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Theoretical and kinetic study of the reaction of
C,Hz + HO, on the C;H;O,H potential energy

Junjiang Guo, ©*2 Shiyun Tang® and Ningxin Tan*?

The potential energy surface (PES) for reaction of C,H3 + HO, was examined by using high-level quantum
chemical methods. Conventional transition state theory (TST) was used to determine the rates where the
reaction has a tight transition state; variable reaction coordinate transition-state theory (VRC-TST) was
used for rate constant calculations corresponding to the barrierless reactions. And Rice—Ramsberger—

Kassel-Marcus/Master-Equation (RRKM/ME) theory was used to calculate the pressure-dependent rate

constants of these channels. The major product channel of the reaction C,Hz + HO; is the formation of
C,HsO,H via a highly vibrationally excited product. Thermochemical properties of the species involved in
the reactions were determined using the QCISD(T)/CBS//M062X/6-311++G(d,p) method and enthalpies
of formation of species were compared with literature values. The calculated rate constants are in good

agreement with limited data from the literature and are given in modified Arrhenius equation form,
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which are useful in combustion modeling of hydrocarbons. Finally, in order to investigate the effect of

the calculated parameters on ignition delay, they were used to simulate ignition delay with the current

DOI: 10.1039/c7ra07734c

rsc.li/rsc-advances

1 Introduction

The vinyl radical (C,H;) has received increasing attention in
recent years, since it is a key intermediate in combustion and
pyrolysis of hydrocarbon fuels.»* And it is an important species
in planetary atmospheres,*”® and hydrocarbon plasma chem-
istry.® At high temperatures, alkyl radicals rapidly fragment to
yield smaller radicals and a corresponding alkene. At moderate
temperature and high pressure, bimolecular reactions involving
the hydroperoxyl radical (HO,) and other radicals are critically
important in ignition chemistry. Reactions of HO, are typically
slow. However, because of its high concentration in the low
temperature preignition regime, even relatively slow reactions
involving HO, can have a significant effect on the combustion
process, especially in low-temperature combustion chem-
istry.”*® Furthermore, R + HO, reactions can promote ignition
by converting less reactive radicals into more reactive radicals
OH. Similar to the reaction type of C,H; + HO,, Petersen et al.™
studied that, in the modeling of CH,/O,, the CH; + HO, reaction
was found to be an important source of OH during ignition
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mainstream mechanism. It is shown that these parameters have improved the mechanism and that the
simulation results for ethylene ignition in a shock tube are similar to the observed values.

which needed to be further studied. And the reaction CH; + HO,
is among the most important reactions in methane ignition
which is confirmed by Liu et al.** Similarly, allyl + HO, reaction
also has been confirmed with of great effect on the combustion
of propene. Heyberger et al.’* demonstrated that the induction
period of propene ignition in the temperature range of 500-800
K is highly sensitive to allyl + HO, kinetics, and that omitting
this reaction increased the induction period by an order of
magnitude. What is more, Goldsmith et al'* studied the
kinetics of the allyl + HO, bimolecular reaction at the level of
QCISD(T)/CBS//B3LYP/MG3S, which found that the reaction of
allyl + HO, will promote chain branching significantly more
than previous models suggest. But to the best of our knowledge,
there has not been comprehensively studied about the reaction
between C,H; and HO, which would have a big effect on the
combustion of ethylene. And their kinetics will also be impor-
tant for many larger hydrocarbons. Accurate measurements or
high-level quantum chemistry calculations of these rate
constants are urgently needed to develop and refine core
mechanisms of combustion chemistry.

In the recombination reaction of two radicals, chemical
energy is released and a highly vibrationally excited (HVE)
product may be formed and this HVE molecule is capable of
further decomposition, isomerization, or collisional stabiliza-
tion.”"” In this paper, the recombination reaction of C,H; and
HO, is studied and the possible reaction pathways considered
as detail in the following.
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Table1 Summary of the reactions involved to C,Hs + HO, system contained in the popular core mechanisms

Mechanism Reaction numbers

Reactions

USC-Mech 11'8
AramcoMech 1.3 *°
UCSD model*
Konnov mechanism?*
Lopez mechanism?*?

NN = NN

There are three possible H-transfer reactions corresponding
to the bimolecular reactions. The C,H; radical can abstract the
H-atom from HO, radical, forming ethylene (C,H,) and either
singlet or triplet molecular oxygen; alternatively, HO, can
abstract the H-atom from C,H3;, forming H,0O, and triplet H,CC:

C2H3 + H02 L) C2H4 + 102 (13)
C,H; + HO, 2. C,H, + 30, (2a)
C2H3 + HOZ L H202 + 3HzCC. (33)

HO, can add to the end of the C,H; on the radical side to
produce a highly vibrationally excited state, which can be
stabilized by collisions with a third body M, as well as isomer-
ization of the intermediate to HOCH,CHO, CH;CHOO and
CH;COOH or decomposition to the bimolecular products:

kaa

C,H; + HO, — C,H;00H*(+M) —* C,H;00H ~ (4a)
—C,H;00H* ., HOCH,CHO (5a)
—C,H;00H* ., CH;CHOO (6a)
—C,H;00H* ", CH;COOH (7a)
—C,H;00H* ., H,CC + H,0, (8a)
—C,H;00H* 2, C,H, + H,0, (9a)
—C,H;00H* ™, C,H,0 + OH (10a)
—C,H;00H* ", C,H,0 + H,0. (11a)

The resulting intermediate HOCH,CHO and CH3;CHOO can
furthermore decompose to small products:

ki1

HOCH,CHO —"_, C,H,0 + H,0 (12a)
CH;CHOO ™, CH;CHO + O (13a)

Although these reactions may be important in the modeling
of the combustion of hydrocarbon fuels, however, the literature
on these reactions is sparse and only a few of them are

