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Kinetics of enol generation from propene has been predicted in an effort to understand the presence of enols
in flames. A potential energy surface for reaction of OH with propene was computed by CCSD(T)/cc-pVDZ//
B3LYP/cc-pVTZ calculations. Rate constants of different product channels and branching ratios were then
calculated using the Master Equation formulation (J. Phys. Chem. A 2006, 110, 10528). Of the two enol
products, ethenol is dominant over propenol, and its pathway is also the dominant pathway for the OH +

propene addition reactions to form bimolecular products. In the temperature range considered, hydrogen
abstraction dominated propene + OH consumption by a branching ratio of more than 90%. Calculated rate
constants of enol formation were included in the Utah Surrogate Mechanism to model the enol profile in a
cyclohexane premixed flame. The extended model shows consistency with experimental data and gives 5%
contribution of ethenol formation from OH + propene reaction, the rest coming from ethene + OH.

I. Introduction

Together with theory and experimentation, computational
science now constitutes the “third pillar” of scientific inquiry,
enabling researchers to understand complex phenomena through
their models.1 In terms of chemical processes, detailed kinetic
mechanisms (or models) for hydrocarbon oxidation have played
an important role in understanding and reducing pollutant
formation in combustion,2 depicting partial oxidation in solid-
oxide fuel cells,3,4 modeling oxidation in supercritical water,5

and elucidating the hydrocarbon chemistry in planetary atmo-
spheres.6 Therefore, there is an essential need that such
mechanisms have the ability of capturing all relevant chemistry
in such processes. In principle, they should consist of all possible
reaction pathways which involve all possible chemical species.
However, building such a “complete chemistry” kinetic mech-
anism a priori is an extremely difficult task because of the very
large number of reactions and species that may be involved.
Thus, practical mechanisms often rely on the available data
(experimental and/or calculated) to limit the number of reactions
and species and to provide some forms of validation. Such a
practice, however, provides no proof that the mechanism is
complete until new chemical species or reactions are observed.

Recently Taatjes et al.7 used a new flame analysis to detect
enols, compoundsbearingOHgroupsadjacent toacarbon-carbon
double bond, in a wide range of hydrocarbon flames of both
aromatic and aliphatic hydrocarbons. In some flames, enols were
found to be present in substantial concentrations, up to 10-4 in
mole fraction. This discovery suggested that the new species

should be incorporated into the existing detailed kinetic mech-
anisms in order to investigate their practical significance, even
though they are minor components in flames. However, little is
known about the formation or consumption reactions of gas-
phase neutral enols.

In a subsequent study, Taatjes and co-workers8 provided some
initial efforts on understanding enol chemistry by modeling its
concentration profile in methane, ethane, ethanol, propene,
allene, propyne, and cyclopentene premixed flames using an
OH + C2H4 reaction from the work of Senosiain et al.9 as the
primary source of enol formation. Although the OH + propene
reaction was also included in this study, its kinetic data were
only estimated. It is expected that in flames where propene
concentration is large, such as in a propene premixed flame,8

reaction of OH with propene is possibly a substantial source of
ethenol. In order to further understand enol chemistry, detailed
studies of OH with other alkenes are needed, information on
not only the formation but also the consumption of these enol
species.

In this study, we have mapped out the detailed potential
energy surface (PES) for the OH + propene reaction using an
accurate ab initio quantum chemistry method. Both hydrogen
abstraction and radical addition reaction channels were consid-
ered. This multichannel multiwell PES was used with the Master
Equation (ME) methodology10-12 to provide first-principles-
based kinetic information for the ethenol formation channel.
This information, with estimations for enol consumption
chemistry, was used to model enol formation in a cyclohexane
premixed flame. Comparison with experimental data was made
to test the mechanism and provide information on the roles of
the OH + propene reaction in enol formation.

II. Computational Details

A. Electronic Structure Calculations. A hybrid nonlocal
Density Functional Theory (DFT), Becke’s gradient-corrected
exchange-correlation density functional method (B3LYP)13 with
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Dunning’s correlation-consistent polarized-valence triple-ú basis
set cc-pVTZ,14 has been used for locating all stationary points,
namely, reactants, transition states, intermediates, and products
for the addition reactions. Normal mode analyses were done at
the same level of theory for all species. Intrinsic Reaction
Coordinate (IRC)15 calculations were performed to confirm all
transition states and their corresponding reactants and products.
The energies at all stationary points were then refined at the
CCSD(T)/cc-pVDZ level using the B3LYP/cc-pVTZ geom-
etries, which is denoted as CCSD(T)/cc-pVDZ//B3LYP/cc-
pVTZ.

