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Abstract

This work presents an ab-initio and chemical kinetic study of the reaction mechanisms of hydrogen
atom abstraction by the HO, radical on five ketones: dimethyl, ethyl methyl, n-propyl methyl, iso-
propyl methyl and iso-butyl methyl ketones. The Mgller—Plesset method using the 6-311G(d,p)
basis set has been used in the geometry optimization and the frequency calculation for all the
species involved in the reactions, as well as the hindrance potential description for reactants and
transition states. Intrinsic reaction co-ordinate calculations were carried out to validate all the
connections between transition states and local minima. Energies are reported at the CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) level of theory. The CCSD(T)/cc-pVXZ method (X = D, T, Q) was
used for the reaction mechanism of dimethyl ketone + HO, radical in order to benchmark the
computationally less expensive method of CCSD(T)/cc-pVTZ//MP2/6-311G(d,p). High-pressure
limit rate constants have been calculated for all the reaction channels by conventional transition
state theory with asymmetric Eckart tunneling corrections and 1-D hindered rotor approximations

in the temperature range 500-2000 K.
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Introduction

Ketones are one of the most common pollutants as they are used in industry as paints, solvents, etc.
In both the atmosphere and in combustion systems ketones play an important role. They can be
formed as intermediate products in hydrocarbon oxidation processes during combustion.! Due to
their fluorescent properties they are also used as fuel tracers in order to measure, in a non-invasive
way, the temperature fields and reactant composition of intractable environments such as internal
combustion engines.! Understanding this reactivity, particularly at temperatures above 500 K, is
important in order to develop successful detailed chemical kinetic models suitable for application
to combustion systems.! There is an interest in studying the influence of the carbonyl group in
ketones (dimethyl, ethyl methyl, n-propyl methyl, iso-propyl methyl and iso-butyl methyl ketones)
on the reactivity of the different types of hydrogen atoms, primary (1°), secondary (2°), or tertiary
(3°), on the fuel molecule undergoing abstraction by the HO, radical, because this radical is in
high concentration at intermediate temperatures (800—1300 K) and high pressures (> 10 atm) in
combustion systems.

In the combustion temperature regime, hydrogen atom abstraction reactions by small radicals
such as O, H, OH, HO, and CHj3 from fuel molecules are always important in the oxidation of
fuels. Hydrogen atom abstraction by an HO» radical will result in the formation of hydrogen
peroxide (H,0,) and a ketone radical. H,O» subsequently decomposes to form two OH radicals

which are highly reactive:

RH + HO, — R + H,0,

H,0, (+M) — OH + OH (+M)

The reaction of an HO, radical with a ketone proceeds through a stepwise mechanism involving
reactant complexes (RC) formed in the entrance channel and product complexes (PC) formed in the
exit channel. In our previous work ! we have determined that two conformers exist for the reactions
of EMK with an OH radical (gauche and trans) which have similar chemical properties. We have

also determined that iPMK has two conformers when reacting with an OH radical which have quite
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similar kinetic behavior.! Therefore, only the lowest energy reactant conformers are used in every
reaction process studied in this work. We have carried out rate constant calculations for hydrogen
atom abstraction at the different sites of dimethyl (DMK), ethyl methyl (EMK), n-propyl methyl
(nPMK), iso-propyl methyl (iIPMK) and iso-butyl methyl (iBMK) ketones, Fig. 1.

Several authors have performed studies of the reactions of ketones with HO, radicals. Theoret-

1.,3* and Aloisio et al.® Moreover,

ical studies have been performed by Cours et al.,”> Hermans et a
Grieman et al.,® Gierczak ef al.,” and Dillon et al.® have experimentally measured the rate of
reaction for the addition reactions of an HO, radical to ketones.

Cours et al. have studied theoretically both the abstraction and addition pathways of the reac-
tions of DMK with the HO, radical but rate constants were only calculated for adduct formation
and decomposition at 200-298 K, and were not reported for hydrogen atom abstraction. Hermans
et al. have calculated the forward and reverse coefficients of several reactions, including the adduct
formation for the addition of an HO, radical to DMK in the temperature range 200-600 K. Aloisio
et al. have performed theoretical studies of the formation of a hydrogen-bonded complex in the
reactions of several molecules with the HO, radical, including DMK. Grieman et al. have de-
termined experimentally the equilibrium constants of the addition reactions of the HO, radical to
DMK in the temperature range 215-272 K. Gierczak et al. have performed experimental studies
of the addition reactions of HO, radicals to several ketones, including DMK at 298 and 372 K and
EMK and nPMK at 297 and 372 K. Dillon et al. have carried out experimental and theoretical
studies of the addition reactions of an HO, radical to DMK at several temperatures between 207
and 298 K.

