with neopentylperoxy
to form HO, and neopentoxy radical. This radical-radical association reaction is expected
to be barrier-less and slightly exothermic, and their estimate of the rate constant is taken

from the rate of generic reaction CF300+ + OH. Their model comparison with
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experimental HO, concentration vs. time profiles at 673 K for three O, concentrations
show good agreement; but did not qualitatively reproduce the continued production of
HO, at longer times. They suggest that inclusion of additional reaction steps for the initial
neopentyl + O, products might improve the overall agreement.

The important initial, reactive products in the neopentyl radical reaction with O;
are: neopentyl peroxy radical, OH radical, plus methyl radical and isobutene from CHj3
elimination of neopentyl radical. The addition of CH; and OH to the isobutene can form
three new radical products, which will undergo further oxidation by reaction with O,.
These radicals are 2-hydroxy-1,1-dimethylethyl radical, 2-hydroxy-2-methylpropyl

radical, and 1,1-dimethylpropyl radical.

An elementary mechanism based on ab initio and density functional calculations
and our earlier mechanism'** for modeling OH formation is constructed to model HO,
formation profiles in this study. The mechanism includes OH addition to isobutene at
both of the CD/H2 and CD/C2 carbon atoms and CH; addition to the CD/H2 carbon
along with O, association reactions with these isobutene adducts. The model is shown to
predict well for the experimental time-dependent formation of HO, profile at different O,

1[03

concentrations reported by Taatjes et. a and the important reaction pathways that

b

effect on production of HO; radical in the mechanism are illustrated.

5.3 Calculation Method
The geometries of reactants, intermediates, transition states and products in neopentyl +
O, reaction system are calculated at the B3LYP/6-31G(d,p) level using the Gaussian 98

program.’? The optimized structure parameters are then used to obtain total electronic
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energies at the B3LYP/6-311++G(3df,2p) and CBS-Q//B3LYP/6-31G(d,p) single point
levels of calculation. Contributions from vibrational, translational, external rotational,
and electronic to entropies and heat capacities are calculated by statistical mechanics
based on the vibrational frequencies and moments of inertia from the DFT optimized
structures. The torsion frequencies are omitted in calculation of S%29¢ and Cp(T)’s, and
their contributions are replaced with values from the analysis of internal rotations. The
AH?»9s values for reactants, intermediate and products are calculated using total energies
from ab initio CBS-Q and DFT calculations and use of isodesmic reactions with group
balance when possible. The AHf°293 values of transition state structures are calculated by
the AH;°29 of stable radical adducts from working isodesmic reaction analysis, plus the
difference of total energies between transition states and radical adducts at the CBS-Q
level.

Unimolecular dissociation and isomerization reactions of the chemically activated
and stabilized adducts resulting from addition or combination reactions are analyzed by
first constructing potential energy diagrams for the reaction system. DFT and ab initio
calculations are then used to calculate transition state structures and activation energy for
isomerization, B- scission, and dissociation reactions. The enthalpies and entropies of the
reactants and transition state structures are treated with conventional transition state
theory to calculate Arrhenius pre-exponential factors and energies of activation, which
result in high pressure limit rate constants (k) as function of temperature.

Branching ratios of the energized adduct to stabilization and product channels are
then calculated using multi-frequency Quantum Rice-Rampsperger-Kassel (QRRK)

analysis for k(D“”115 with the steady-state assumption on the energized adduct(s) in
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combination with a master equation analysis for fall-off.2® A 0.5 kcal energy grain used
to obtain rate constants as a function of temperature and pressure for chemical activation
and dissociation reactions. (AFE)°down of 570 cal mol™ is used in the master equation
analysis with helium as the third body. Lennard-Jones parameters, ¢ (Angstroms) and &/k
(Kelvins), are obtained from tabulations’® and from an estimation method based on molar

volumes and compressibility.

5.4 Results and Discussion
5.4.1 Geometries
The geometry optimizations for the reactants, transition states, adducts, and products in
the isobutene-OH and isobutene-CH; adducts oxidation systems are performed at the
B3LYP/6-31G(d,p) level. The optimized structural parameters for 41 species including
transition state structures are listed in Appendix Table C.1. The corresponding un-scaled
vibrational frequencies and moments of inertia are listed in Table C.2. The notations of
several important reactants and products in these systems are defined as: C;*COH (2-
hydroxy-1,1-dimethylethyl), C3;*COH (2-hydroxy-2-methylpropyl), C,*CCC (1.1-
dimethylpropyl), C,C=COH (2-methyl-1-propen-1-ol), C=C(C)COH (2-methyl-2-
propen-1-ol), C=C(C)OH (1-propen-2-ol), C,C=0O (acetone), C=C(C)CC (2-methyl-1-
butene), C;C=CC (2-methyl-2-butene), and C,CyCOCC (2,2-dimethyl-oxetane). The
transition states of important reactions in these oxidation systems are identified as
follows:
Peroxy radical isomerization:

C,C(00+)COH— TS14 — C,C(OOH)CH,O-
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C,C(O0)COH— TS15 — C,+C(OOH)COH
C,C(O0+)COH— TS16 — C,C(OOH)C-OH
C,C(OH)COO* — TS22 — C,C(0+)COOH
C,C(OH)COO+ — TS23 — C,*C(OH)COOH
CrC(O0+)CC— TS28 — CL,C(OOH)CCe
C,C(00°)CC— TS29 — C,*C(OOH)CC
C,C(0O0)CC— TS30 — CL,C(OOH)C-C

This class of reaction represents intramolecular, endothermic, transfer of an H
atom from a OH or CHj; group to the peroxy oxygen radical site via a 5 or 6-member ring
transition state (includes the H atom). The cleaving O—H bond stretches to 1.35 ~ 1.365
A from 0.96 A, and the cleaving C—H bond stretches to (1.34,1.37) ~ 1.42 A from
1.09A, and the forming OO—H bond length is 1.08 ~ 1.14 (1.20, 1.25) A, which is
longer than the OO—H bond of 0.97 A.
Epoxide formation:
C,C(OOH)CCs - TS31 — C,CyCOCC + OH

In this reaction, the carbon radical in the —CH,* group attacks the carbon bonded
peroxy oxygen to form 4-member 'ring transition state, while the weak RO—OH bond is
breaking. The cleaving O—O bond length is 1.67 A and the forming C—O bond length
is 1.99 A.
HO; group elimination (3-scission):
C,C(OOH)C+OH — TS18 — C,C=COH + HO,
C2*C(OOH)COH — TS21 — C=C(C)COH + HO,

C,C(OOH)C+C — TS32 —» C,C=CC + HO;
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Cy*C(OOH)CC — TS35 —» C=C(C)CC + HO,

This reaction type represents the elimination (beta scission) of a HO; radical from
a hydroperoxide alkyl radical with olefin formation in the carbon backbone. The
cleaving C—O bond length is 1.94 ~ 1.99 A, the forming O—OH bond decreases from
1.46 to 1.40 ~ 1.42 A and the forming C=C bond length is 1.38 ~1.39 A in the transition
states.

Concerted HO; elimination:

C,C(O0+)COH — TS19 —» C2C=COH + HO,
C,C(O0+)COH — TS20 — C=C(C)COH + HO,
C,C(O0+)CC - TS33 —» C=C(C)CC + HO,
C,C(00+)CC — TS34 — C,C=CC + HO,

This reaction class represents a concerted elimination of HO, radical from its
alkyl peroxy parent to form an olefin. The cleaving C—O and C—H bond lengths are
2.28 ~2.31 A and 1.340 ~ 1.36 A respectively; and the forming C=C and O—O bond
lengths are 1.39 ~ 1.51 A and 1.28 A.

Alkyl group elimination:

C,C(0O+)COOH — TS24 — C,C=0 + CH,0 + OH
C2C(0+)COOH — TS25 —» CC(=0)COOH + CHj3
Cy*C(OH)COOH — TS26 — C=C(C)OH + CH,0 + OH

This type of reaction represents an alkyl group or oxy-alkyl group leaving
(perpendicular) from a near planar ethylene structure. For methyl dissociation in TS25,
the C—C bond length stretches from 1.58 A to 2.17 A, and the forming C=0 bond length

is 1.24 A in the TS structure.
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For the C*H,OOH (immediately dissociates to CH,O + OH) elimination in TS24
and TS26, the cleaving C—C bond length in the leaving group stretches from 2.06 ~ 2.21

A, and the O—O bond length lengthens slightly from 1.45 ~ 1.47 A.

5.4.2 Thermochemical Properties

The enthalpies of formation for reactants, intermediate and products are calculated by
isodesmic reactions analysis or taken from available literature. The enthalpies of standard
species used in isodesmic reaction analysis are listed in Table 5.1, and Appendix Table
C.3 lists the calculated reaction enthalpies and AH, 95 values for the species in above
oxidation systems at the three calculation levels. The average AH7 598 values from high-
level CBS-Q calculations are used for the kinetic model.

Enthalpies of formation for transition states are calculated by using the AH;95
values of stable radical adducts plus difference of total energies between the radical
adducts and the transition states. The enthalpies of 21 transition states in the three
isobutene adduct oxidation systems determined at the three different levels are listed in

Table 5.2.