Use of Becke’s half and-half (BH&H)16 nonlocal exchange
with Lee-Yang-Parr (LYP)17 nonlocal correlation functionals
has been found to be sufficiently accurate for predicting the
transition-state properties for hydrogen abstraction reactions by
a radical;18-22 thus, geometries of stationary points for hydrogen
abstraction reactions were optimized using this DFT functional
with the cc-pVTZ basis set. Single-point energy correction at
the CCSD(T)/cc-pVTZ//BH&HLYP/cc-pVTZ level was found
to be necessary for accurate rate calculations for this type of
reaction. Furthermore, as discussed below the hydrogen abstrac-
tion channel contributes more than 90% of the total enol
formation from the OH + propene reaction and thus the potential
energy surface information needs to be more accurate than that
of the addition channel. All electronic structure calculations were
carried out using the Gaussian 03 program package.23

B. Rate-Constant Calculations. We have employed the
Master Equation formulation10,24 to calculate pressure- and
temperature-dependent rate constants for reactions on the
multichannel multiwell potential energy surface. Only the main
features of our ME implementation are briefly presented here.
More details and test cases can be found in a future publication.25

In this study, we employed a one-dimensional (1-D) Master
Equation in which the total rovibrational energy, E, is the
independent variable. There are three main assumptions in the
ME formulation: (i) the reactants maintain a thermal distribution
with the bath gas throughout the course of the reaction; (ii) the
number density of bath gas molecules is much larger than those
of reactants, and if there are two reactants, then the number
density of one is much larger than that of the other; and (iii)
any bimolecular product channel is treated as an “infinite sink”;
i.e., once the dissociation products are formed, they will never
return to the wells. The second assumption makes any bimo-
lecular reaction pseudo first order. The rate constants were
computed as functions of pressure and temperature by solving
the total-energy-resolved master equation for a system with M

wells

i ) 1, ..., M

where t is the time; E is the total internal energy; Z is the
collision number per unit time, which is assumed to be the
Lennard-Jones collision rate, ZLJ; ni(E) dE is the number density
of molecules (or complexes) in the ith well with energy between
E and E + dE; E0i is the ground-state energy for the ith well;

M is the number of wells; Pi(E,E′) is the probability that a
molecule in the ith well with energy between E′ and E′ + dE′
will be transferred by collision to a state with energy between
E and E + dE; kij(E) is the microcanonical (RRKM) rate
constant for isomerization from the jth well to the ith well; kdi(E)
and kpi(E) are the microcanonical rate constants for dissociation
from the ith well to reactants and products, respectively; nR and
nm are the number densities of the two reactants (OH and
CH3CHdCH2, respectively, as in this present case); Keqi is the
equilibrium constant for the association reaction between the
reactants and the intermediate designated as the ith well; and
NP is the number of bimolecular product channels. We have
included the Kronecker delta δid and δpi to take into account
whether the ith well is formed directly from reactants and
dissociates to form products, respectively.

The function Fi(E) is the equilibrium energy distribution in
the ith well at temperature T

where Fi(E)is the density of states of the ith well, Qi(T)is its
partition function, and kB is the Boltzmann’s constant. As
mentioned above, if the reaction is bimolecular, it can be treated
as a pseudo-first-order (unimolecular) reaction. The change of
population of the reactant R can be expressed as

The detailed-balance condition is used for the relation between
P(E,E′) and P(E′,E) as well as for the relation between kij(E)
and kji(E)

The function P(E,E′) is the probability that a complex with
energy between E′ and E′ + dE′ will be transferred by a collision
to a state with energy between E and E + dE. It is approximated
here by a single-exponential down function26

E′>E

where CN(E′) is the normalization constant and 〈∆Ed〉 is the
averaged energy transferred in a deactivating collision, which
depends on the nature of the colliding gas as a function of
temperature and, in some cases, of energy.

Collision rate ZLJ can be calculated using Lennard-Jones
potential parameters as

dni(E)

dt
) Z∫

E0i

∞
Pi(E, E’)ni(E’) dE’ - Zni(E) -

∑
j*i

M

kji(E)ni(E) + ∑
j*i

M

kij(E)nj(E) - kdi(E)ni(E)δid +

Keqikdi(E)Fi(E)nRnmδid - ∑
p)1

Np

kpi(E)ni(E)δpi (1)

Fi(E) ) Fi(E)e-E/kBT/Qi(T) (2)

dnR

dt
) ∑

i)1

M

∫
E0i

∞
kdi(E)ni(E)δid dE -

nRnm ∑
i)1

M

Keqi ∫E0i

∞
kdi(E)Fi(E)δid dE (3)

Pi(E′, E)Fi(E) ) Pi(E, E′)Fi(E′) (4)

kij(E)Fj(E) ) kji(E)Fi(E) (5)

P(E, E′) )
1

CN(E′)
exp(-E′-E

〈∆Ed〉) (6)

Z ) Zhard-sphereΩ (7)
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where Zhard-sphere is the hard-sphere collision rate derived from
the elementary gas-phase kinetic theory and Ω is a dimension-
less collision integral calculated by the expression given in Reid
et al.27 The discussion about this expression/formulation can
be found elsewhere.12

The ME methodology requires a microcanonical rate constant
k(E) in the case of the 1-D ME, for each isomerization and
dissociation/association process involved in the overall reaction.
These rate constants can be calculated using the RRKM theory.
Detailed discussion on calculations of k(E) can be found
elsewhere.12,28 A number of elementary unimolecular reactions
involve migration of hydrogen atoms, and thus tunneling effects
on microcanonical rate constants29 were expected to be large.
Therefore, the inclusion of these effects was taken into account
for these reactions.