In this work, we describe a systematic study of the reaction mechanisms, potential energy
surfaces and high-pressure limit rate constant calculations of hydrogen atom abstraction reactions
of ketones with HO, radicals.

Apart from the hydrogen atom abstraction reaction channels, we find that the HO, addition
channel with lower barrier height will also be favored. In the addition channels, the ‘OO’ of the

HO, radical adds to the carbonyl carbon of the ketone and the ‘H’ adds to the carbonyl oxygen, to



form an intermediate adduct.®

Computational methods

The Mgller—Plesset ! (MP2) method using the 6-311G(d,p) basis set has been employed in the ge-
ometry optimizations, frequency calculations and hindered-rotor scans of reactants and transition
states. MP2 is a good compromise between accuracy and computational cost.!! Intrinsic Reac-
tion Co-ordinate > (IRC) calculations were performed in order to confirm the connection between
transition state and local minima. Local minima, or first-order saddle points, were determined by
performing vibrational frequency analyses. The coupled-cluster approach with single and double
substitutions, including perturbative estimates of the connected triples or CCSD(T) method, 3 was
used in order to obtain more reliable energies along the potential energy surface (PES) for the
hydrogen atom abstraction reactions of DMK + HO; radical. The CCSD(T) method was used
with the cc-pVXZ basis set and was extrapolated to the complete basis set (CBS) limit using the
three-parameter equation provided by Peterson et al.: 14
E(X) = Ecps + A exp[—(X—1)] + B exp[—(X—1)?]

where X =2, 3, 4 for the D, T, Q extrapolation.

T1 diagnostics was investigated in the CCSD(T) energy calculations for all of the species in-
volved in the reaction mechanisms of the ketones with the HO, radical, and are all almost equiva-
lent to, or less than, the 0.02 critical value. This indicates that the single reference method provides
an adequate description of the wavefunction.!> CCSD(T)/cc-pVXZ single point energy calcula-
tions for all of the species involved in the reactions of DMK + HOj; radical are based on the geome-
tries obtained at MP2/6-311G(d,p) and B3LYP/6-311G(2d,d,p) levels of theory. Energies obtained
by the CBS-QB3'® method were benchmarked against CCSD(T)/CBS//B3LYP/6-311G(2d,d,p)
energies. CBS-QB3 underestimates the energies of the transition states by 2—3 kcal mol~!. The
CCSD(T)/cc-pVTZ//IMP2/6-311G(d,p) energies were benchmarked against the energies obtained
by the CCSD(T)/CBS//MP2/6-311G(d,p) level of theory and are within 0.4 kcal mol~! for the

transition states. Therefore, these energies are used in the rate constant calculations as they are
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in substantially better agreement with the corresponding high-level energy calculations in contrast
to the CBS-QB3 ones. Unless otherwise stated, all energies are reported as zero-point corrected
electronic energies. All of the harmonic frequencies were scaled by 0.9496 as recommended by
Merrick et al.!” which are the basis for all single point energy (SPE) calculations and rate con-
stant calculations. All quantum chemistry calculations were performed using Gaussian-09 8 with

visualization and determination of geometrical parameters using ChemCraft. '

Potential Energy Surface

To clarify the labels we use and the different types of hydrogen atoms in this work we give Fig. 1
and Table 1. Optimized geometries of the ketones in this study are shown in Fig. 2. Table S1 in
the Supporting Information details the CCSD(T)/cc-pVXZ//MP2/6-311G(d,p) (X =D, T, Q) single
point energy calculations and extrapolation to the complete basis set limit, CCSD(T)/CBS//MP2/6-
311G(d,p), for the reactions of DMK with an HO, radical. Table S2 in the Supporting Information
details the geometry co-ordinates and frequencies of all of the species in the reactions.