Table 5.1 AH;»oq for Standard Species in Isodesmic Reactions

species AH{ 95 (kcal/mol) species AH{ 95 (kcal/mol)

CH, ~17.89+0.07 (Cox)®” CH,00° 215+ 122 (Knyazev)™
CH;' 3482+02  (Stull)y” CCOOH -39.7+0.3  (Chen)"®
C,H, -20.24 £0.12 (Cox)* C*H,CH,00H 10.96+ 1.06 (Chen)'*®
CHs 28.80+0.50 (Marshall)'*¥  |CH;CH,00+  —6.8+2.3 (Blanksby)"°
C;H;s -25.02+0.12 (Pedley)*® CCCOOH 4474041 (Chen)'*®
CH;O0H -48.07 +£0.05 (Cox)® C+CCOOH 2.44 (Chen)'*
C,H;OH ~56.21£0.10 (Pedley)* CCCOO* “12.13 (Chen)'*
CH;C-HOH ~13.34+0.84 (Sun)”’ (CH;),CO0-  -172 (Chen)"*
C,COH ~65.19+22 (Sun)'* C;*CCOOH -9.43 (Sun)'*?
C+H,CH(OH)CH; -14.95+2.8 (Sun)'® C;CCOOH ~58.60 (Sun)'*?
C;COH 7472+ 021 (Wiberg)'*® C,CYCCOC  -35.43+0.40 (Ringner)"’
C;CO° -23.14 (Chen)'*”
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Table 5.2 Calculated Reaction Enthalpies *

B3LYP B3LYP CBSQ/B3LYP B3LYP B3LYP CBSQ//B3LYP

/6-31G(d,p) /6-311++G(3df2p)  /6-31G(d,p) 16-31G(d,p) /6-311++G(3df2p)  /6-31G(d,p)
TS14 23.34 23.94 21.88 TS25 14.49 12.17 12.94
TSi5 41.87 41.26 35.46 TS26 21.91 20.37 24.01
TS16 34.65 33.57 28.41 TS28 24.50 23.62 2428
TS17 7.37 4.78 6.15 TS31 16.00 15.63 17.58
TS18 5.45 5.64 11.65 TS29 36.51 35.94 33.60
TS19 35.24 33.12 31.93 TS30 32.38 31.59 33.08
TS20 34.66 32.29 31.98 TS32 10.94 10.06 11.98
TS21 22.84 18.70 15.67 TS33 25.12 23.80 29.54
TS22 16.76 17.44 22.81 TS34 25.37 24.14 29.82
TS23 28.06 26.30 26.73 TS35 10.06 9.05 13.61
TS24 8.98 6.25 9.31

# Units in kcal mol™,

Contributions from vibrational, translational, external rotational, and electronic
degeneracy to S°¢s and C,(7)’s are calculated by statistical mechanics, and the
contributions from internal rotations are replaced with values from previous work'** by
evaluation of similar internal rotations. Table C.4 lists the thermochemical properties of
reactants, transition states, intermediates, and products in the reaction systems calculated

by this work.

5.4.3 Analysis for Chemical Activation Reactions

5.4.3.1 C,CCOH + O,. The potential energy diagram for the C,C*COH + O, reaction
system calculated at the CBS-Q level is shown in Figure 5.1. The reaction channels for
the energized adduct [C,C(OO<)COHJ* include dissociation back to reactants,
stabilization to C,C(OO¢)COH, several isomerizations followed by dissociation to
products, and the concerted HO, elimination reaction. The C,C+COH radical (AH°29s = -
22.22 kcal mol) reacts with O, to form a chemically activated peroxy adduct

C2C(00+)COH* with a 40.49 kcal mol™” well depth. This well depth allows the energized
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peroxy adduct with sufficient energy to react over the barriers of two different concerted
HO; elimination paths and three H atom transfer isomerization reactions, followed by the
isomers dissociation before stabilization. The three isomerization reactions for
C,C(00°)COH adduct are: (1) hydrogen transfer from the hydroxyl group to the peroxy
radical site via six-member ring TS14 (E, = 21.88 kcal mol') to form a
C>C(OOH)CH,O¢ (AH,%9g = -43.52 keal mol™); (2) H atom transfer from a methyl via
five-member ring TS15 (£, = 35.46 kcal mol']) to form a C,»C(OOH)COH (4H;%9s = -
46.68 kcal mol™); (3) H atom transfer from the alcohol carbon via five-member ring

TS16 (E, = 28.41 kcal mol™) to form a C,C(OOH)C*OH (AH;%gs = -49.16 kcal mol™).
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Figure 5.1 Potential energy diagram for C,C*COH + O, reaction system.