In this study, eqs 1 and 3 were integrated directly with time
using an ordinary differential equation(ODE) solver10,30,31 after
representing the integrals in these equations as discrete sums
using a simple rectangular rule with grid spacing dE (the energy
step in this study). The populations of species as functions of
time can be obtained directly and first-order rate constants can
be extracted from the reactant population using the “exponential
decay” approach. Solving the ME by direct integration is more
time-consuming than the eigenvalue analysis approach; however,
it is known to be more stable and robust.32 In this study, we
limit our focus on one product channel, namely, the enol
formation. Performance and accuracy of the general ME method
will be presented in ref 25.

For ME calculations, experimental conditions for the cyclo-
hexane premixed flame of Law et al.29 were used to facilitate
comparisons, namely, Ar bath gas at 30 Torr. The Lennard-
Jones parameters for all intermediates (C3H7O) were estimated
using the parameters for C3H6OH.33 It is known that the energy-
transfer parameter depends on temperature and on the nature
of the bath gas. Calculations also require a value for 〈∆Ed〉, the
average energy transferred in a deactivating collision between
these partners. We found that calculated rate constants for this
reaction are relatively insensitive to the value of 〈∆Ed〉 over
the range of temperatures considered here. Particularly, the use
of 〈∆Ed〉 ) 200 cm-1(T/298 K)0.85 for complexes of the OH +

C2H4 system,9 〈∆Ed〉 ) 300 cm-1 for OH + CH2dCHCHdCH2

system34 as well as other different temperature-independent
〈∆Ed〉 values (from 200 to 500 cm-1) gives similar rate constants
(the difference is less than 1%) for the ethenol channel (channel
P3 in Figure 3). Therefore, for simplicity, the value of 〈∆Ed〉 )
200 cm-1 was used for all complexes in the temperature range
of 400-2500 K. An energy step (or energy grain) of 100 cm-1

was used except for the cases at high temperatures (>1000 K),
where an energy step of 200 cm-1 was used instead.

We also considered the spin-orbit interaction for OH radical
in its electronic partition function by including both the 2

Π3/2

and the ground-state 2
Π1/2 levels. The splitting of 126 cm-1

between these levels was used.11 Similarly to the previous study9

of the reaction of OH with ethylene, we ignored this effect at
the transition state because it is expected to be small.

Rate constants of the hydrogen abstraction reactions were
calculated using the canonical transition state theory (TST)35

with the Eckart tunneling correction36 (denoted as TST/Eckart).
All TST/Eckart calculations were carried out using the TheRate
module of the Computational Science and Engineering Online
(CSE-Online) cyber-environment.37

C. Premixed Flame Simulations. The package CHEMKIN
IV38 was used to simulate the laminar premixed flat flame with
the Utah Surrogate Kinetic Model.39 The mechanism consists

of about 30 submechanisms of various chemical compounds
and has been validated with 41 flames, including n-heptane,
n-decane, n-hexadecane, kerosene, and synthetic gas. More
detailed information on this kinetic model is available else-
where.40

III. Results and Discussion

A. OH + CH3CHdCH2 Potential Energy Surface. The
potential energy surface is rather complex for the reaction of
OH radical with propene (referred to as C3H7O PES), including
all possible elementary reactions for association/dissociation,
abstraction, and isomerization reactions that eventually lead to
bimolecular products, is presented in Figure 1 with all possible
stationary points (reactants, intermediates, transition states, and
products). More detailed information for stationary points on
the PES is given in Table 1. The optimized geometries as well
as the corresponding frequencies can be found in the Supporting
Information. Note that all energies discussed hereafter are zero-
point-corrected values relative to that of the reactants unless
otherwise indicated. Also in the construction of this PES, if there
is more than one possible conformer for a given structure, the
lowest-energy conformer is used. The PES for the OH addition
to propene consists of 8 intermediates (denoted as “I”), 22
transition states (“TS”), and 8 bimolecular products channels
(“P”). These product channels are P1 (acetaldehyde channel,
CH3CHO + •CH3), P2 (acetone channel, CH3COCH3 + •H),
P3 (ethenol channel, CH2dCHOH + •CH3), P4 (2-propenol
channel CH3C(OH)dCH2 + •H), P5 (3-propenel channel,
CH2dCHCH2OH + •H), P6 (1-propenol channel, CH3CHd
CHOH + •H), P7 (propanal channel, CH3CH2CHO + •H), and
P8 (formaldehyde channel, HCHO + •C2H3). Intermediates also
referred to as “wells” are the adduct complex C (HO · · ·CH2d