Several reactant complexes with the same energy, quite similar geometries and frequencies
have been located in the reaction systems of EMK, nPMK, iPMK and iBMK when they react with

an HO; radical. For simplicity, only one of them is shown in the potential energy diagrams.
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Figure 1: Labels used in this work.



Table 1: Types of hydrogen atoms present in this work.

o o B Y
DMK 1° 1° — -
EMK 1° 2° 1° —
nPMK 1° 20 90 1°
iPMK 1° 3° 1° _
iBMK 1° 2o 30 1°

Multiple independent transition states have been found. When the HO» radical abstracts an in-
plane hydrogen atom, an in-plane transition state is formed where a hydrogen bond exists between
the hydrogen of the hydroperoxyl radical and the oxygen of the carbonyl group of the ketone. When
an out-of-plane hydrogen atom is abstracted, an out-of-plane transition state is formed where there
is no hydrogen bond present. Due to the formation of this hydrogen bond, the in-plane transition
state will have a lower entropy than the out-of-plane transition state, which will affect the rate
constants at high temperatures. We consider the contribution of both types of transition states
in our calculations. Fig. 3 shows o out-of-plane (TS1a) and in-plane (TS2a) transition states
for DMK, « out-of-plane (TS3b) and in-plane (TS4b) transition states for EMK, 8 out-of-plane
(TS5d) and in-plane (TS6d) transition states for iPMK and Y out-of-plane (TS7¢) and in-plane
(TS8e) transition states for nPMK and iBMK, respectively.

At the o position all hydrogen atoms are 1° for all of the species in this study, while hy-
drogen atoms at the ¢ position are 1° for DMK, 2° for EMK, nPMK and iBMK and 3° in the
case of iPMK; at the 8 position, the hydrogen atoms are 1° for EMK and iPMK, 2° for nPMK
and 3° for iBMK; 7 hydrogen atoms are 1° for both nPMK and iBMK (see Table 1). The poten-
tial energy surfaces (energies in kcal mol~!) obtained at CCSD(T)/cc-pVTZ//MP2/6-311G(d,p),
CCSD(T)/CBS//MP2/6-311G(d,p), CBS-QB3 and CCSD(T)/CBS//B3LYP/6-311G(2d,d,p) levels
of theory are shown in Fig. 4 for DMK and at the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) level of
theory in Fig. 5 for EMK, in Fig. 6 for nPMK, in Fig. 7 for iPMK and in Fig. 8 for iBMK.

For most of the pre and post-reaction complexes involved in the reaction mechanisms of ke-
tones with the HO; radical, a hydrogen bond is formed between the hydrogen atom of the hy-

droperoxyl radical and the oxygen atom of the ketone. The complexes that do not form a hydrogen



bond undergo a weaker van der waals interaction when they are formed in the entrance and exit
channels. The O-H bond distances are in the range of 1.7-1.8 A for the reactant complexes,
1.8-2.0 A for the product complexes and 2.0-2.3 A for the in-plane transition states. Most of
these hydrogen bonds are strong with a few weaker ones, possibly due to the hydrogen atom not
bearing sufficient positive charge to interact strongly with the oxygen atom. The radical products
formed upon abstraction by the HO, radical have higher energies than the corresponding prod-
uct complexes and, when comparing their geometries, they do not differ greatly (Table S2 in the

Supporting Information).

Abstraction of a hydrogen atom at the o position

Primary hydrogen atom abstraction by the HO, radical at the &’ position in ketones occurs simi-
larly for DMK, EMK, nPMK, iPMK and iBMK. Two categories of hydrogen atoms are present;
one in-plane and the other out-of-plane and will form in- and out-of-plane transition states when
reacting with the HO, radical, respectively.