CHCH3), I1 (CH3CHOHCH2•), I2 (CH3CHO•CH3), I3 (CH3C•
OHCH3), I4 (CH3C•HCH2OH), I5 (CH3CH2CH2O•), I6

(•CH2CH2CH2OH), and I7 (CH3CH2C•HOH). The notation
“TS_Ia-Ib” means that the transition state connects intermedi-
ate Ia and intermediate Ib, where a and b are integer numbers.
The dot sign “•” denotes the location of a radical.

For the addition reactions, OH radical first may form a van
der Waals complex (C) with propene before it inserts into the
C-C double bond to form either the intermediate I1 (nonter-
minal addition) or I4 (terminal-carbon addition). The optimized
geometrical parameters of the complex C, together with those
recently reported by Szori et al.21 at the CCSD/6-31G(d) level,
are given in Figure 2. It is found that the optimized geometrical
parameters for B3LYP (the present study) are close to those
from the CCSD calculations. Because this complex is not critical
to the overall reaction in the combustion regime (T > 500 K),
we will not discuss it further.

To form the adduct I1 or I4, the complex C must pass over
the transition states TS_C-I1 or TS_C-I4 with a barrier of
1.5 kcal/mol. From the I1 and I4 intermediates, the system
undergoes isomerization processes to form several intermediates
(I2 and I3 fromI1; I5-I7 from I4) and eventually exits by a
number of bimolecular product channels, namely, four product
channels (P1-P4) from I1 and five (P3, P5-P8) from I4. It is
noted that the intermediates I1, I2, and I3 can interconvert, as
do the intermediates I4, I5, I6, and I7. Of the eight product
channels, the most thermodynamically favored one is P1 for
forming CH3CHO + •CH3, while the least favorable is P5 for
producing CH2dCHCH2OH + •H. This study focuses on the
ethenol formation, the product channelP3; thus, all reaction paths
from I1 and I4 leading to these products are summarized in
Figure 3.
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Formation of the products P3 (ethenol + CH3) is exothermic
with the zero-point-energy-corrected reaction energy of 4.1 kcal/
mol below that of the separated reactants. Ethenol can be formed
from two parallel channels. One channel is from the intermediate
I1 via the â-scission reaction of the C-C bond with a barrier
height of 6.5 kcal/mol above the combined reactant energy. Note
that I1 can isomerize to form the intermediate I2 and I3 through
1,3 and 1,2 hydrogen migration reactions, respectively. How-
ever, I2 and I3 do not lead to enol formation. Enol also can be
formed directly from the intermediate I1. The other enol
formation channel is from the intermediate I4, which can
isomerize to form the intermediates I5, I6, and I7 by hydrogen
migration reactions having rather high barriers. Ethenol is
formed from the C-C bond cleavage of the intermediate I7

with a barrier of 5.4 kcal/mol.
Competing with the OH + propene addition reactions are

the hydrogen abstraction reactions by OH radical. Propene has
three distinct hydrogen atom types and thus has three possible
abstraction reactions. The first two reactions form propenyl-1
(CH3CHdCH•) and propenyl-2 (CH3C•dCH2) radicals with
barriers of 4.6 and 3.2 kcal/mol, respectively. The third one
has a lower barrier of 1.6 kcal/mol due to formation of a resonant
radical, allyl (•CH2CHdCH2). Rate constants for these reactions
were calculated using the energetic information given in Table
1.

B. Rate Constant Calculations. B.1. Addition Reactions

to Form Bimolecular Products. Because product formation in
the high temperature range is of interest in this study, we
primarily focus on the rate constants of addition reactions to
form bimolecular products, not those reactions that form

intermediates such as I1 and I4. In the temperature range of
500-2500 K, such addition reactions to form intermediates are
assumed unimportant to the overall kinetics,41 and the contribu-
tion of the van de Waals complex C is also expected to be
insignificant. Thus, more rigorous treatment, such as the two-
transition-state model which was used to study the addition of
OH with ethylene, is not needed.9

Rate constants for bimolecular product formation were
evaluated at the half-life time of the reactants using the
“exponential decay” approach.10 Results for ethenol formation
are discussed in detail here, while rate constants for other
product channels are mentioned only as an extension of the
discussion:

For ethenol formation at temperatures lower than 400 K,
formation of the thermalized intermediates I1 and I4 is
dominant. In other words, more than 99% of the population of
reacted reactants is trapped in these two wells. The rate constant
for the ethenol formation is consequently very small.

As temperature increases above 400 K, ethenol formation
becomes noticeable. When temperature is in the range of
400-450 K, the product channels are a mixture of ethenol and
I3 formation. This result means that populations of high-energy
states of I1 and I4 transform rapidly to I3 and the products P3.
Therefore the consumption rate of reactants is the sum of rates
for I3 and ethenol formation. The ratio of P3/I3 formation is
about 2.0 at 400 K and rapidly increases to 1000 at 450 K.

At temperatures higher than 450 K, the population of
thermalized intermediate I3 is insignificant (around 10-6 times
smaller) compared to that of ethenol. Thus, the rate constants
for ethenol formation can be obtained directly from the

Figure 1. OH + C3H6 (C3H7O) classical potential energy surface for the addition reactions leading to bimolecular products at the CCSD(T)/cc-
pVDZ//B3LYP/cc-pVTZ level of theory. The number is the energy in kcal/mol relative to that of the reactants. Zero-point-energy-corrected relative
energies at stationary points are given.
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exponential decay of the reactant concentration for T > 450 K.
Rate constants for ethenol formation calculated in the temper-
ature range of 500-2500 K are plotted in Figure 4 and fitted to
a van Kooij form as

The calculated rate constants show strong, non-Arrhenius
temperature dependence. A previously estimated, single-value
rate constant for this reaction, obtained by fitting the ethenol
concentration profile in a propene premixed flame, is within an
order of magnitude compared to our computed results in the
temperature range of 1000-2000 K.8

As mentioned earlier, there are two channels contributing to
the ethenol formation. The first one is from intermediate I1,

and the second channel is from intermediate I4. Rate constants

for each channel as well as the ratio between the two at several

selected temperatures are given in Table 2. The overall rate

constants of ethenol formation are also given. It can be seen

that the first channel is dominant for the whole temperature

range. This result can be explained by the much lower reaction

barrier from I1 to the products, 6.5 kcal/mol (see Table 1 and

Figure 3), while the second channel has higher barriers (TS_I4-I5,

TS_I4-I6, TS_I4-I7, TS_I5-I6, TS_I6-I7) of up to 20 kcal/

mol. When temperature increases, the contribution of the second

channel increases (see Table 2) but still has a minor contribution

to ethenol formation (less than 3% at 2500 K).

We also calculated the rate constants for all bimolecular

product channels presented in Figure 1. The calculated rate

constants for each product channel were fitted to van Kooij

forms and are given in Table 3. The product distribution

obtained from these rate constants in the temperature range of

500-2500 K is given in Figure 5. The ethenol formation P3

channel is not the most thermodynamically stable one, as it has

a relative energy of -4.1 kcal/mol compared to -19.8 kcal/

mol for the most stable channel P1, CH2CHO + CH3. However,

it is kinetically the most favored exit channel for the addition

of OH to propene because of the difference in the barrier heights.

As shown in Figure 5, at 500 K, ∼48% of the reacting

population transforms into the products ethenol and methyl

radical. As temperature increases, the contribution of this

channel reaches a peak of 75% at ∼1100 K and decreases

gradually as contributions from other channels increase. The

other product channels have different trends. The branching

ratios to channels P1, P2, and P4 decrease as temperature

increases and level off in the high-temperature range, while those

TABLE 1: Classical, Zero-Point Energies and Zero-Point-Corrected Energies of Reactants, Transition States, and Bimolecular
Products (Energies in kcal/mol)

species
classical
energya

zero-point
energy (ZPE)b

ZPE-corrected
energyc species

classical
energya

zero-point
energy (ZPE)b

ZPE-corrected
energyc

Addition Channels

Reactants 0.0 0.0 0.0
C -3.7 1.3 -2.4 TS_I1-P4 8.8 -0.9 7.9
I1 -27.7 3.2 -24.5 TS_I2-P1 -8.7 1.0 -7.7
I2 -28.0 3.5 -24.5 TS_I2-P2 -3.6 -1.4 -5.0
I3 -36.6 3.7 -32.9 TS_I3-P2 -1.1 -2.1 -3.2
I4 -27.5 3.5 -24.0 TS_I3-P4 2.2 -1.8 0.4
I5 -25.7 3.4 -22.3 TS_I4-P5 13.9 -1.4 12.5
I6 -25.3 3.5 -21.8 TS-I4-P6 10.6 -1.0 9.6
I7 -32.0 4.2 -27.8 TS_I5-P7 1.6 -1.4 0.2
TS_C-I1/-I4 -0.2 1.7 1.5 TS_I5-P8 -6.9 1.4 -5.5
TS_I1-I2 4.1 0.9 5.0 TS_I6-P5 16.3 -1.0 15.3
TS_I1-I3 14.5 0.4 14.9 TS_I7-P3 4.6 0.8 5.4
TS_I2-I3 3.3 0.7 4.0 P1 -18.0 -1.8 -19.8
TS_I4-I5 6.4 1.3 7.7 P2 -12.8 -2.9 -15.7
TS_I4-I6 18.3 1.1 19.4 P3 -2.8 -1.3 -4.1
TS_I4-I7 18.7 0.6 19.3 P4 1.9 -2.1 -0.2
TS_I5-I6 -0.5 1.6 1.1 P5 11.8 -1.9 9.9
TS_I5-I7 8.2 1.1 9.3 P6 5.7 -2.1 3.6
TS_I6-I7 15.7 0.8 16.5 P7 -5.9 -2.4 -8.3
TS_I1-P3 5.7 0.8 6.5 P8 -11.5 -1.4 -12.9