Potential energy diagrams of these reaction processes are shown in Figs. 4 — 8. Reactant com-
plexes for the reactions of ketones with the HO, radical have all been identified in the entrance
channels for the abstraction of an &’ 1° hydrogen atom and are in the range of —9.8 to —9.1 kcal
mol~!. The reactant complexes RCla, RC1b, RClc, RC1d and RCle will go through TS1a for
DMK, TS1b for EMK, TS1c for nPMK, TS1d for iPMK and TS1e for iBMK which are labeled
as out-of-plane transition states. RCla, RC2b, RC2c, RC2d and RC2e proceed through TS2a for
DMK, TS2b for EMK, TS2c for nPMK, TS2d for iPMK and TS2e for iBMK which are labeled
as in-plane transition states. TS1a and TS2a have energy barriers of 29.7 and 29.9 kcal mol !,
respectively. TS1b and TS2b have energy barriers of 29.3 and 29.5 kcal mol~!, respectively; TS1c
and TS2c¢ have barriers of 29.0 and 29.6 kcal mol !, respectively. TS1d and TS2d have barriers of
28.2 and 29.2 kcal mol~!, respectively. TS1e and TS2e have barriers of 29.3 and 29.6 kcal mol !,
respectively. Product complexes are formed in the exit channel of all of the ketones when the HO,
radical abstracts an o 1° hydrogen atom. For both transition states in the reaction mechanism of

DMK, the product complex PCla is formed in the exit channel with a relative energy of 3.5 kcal
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Figure 2: Optimized geometries of DMK, EMK, nPMK, iPMK and iBMK at MP2/6-311G(d,p)
showing the different types of hydrogen atoms: DMK primary o’ and @ H-atoms; EMK primary
o/ and B H-atoms and secondary o H-atoms; nPMK primary o’ and y H-atoms, secondary o and
B H-atoms; iPMK primary o/, B and B’ H-atoms and tertiary ¢ H-atom; iBMK primary o', ¥ and
Y H-atoms, secondary o H-atoms and tertiary § H-atoms.



(a) DMK TS1a (out-of-plane).
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(c) EMK TS3b (out-of-plane).

(g) nPMK TS7c¢ (out-of-plane). (h) iBMK TS8e (in-plane).

Figure 3: Optimized geometries of transition states (¢’ for DMK, o for EMK,  for iPMK and y
for nPMK and iBMK) for the hydrogen atom abstraction reactions of ketones with the HO, radical
at MP2/6-311G(d,p).
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Figure 4: Potential energy surface of the reactions of DMK + HO; radical at CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p), CCSD(T)/CBS//MP2/6-311G(d,p) (in round brackets), CBS-QB3 (in
square brackets) and CCSD(T)/CBS//B3LYP/6-311G(2d,d,p) (in curly brackets), in kcal mol .
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Figure 5: Potential energy surface of the reactions of EMK + HO, radical at CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) level of theory in kcal mol !,
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Figure 6: Potential energy surface of the reactions of nPMK + HO; radical at CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) level of theory in kcal mol .
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Figure 7: Potential energy surface of the reactions of iPMK + HO, radical at CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) level of theory in kcal mol .

12



TS2e
TSle 19.9 T9S7e

(ils'liC(O)CHZCH(CHs)C.HZ + H,0, (P4e)

<151
.-~ CH3C(0)CH,CH(CH,)CHj; + H,0, (P5e)
CH;C(0)CH,CH(CHy); + H;0; (Ple)

S ‘ / 11.7

e | —

. 27103 .

7 e CH3C(O)CH,C(CH3); + H;O; (P3e)
. A

/16

77 CH;C(0)CHCH(CHj); + H,0, (P2¢)

Figure 8: Potential energy surface of the reactions of iBMK + HO, radical at CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) level of theory in kcal mol~!.

mol~!. For the out-of-plane transition states in the reactions of EMK, nPMK, iPMK and iBMK
with the HO, radical, PC1b at 4.8 kcal mol~!, PClc at 4.3 keal mol !, PC1d at 3.0 kcal mol ! and
PCle at 3.8 kcal mol~! will be formed, respectively. Product complexes PC2b at 3.3 kcal mol ™!,
PC2c at 3.5 keal mol !, PC2d at 3.9 kcal mol~! and PC2e at 3.1 kcal mol~! were identified in the
exit channels of the in-plane transition states TS2b, TS2c, TS2d and TS2e, respectively. Abstrac-
tion of a hydrogen atom from the &’ position leads to the formation of HyO, and a 1° ' radical
for all of the ketones: Pla for DMK at 11.8 kcal mol~!, P1b for EMK at 11.7 kcal mol~!, Plc
for nPMK at 11.7 kcal mol~!, P1d for iPMK at 11.2 kcal mol~! and Ple for iBMK at 11.7 kcal
mol L.