Abstraction Channeld

TS_CH3CHCH 6.5 -1.9 4.6 CH3CHCH + H2O -4.5 -0.6 -5.1
TS_CH3CCH2 5.3 -2.0 3.3 CH3CCH2 + H2O -7.9 -0.7 -8.6
TS_CH2CHCH2 3.1 -1.5 1.6 CH2CHCH2 + H2O -27.9 -0.5 -28.4

a Calculated at CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ. b Calculated using the B3LYP/cc-pVTZ frequencies with no scaling factor introduced.
c Sum of the columns 2 and 3. d The same as the addition reaction but the geometries and frequencies are at BH&HLYP/cc-pVTZ and the
energies are at CCSD(T)/cc-pVTZ//BH&HLYP/cc-pVTZ. Product channels: P1 (CH3CHO + •CH3), P2 (CH3COCH3 + •H), P3 (CH2dCHOH
+ •CH3), P4 (CH3COHdCH2 + •H), P5 (CH2dCHCH2OH + •H), P6 (CH3CHdCHOH + •H), P7 (CH3CH2CHO + •H), and P8 (HCHO +

•C2H5).

Figure 2. The optimized geometry of the van der Waals complex C.
The numbers in parentheses are at CCSD/6-31G(d) level from ref 21.

k(T) ) (1.33 × 10-18)T2.073

exp[-3010

T ], cm3 molecule-1 s-1 (8)
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to channels P5 and P6 increase with the temperature. The
contributions from channels P7 and P8 are less than 2% even
at high temperatures. Note that the thermalized adducts and
isomers are never significant at the low pressure examined, and
only bimolecular products result.

It is worthwhile also to discuss formation of the other enol,
propenol. Propenol can be formed by C-H fission from the
OH + propene adduct. If an OH radical attaches to the terminal
carbon of the double bond, the product 2-propenol (P4) is
formed; otherwise 1-propenol (P6) is formed. It can be seen
that 2-propenol (P4) is preferred at low temperatures, while more

1-propenol is produced at high temperatures (see Figure 5). This
result can be explained by the lower barrier of the 2-propenol
channel. (Note that there are two parallel channels leading to
the formation of 2-propenol, one from the intermediate I1 and

Figure 3. Similar to Figure 1 but specifically for the ethenol formation. The short-dashed line is the pathway starting from intermediate I1 and the
long-dashed one from intermediate I4.

Figure 4. Arrhenius plot of rate constants of ethenol formation from the
reaction of OH with propene in the temperature range of 500-2500 K.

TABLE 2: Rate Constants for Two Different Ethenol
Formation Channels at Different Temperaturesa

temp (K) kchannel-I kchannel-II kchannel-I/kchannel-II kTotal

500 1.29 × 10-15 4.93 × -18 261 1.29 × -15

600 4.99 × -15 2.24 × -17 223 5.02 × -15

800 3.14 × -14 1.64 × -16 192 3.16 × -14

1000 1.07 × -13 6.18 × -16 173 1.08 × -13

1500 6.80 × -13 6.02 × -15 113 6.86 × -13

2000 2.03 × -12 3.07 × -14 66 2.06 × -12

2500 4.32 × -12 1.04 × -13 42 4.43 × -12

a Units are cm3 molecule-1 s-1.

TABLE 3: Fitted Parametersa for Calculated Rate
Constants

product channel A n Ea/R

P1(CH3CHO + •CH3) 1.19 × -22 2.793 1.02 × +3

P2(CH3COCH3 + •H) 8.57 × -23 2.832 9.71 × +2

P3 (CH2dCHOH + •CH3) 1.33 × -18 2.073 3.01 × +3

P4(CH3COHdCH2 + •H) 9.36 × -26 3.739 6.40 × +2

P5(CH2dCHCH2OH + •H) 8.46 × -21 2.622 5.83 × +3

P6(CH3CH)CHOH + •H) 2.18 × -21 2.698 4.11 × +3

P7 (CH3CH2CHO + •H) 3.50 × -26 3.741 1.62 × +3

P8 (HCHO + •C2H3) 2.72 × -26 3.775 1.60 × +3

total 3.49 × -21 2.838 2.05 × +3

a k(T) ) A Tn exp(-Ea/RT), cm3 molecule-1 s-1. Temperature is
in kelvins (K).
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the other from I3, while there is only one for 1-propenol.) It
can be seen in Figure 5 that ethenol is formed faster than
propenol (1-propenol and 2-propenol) in the considered tem-
perature range.

The computed propenol:ethenol ratio is in excellent agreement
with the available experimental data. Using mass spectrometry
to study the overall kinetics of OH + propene reactions,
Hoyermann and Sievert42 reported the branching ratio of C2H4O
to C3H6O to be about 1:3.5 at room temperature (Taatjes and
co-workers8 later reasoned that C2H4O and C3H6O are possibly
enols), while our calculations give 1:3.8 at 500 K. Moreover,
the calculated ratio of propenol to ethenol is around 1:(4 to 7),
while the experimental mole fraction ratio was about 1:5 in the
flame zone of a rich propene premixed flame (φ ) 2.3).8

Although the comparisons between our calculated branching
ratios are in good agreement with experimental data, it should
be noted that our calculated ratio is from the single reaction of
OH with propene, while the experimental mole fraction ratio is
from different reactions in a premixed flame. However, because
the propene concentration in propene flames is much larger than
those of ethene and butadiene (other enol precursors), one can
expect that the OH + propene reaction might be dominant.

B.2. Hydrogen Abstraction and OWerall Reactions. In order
to obtain the overall rate of the OH + propene reaction,
hydrogen abstraction by OH radical must also be included. Rate
constants were calculated for hydrogen abstraction at the three
sites of propene, yielding propenyl-1, propenyl-2, and allyl
radicals using TST with the Eckart tunneling correction. We
found that for the hydrogen abstraction reactions, the energetic
information should be corrected using single-point energy
calculations at the CCSD(T)/cc-pVTZ level of theory in order
to obtain accurate results compared to available data in the
literature for each site.41

The total overall rate constants of the OH + propene reaction
are plotted in Figure 6, including available experimental data.
Smith et al.43 used the laser pyrolysis/laser-induced fluorescence
(LP-LIF) technique to measure total rate constants at four
temperatures in the range of 960-1210 K. Using the same
technique, Tully and Goldsmith44 reported a high-pressure limit
expression in the temperature range of 700-896 K. Bott et al.45

performed shock-tube experiments and recommended values of
a factor of 1.8 larger than those of Smith et al. or the

extrapolation of Tully and Goldsmith’s expression. Yetter et
al.46 derived a higher rate constant at 1020 K that they reasoned
might be due to the uncertain contribution of the addition
reaction. The present predicted values are within the uncertainty
of these experimental data43-46 in the temperature range of
700-1200 K.

Branching ratio is shown in Figure 7 for the hydrogen
abstraction reactions and the addition reactions in the temper-
ature range of 500-2500 K. Abstraction is the dominant reaction
pathway, contributing more than 93% reactant consumption for
the temperature higher than 500 K. When the temperature
increases, the contribution of the abstraction reactions gradually
decreases, while that of the addition reactions slightly increases
to a maximum of 7% at 2500 K. Addition routes are thus minor
routes and thus further improvement on the potential energy
surface information for these channels would not change the
overall conclusion of this study.

C. Simulation of Enol-Keto Formation. To validate and
determine the relative importance of the OH + propene reaction
for ethenol formation, the present kinetics for this ethenol
formation reaction were added to the Utah Surrogate Mecha-
nism39 to model a stoichiometric cyclohexane premixed flame
at 30 Torr. The calculated rate constants for hydrogen abstrac-
tions at propene are also included in the model. Detailed
modeling results are presented in a separate publication.40

Figure 5. Product branching fractions at 30 Torr of Ar bath gas.
Product channels are P1 (CH3CHO + •CH3), P2 (CH3COCH3 + •CH3),
P3 (CH2dCHOH + •CH3), P4 (CH3COH)CH2 + •H), P5 (CH2dCH-
CH2OH + •H), P6 (CH3CH)CHOH + •H), P7 (CH3CH2CHO + •H),
and P8 (HCHO + •C2H3).

Figure 6. Arrhenius plot of rate constants of abstraction reaction and
overall reaction (abstraction and addition reaction to form bimolecular
products) of OH with propene in the temperature range of 500-2500
K.