Abstraction of a hydrogen atom at the o position

For the o position in the ketones (ethyl, n-propyl, iso-propyl or iso-butyl groups), a secondary hy-
drogen atom in EMK, nPMK and iBMK and a tertiary hydrogen atom for iPMK will be abstracted

when reacting with the HO, radical (Fig. 1, Table 1).
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As for the hydrogen atom abstraction at the o’ position, a reactant complex is formed in the
entrance channel for both the in-plane and the out-of-plane transition states. For the o hydrogen
atom abstraction, reactant complexes RC3b and RC4b, at —8.6 and —8.7 kcal mol 1, respectively,
for EMK, RC3c and RC4c, both at —9.4 kcal mol~! for nPMK, RC3d and RC4d, both at —9.3
kcal mol~! for iPMK and RC3e and RC4e, both at —9.7 kcal mol~! for iBMK have all been
identified in the entrance channels. RC3b, RC3c, RC3d and RC3e will all go through an out-of-
plane transition state, with energy barriers of 25.4 kcal mol~! for TS3b in EMK, 25.8 kcal mol~!
for TS3c in nPMK, 23.6 kcal mol~! for TS3d in iPMK and 25.6 kcal mol~! for TS3e in iBMK,
respectively. RC4b, RC4c, RC4d and RC4e will all proceed through an in-plane transition state,
with energy barriers of 25.3 kcal mol~! for TS4b in EMK, 25.2 kcal mol~! for TS4c in nPMK,
23.5 kcal mol~! for TS4d in iPMK and 25.1 kcal mol~! for TS4e in iBMK, respectively. TS3b,
TS3c, TS3d and TS3e lie 16.8, 16.4, 14.3 and 15.9 kcal mol~! above the reactants, respectively,
while TS4b, TS4c, TS4d and TS4e lie 16.6, 15.8, 14.2 and 15.4 kcal mol~! above the reactants,
respectively.

Similar to the o position, product complexes are formed in the exit channels (Figs. 4 — 8).
Abstraction of a hydrogen atom from the & position leads to the formation of H,O; and a 2° «
radical for EMK (P2b at 6.8 kcal mol~!), nPMK (P2c at 7.4 kcal mol~!) and iBMK (P2e at 7.6

kcal mol~!) and a 3° « radical for iPMK (P2d at 3.5 kcal mol™1).

Abstraction of a hydrogen atom at the 3, B’ and 7, ¥ positions

For 3, B’ and 7, ¥ hydrogen atom abstraction, the same behavior is observed as with o and «
positions where a reactant complex is formed in the entrance channel and a product complex in the
exit channel. Abstraction from the  position of EMK, B or 8’ positions of iPMK, 8 and y or ¥
positions of iBMK will also form in- and out-of-plane transition states. However, the same does
not occur for the y position of nPMK where an in-plane transition state is not formed due to the
distance of the HO, radical from the carbonyl group of the ketone, precluding the formation of a
hydrogen bond. Therefore, only an out-of-plane transition state is formed, Fig. 3(g).

Abstraction at the 8 or B’ positions will form H>O, and a 1° § radical for EMK (P3b at 14.9
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kcal mol™!) and iPMK (P3d at 15.3 kcal mol~ 1), a 2° B radical for nPMK (P3c at 12.4 kcal mol™ 1)
and a 3° B radical for iBMK (P3e at 10.3 kcal mol™!).

Abstraction from the y or ¥ positions will generate H;O, and a 1° y radical for nPMK (P4c at
14.6 kcal molfl) and two similar 1° y radicals for iBMK (P4e at 15.4 kcal mol !, from TS7e and
P5e at 15.1 kcal mol~ 1, from TS8e).