Figure 7. Product branching fractions of abstraction channels and
addition channels to form bimolecular products at 30 Torr of Ar bath
gas. The solid line is for abstraction reactions; dashed line for addition
reactions to form bimolecular products.
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Addition reactions that were added to the Utah Surrogate
Mechanism are summarized in Table 4. Three OH addition
pathways were included for the formation of ethenol (R1-R3),
including the reactions with ethene (R1), propene (R2), and
butadiene (R3). Senosiain and co-workers9 proposed a rate
constant for OH addition to ethene followed by dehydrogenation
(R1); the rate constant for R2 was calculated in this work, and
the rate constant for R3 was estimated by Zhang and co-
workers.40 Ethenol consumption includes hydrogen abstraction
of the three chemically different hydrogens and keto-enol
tautomerization to form the aldehyde via direct or radical-
catalyzed reactions. The unimolecular tautomerization from enol
to keto structure (R4) requires a 1-3 hydrogen migration with
a high barrier, which results in a negligible contribution for the
overall tautomerization rate. The isomerization route catalyzed
by H (R5) is also included for the enol tautomerization. The
rate was estimated to be close to that of the H addition to C2H4,
with the assumption that the leaving of the alcoholic hydrogen
is instantaneous. The hydrogen abstraction rates of enol by H
(R6), OH (R7), and O (R8) radicals were estimated after
examining reference reactions of methanol.47

Table 4 shows the contributions of several reactions to ethenol
formation at the maximum concentration of ethenol. OH addition
to ethylene is the dominant ethenol formation pathway. For
example, 78% of the ethenol formation at 1.2 cm above the
burner surface, where its concentration reaches the maximum,
is from this reaction. The second major pathway is predicted to
be the reaction with butadiene (17%), followed by that of
propene (5%). Hydrogen-catalyzed tautomerization dominates
ethenol consumption (R5, 68%) compared to the hydrogen
abstraction reactions: 18% from R6, 10% from R7, and 2%
from R8. Radical-catalyzed tautomerization was found to be
the major formation pathway for acetaldehyde, the keto form
of ethenol (45% of the total formation rate), followed by OH
combination with vinyl radical (33%, C2H3 + OH ) CH3CHO)
and the addition of O radical to 1-butene (19%, CH2CHCH2CH3

+ O ) CH3CHO + C2H4).

The Utah Surrogate Mechanism also includes reactions that
involve C3 and C4 enol and aldehyde species using a generic
rate approach with rates adjusted for possible resonant structures,
different symmetric factors, and other kinetic considerations.
The predicted enol and keto concentrations for C2-C4 species
reproduce the experimental data very well within the experi-
mental uncertainties, as seen in Figure 8.

We have attempted to determine how sensitive ethenol
formation is to the rate constant of the reaction R2. If the
calculated rate constant is doubled, the contribution from R2
goes up to 10%. This sensitivity means that accuracy in the
rate constant’s determination is important for predicting enol
formation. Although the contribution of the title reaction to

ethenol formation is not significant for the studied cyclohexane
flame, it might contribute more in the case where the concentra-
tion of propene is more significant, such as in propene flames.
Ethenol mole fraction was measured to be on the order of 10-4

in a rich propene premixed flame,8 and more detailed future
data would provide a test of the potential role of OH + propene.

VI. Conclusion

A complete PES for OH addition to propene was mapped at
the CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ level of theory. The
rate constants of different product channels and branching ratios
were calculated using the Master Equation formulation. It was
found that ethenol formation is the dominant pathway for the
addition reactions to form bimolecular products. Propenol was
also formed but with a much smaller concentration. It was found
that in the temperature range considered, hydrogen abstraction
is more significant than addition reactions in the overall rate
with a branching ratio of more than 90%.

The calculated rate constants for ethenol and propenol
formation were included in the Utah Surrogate Mechanism to
model the enol profile in a cyclohexane premixed flame. The
extended model shows some consistency with the experimental
data. Further analysis shows that although the contribution of
ethenol formation from OH + propene reaction is small (5%)
in this flame, its role expected to be significant when the
concentration of the reactant (propene) is large.

TABLE 4: Contribution of Several Important Reactions to
the Ethenol Formationa

reaction contribution (%)

R1: C2H4 + OH ) C2H3OH + H 78
R2: C3H6 + OH ) C2H3OH + CH3 5
R3: CH2CHCHCH2 + OH ) C2H3OH + C2H3 17
R4: C2H3OH ) CH3CHO ∼0
R5: C2H3OH + H ) CH3CHO + H 68
R6: C2H3OH + H ) CH2CHO + H2 18
R7: C2H3OH + OH ) CH2CHO + H2O 10
R8: C2H3OH + O ) CH2CHO + OH 2

a The flux analysis was carried out at the maximum concentration
of ethenol of a distance of about 1.2 cm above the burner surface.

Figure 8. The predicted and measured concentration profiles of enols,
aldehydes in a cyclohexane premixed flame. Solid symbols represent
the experimental data (ref 29), while lines represent the simulations.
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