Rate constant calculations

The main objective of this study lies in the determination of the high-pressure limit rate constants of
the hydrogen atom abstraction reactions by the HO, radical on ketones based on the above potential
energy surfaces and reaction mechanisms. Conventional transition state theory with asymmetric

0 as implemented in Variflex v2.02m?! is employed to calculate the

Eckart tunneling correction?
high-pressure limit rate constants in the combustion temperature range from 500-2000 K. The for-
mation of the reactant complexes and product complexes will narrow the tunneling barrier which
will accelerate the tunneling effect and furthermore the rate constants. Tunneling is important at
lower temperatures (500-1000 K) in our work, especially for the light hydrogen atom transfer
reaction processes. Fig.10(c) shows a comparison of the & 1° hydrogen atom abstraction rate con-
stants for the reactions of DMK with the HO, radical with and without tunneling correction. When
the tunneling correction is included, the rate constants increase by a factor of 4.7 at 500 K. The
low-frequency torsional modes were treated as 1-D hindered rotors using the Pitzer-Gwinn-like 2>
approximation. The torsional treatment is difficult at present because sometimes the coupling be-
tween the adjacent internal rotations or the ones between internal rotation and external rotation are
too strong to be separated. The 1-D hindered rotor treatment is the best we can do at the moment as
most of the internal rotations in this work are separable. Truhlar and co-workers?>?* have devel-
oped the multi-structure method to deal with the torsional coupling problem, and their application
to the hydrogen atom abstraction reaction of n-Butanol + HO, shows that their multi-structure

method results are quite close to our 1-D hindered rotor treatment results in both o and y hydrogen

atom abstraction rate constants.?> The hindrance potentials were determined for every geometry
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around every possible dihedral angle. The remaining modes were treated as harmonic oscillators.
These rate constants have been fitted to a three parameter modified Arrhenius equation (Table 2)
with an average error of approximately 4.5% and a maximum error of no more than 8.3%, and are

reported on a per hydrogen atom basis in cm® mol~! s~

Table 2: Rate constants on a per hydrogen atom basis in cm? mol~! s~! for the different abstraction
positions of DMK, EMK, nPMK, iPMK and iBMK, from 500-2000 K.

DMK + HO,
k(DMK o) = 6.62x10~% 743! exp(—8372/T) (1)

EMK + HO,

k(EMK ') = 1.86x 1073 T*32 exp(—8248/T) ()
k(EMK ) = 4.21x1072 7393 exp(—6738/T) 3)
k(EMK B) =2.06x 107> T+ exp(—7086/T) 4)

nPMK + HO,

k(nPMK o) = 1.38x 1072 7407 exp(—8179/T)  (5)
k(nPMK o) = 1.78x 107! 739 exp(—6592/T) (6)
k(nPMK B) = 5.75x10~* T*43 exp(—5719/T) (7)
k(nPMK 7) = 1.48x 107! 7388 exp(—7958/T) (8)

iPMK + HO,

k(iPMK o) = 4.39x 1073 T*22 exp(—8096/T) )
k(iPMK a) = 8.48x 107! 733 exp(—5725/T) (10)
k(iPMK B, B') = 3.98x 1074 T30 exp(—7642/T) (11)

iBMK + HO»

k(iBMK o) =7.87x 1072 7383 exp(—8171/T) (12)
k(iBMK &) = 4.70x 1073 T*13 exp(—6131/T) (13)
k(iBMK B) = 5.69x 10+ 729 exp(—5550/T) (14)
k(BMK 7, ¥) = 1.93x 107! 737 exp(—7953/T)  (15)

The hydrogen bond formed in the in-plane transition state ties up rotors, thus decreasing the
entropy and the frequency factor for reaction, resulting in lower rate constants at high temperatures
relative to reactions where no hydrogen bonding occurs. At lower temperatures, the higher energy
barriers (Table 5) for the hydrogen atom abstraction reactions results in slower rate constants, when
compared to the reactions of alkanes + HO, radical calculated by Aguilera-Iparraguirre et al.?®

The temperature dependence of the calculated rate constants is shown in Figs. 9 and 10(a) for the
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Table 3: Recommended fit parameters, A, n and E, according to hydrogen atom type and position
relative to the carbonyl group of the ketone, on a per-hydrogen atom basis in cm?® mol~! s~!, from
500-2000 K.

Hydrogen atom type A n E

Primary, o 3.52 x 1073 4.25 -8120
Secondary, o 2.54 x 1072 3.95 -6458
Tertiary, o 8.48 x 107! 3.53 -5725
Primary, 7.29 x 1073 4.76 7330
Secondary, 8 5.75 x 1074 4.43 -5719
Tertiary, 3 5.69x10"! 2.99 -5550
Primary, y 1.48 x 107! 3.84 -7952

Table 4: Total rate constants fit parameters, A, n and E, in cm? mol~! s L.

A n E
DMK 3.97x 1073 451 -8372
EMK 2.16x 107 4.83 -6461
nPMK 3.67x 1074 4.80 -6019
iPMK 1.06 x 1077 5.75 -4664
iBMK 2.68x 107 5.04 -4587

o (1°), a (2°), a (3°), B (1°), B (2°), B (3°) and ¥ (1°) hydrogen atom abstraction reactions
of ketones with the HO» radical. Included is a comparison with the rate constants derived by
Aguilera-Iparraguirre et al.?® and Carstensen et al.,?’ for the hydrogen atom abstraction reactions
of alkanes with HO, radicals.

Fig. 9(a) shows a plot of the calculated rate constants for abstraction of an o’ 1° hydrogen
atom from DMK, EMK, nPMK, iPMK and iBMK and a comparison with those calculated by
Aguilera-Iparraguirre et al. and Carstensen et al., from alkanes. A trend is observed for all of
the ketones investigated where the reactions are slower by approximately an order of magnitude
throughout the complete temperature range when compared to those with alkanes calculated by
Aguilera-Iparraguirre ef al. Atlower temperatures (500 K) this is due to the higher energy barriers
(Table 5) of the reactions of ketones + HO» radicals when compared to alkanes,?® while at high
temperatures (2000 K) it is due to the entropy loss associated with the formation of the in-plane
transition state.

For an o 2° hydrogen atom in EMK, nPMK and iBMK (Fig. 9(b)) and an o 3° hydrogen atom
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in iPMK (Fig. 9(c)), abstraction reactions by an HO, radical behave similarly to the ¢ hydrogen
atoms abstraction reactions. Abstraction of an « 2° hydrogen atom is slower than an alkane?® by
an average factor of 13 at 500 and 2000 K. For an ¢ 3° hydrogen atom, abstraction is slower in
ketones by a factor of 14 and 13 at 500 K and 2000 K, respectively, when compared to alkanes.?%

A similar behavior is observed for the abstraction by an HO, radical of a 8 1° hydrogen atom
in EMK and iPMK (Fig. 9(d)) and a 8 2° hydrogen atom in nPMK (Fig. 9(e)). B 1° hydrogen
atom abstraction is slower than an alkane?% throughout the whole temperature range by a factor
of 4 and 7 at 500 K and 2000 K, respectively. For a 8 2° hydrogen atom, abstraction is a factor
of 6 and 10 slower at 500 K and 2000 K, respectively, when compared to alkanes.?® In iBMK,
calculated rate constants for 8 3° hydrogen atom abstraction by an HO, radical (Fig. 9(f)) are
slower than alkanes?% by a factor of 4 at 500 K and 11 at 2000 K. The formation of the in-plane
transition state at the ¥, ¥ positions of iBMK contributes to the rate constants being a factor of
2 slower than abstraction from the 7y position of nPMK throughout the whole temperature range.
When comparing to alkanes? it is observed that abstraction from the ¥ position of nPMK and 7,
Y positions of iBMK is slower by an average factor of 2 and 5 at 500 K and 2000 K, respectively
(Fig. 10(a)).

We have calculated the average high-pressure limit rate constants for the different types of
hydrogen atoms (primary, secondary or tertiary) at the different positions relative to the carbonyl
group of the ketone (&, &, B and ¥) and they are detailed in Table 3. Table 4 shows the Arrhenius
parameters for the total rate constants for DMK, EMK, nPMK, iPMK and iBMK.

Fig. 10(b) shows the calculated average reactivity of the different types of hydrogen atoms (1°,
2° and 3°). It is not surprising that 3° hydrogen atoms are the most reactive and the 1° hydrogen
atoms the least.

When comparing the calculated rate constants of hydrogen atom abstraction by an HO» radical
of ketones at the o, o, B, B’ and ¥, ¥ positions with the rate constants calculated by Carstensen et
al.,*’ for alkanes, it can be observed that the reactions of ketones with the HO, radical are much

slower throughout the whole temperature range. This is mostly due to the lower energy barrier for
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the hydrogen atom abstraction in alkanes + HO, radical calculated by Carstensen et al. than in

ketones + HO, radical. See Table 5 for detailed comparison of the relative energies.

Table 5: Comparison of the average energy barriers of the reactions of ketones + HO, radical
with the relative energies of the reactions of alkanes + HO, radical, used in the rate constant
calculations, in kcal mol !,

HO, abstraction Primary hydrogen atom  Secondary hydrogen atom Tertiary hydrogen atom
This work 28.7 25.2 213
Aguilera-Iparraguirre et al. 19.5 15.4 13.7
Carstensen et al. 14.4 10.7 8.4

Table 6: Geometries and relative energies obtained at CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) level
of o’ hydrogen atom abstraction transition states.

Transition state r(C—H)/A r(H—O)/A Z(C—H—O)/A E/kcal mol~!
TS1a 1.327 1.151 167.303 20.2
TS1b 1.324 1.155 167.257 19.7
TSlc 1.323 1.156 167.247 19.6
TS1d 1.325 1.155 166.750 19.1
TSle 1.323 1.155 167.330 19.6
TS2a 1.329 1.148 158.353 204
TS2b 1.326 1.152 158.313 19.9
TS2c 1.325 1.152 158.224 19.9
TS2d 1.326 1.153 157.914 194
TS2e 1.324 1.153 158.414 19.9

We estimate that the overall uncertainty in the calculated rate constants is a factor of three. This
is due to uncertainties in the electronic energy calculations, tunneling effects, treatment of some

critical internal rotation modes, efc.
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(c) Rate constants for o 3° H atom: — iPMK + HO»;
alkanes + HOj: -~ Cartensen et al.; - - Aguilera-
Iparraguirre et al.
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(d) Rate constants for § 1° H atom: — EMK + HO,;
— iPMK + HOy; alkanes + HO;: - Cartensen et al.;
- - Aguilera-Iparraguirre et al.
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(f) Rate constants for § 3° H atom: — iBMK + HO,;
alkanes + HOj: -~ Cartensen et al.; - - Aguilera-
Iparraguirre et al.

Figure 9: Rate constants at the o, o and B positions for the reactions of ketones with the HO»

radical, in kcal mol .
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Figure 10: Rate constants at the } position for the reactions of ketones with the HO, radical, a
comparison of the average rate constants for abstraction of a 1°, 2° and 3° hydrogen atom, in kcal
mol~! and a comparison of the rate constants with and without tunneling correction for abstraction
of an &’ 1° hydrogen atom for the reactions of DMK with the HO, radical.
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Conclusions

A systematic detailed study of the potential energy diagrams and reaction mechanisms of hydrogen
atom abstraction by an HO, radical on DMK, EMK, nPMK, iPMK and iBMK has been carried
out. A stepwise mechanism which involves a reactant complex formed in the entrance channel and
a product complex in the exit channel has been identified. A hydrogen bond is formed between the
hydrogen atom in the hydroperoxyl (HO,) radical and the oxygen atom in the carbonyl group for
the in-plane transition states and also for most reactant and product complexes. For the in-plane
transition states, this hydrogen bond allows for a short-lived cyclic structure to be formed. Abstrac-
tion of a hydrogen atom subsequently occurs in both in- and out-of-plane transition states, leading
to the formation of the product complexes followed by the products. Moreover, high-pressure limit
rate constants have been calculated by conventional transition state theory; the comparison with
the reactions of alkanes + HO, radical studied by Aguilera-Iparraguirre et al. and Carstensen et al.
has also been carried out. The in-plane transition state ties up rotors, effectively lowering the fre-
quency factor, which subsequently lowers the calculated rate constants of the reactions of ketones
with the HO, radical at high temperatures.

When comparing the average reactivity of the different types of hydrogen atoms, it is observed
that abstraction of a tertiary hydrogen atom is faster than abstraction of a secondary hydrogen
atom which, in turn, is faster than abstraction of a primary hydrogen atom. At 500 K, abstraction
of a secondary hydrogen atom is 32 times faster than a primary hydrogen atom, falling to 2 times
faster at 2000 K. At 500 K, tertiary hydrogen atom abstraction ranges from 330 times faster than
a primary hydrogen atom and 10 times faster than a secondary hydrogen atom, falling to 3 and 2

times faster at 2000 K, respectively.
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