44810 | RSC Adv., 2017, 7, 44809-44819

C,H, + 0, — C,H; + HO,, C,H; + HO, — CH,CHO + OH
C,H, + 0, — C,H; + HO,, C,H,00H — CH,CHO + OH
C,H, + 0, — C,H; + HO,

C,H, + 0, — C,H; + HO,, C,H; + HO, — CH, + CO + OH
C,H, + 0, — C,H; + HO,, C,H; + HO, — CH,CHO + OH

contained in the popular combustion mechanism.'®?* The
reaction between C,H; and HO, has not been comprehensively
studied. The existent reactions involving C,H; + HO, system in
the popular core mechanisms are shown in Table 1. There are
only four kinds of reactions appeared in these mechanisms and
each of them contains the reverse reaction (2a). To the best of
our knowledge, for these reactions, the only available data
comes from the work of Hua et al., in which this reaction was
calculated at the QCISD(T)/6-311++G(3df,2p)//MP2(full)/
6-311G(d,p) level and compared with an estimate value from
Tsang et al.>* in 1983. And this rate constant of reaction C,H, +
0, — C,H3 + HO, in these mechanisms all adopted the esti-
mate value from the Tsang et al.>* except the mechanism
developed by Konnov** who derived a new rate constant
expression by adjusting the A and E, and the mechanism
developed by Lopez** who adopted the theoretical values from
Hua et al.*® The rate coefficients of reaction C,H; + HO, —
CH,CHO + OH contained in the USC-Mech II'*®* was estimated.
And the rate constant values for the same reaction in the Lopez
mechanism was adopted the estimate values from Tsang et al.>*
The rate coefficients values of reaction C,H; + HO, — CH; + CO
+ OH contained in the Konnov mechanism* was also from
Tsang et al.>* The rate coefficients of reaction C,H;00H —
CH,CHO + OH contained in the AramcoMech 1.3 (ref. 19) was
also estimated because there were no measurements on the rate
constants for this process.

Moreover, detailed kinetic model is a valuable design tool to
describe the oxidation of hydrocarbon fuels, which can be used
to improve the efficiency and emissions of internal combustion
engines. Therefore, it is necessary to make a detailed investi-
gation for C,H; + HO, system. In this paper, ab initio calcula-
tions were performed for all reactants, transition states, and
products. The rate constants for these reaction channels were
calculated by applying transition state theory and variable
reaction coordinate transition-state theory along with appro-
priate quantum-mechanical tunneling corrections, and the
dominant channel was determined.

2 Computational details
2.1 Potential energy surface calculations

The potential energy surface and molecular properties of
stationary points were performed by the Gaussian 09 quantum
chemistry package.”® Comparing with our previous work® via
density functional theory employing the B3LYP level, which is
not very accurate for barrier heights,”® we obtained more accu-
rate imaginary frequencies at the M062X/6-311++G(d,p) level

This journal is © The Royal Society of Chemistry 2017
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(scaled by a factor 0.97).>” All the transition-state structures were
confirmed with one and only one single imaginary frequency.
Moreover, intrinsic reaction coordinate (IRC)*® calculations
were carried out in all case to verify that the transition-state
structure connected with the corresponding reactant and
product. Higher level single point energy were obtained from
QCISD(T) (quadratic configuration interaction with singles
doubles and perturbative inclusion of triples) method in
complete basis set (CBS) limit.**** In previous studies for
a similar albeit smaller molecular system,** the QCISD(T)
energies were extrapolated to the complete basis set (CBS)
limit** with the correlation-consistent, polarized-valence, triple-
f (cc-pVTZ, denoted by TZ) and quadruple-¢ (cc-pVQZ, denoted
QZ) basis sets of Dunning.**** This calculation approach was
deemed to be too computationally intensive for the present
study.

In the present study, the QCISD(T) energies are extrapolated
to the complete basis set limit (CBS) according to the following
expression:

E[QCISD(T)/CBS] = E[QCISD(T)/CBSlpz .12
+ {E]MP2/CBS}17 .oz — EIMP2/CBS]pz 17} (1)

which avoids the most time-consuming QCISD(T)/QZ calcula-
tion and so are considerably more computationally efficient.
The method has been recently examined by Zhang et al.*® for
C,H,0 system and Zhang et al.®*® for methylbutanoate system,
which was proved to be an efficient and accurate method for
high-level energy estimation.>

T1 diagnostic is a measure to gain an insight on the signif-
icance of the multireference effects. In general, the multi-
reference wave function is significant only if the T1 diagnostic
value is greater than 0.02 for a closed-shell species.* In the case
of open-shell species, it has been suggested that a higher
threshold for the T1 diagnostic may be more appropriate, T1
diagnostic values for open-shell systems of up to ~0.045 may be
acceptable.®*** For the barrierless reactions, conventional
single-reference ab initio methods fail to accurately predict the
potential when distance between pivot points on each of the
reacting fragments exceeds a certain value.” For this reason,
multi-reference CASPT2 method®** is used to study the bar-
rierless reactions.

In order to correctly describe the association between two
separated fragments, the CASPT2 (8e, 60)/aug-cc-pVTZ calcula-
tion is chosen for association process involving the HO, and
C,H; radical recombination (HO, + C,H; = C,H3;OO0H). The
active space includes the 7w and 7* orbital of C=C double bond,
two lone pair orbitals of the terminal oxygen, and two O lone
pair orbitals of hydroxyl radical, and two radical orbitals. All
CASPT2 calculations were done by using MPLPRO.*!

2.2 Thermochemical properties

Standard enthalpies of formation (A¢H? (298 K), kecal mol™)
have been calculated for all minima and transition states in this
paper. The values of AgH’ (298 K) are determined at the
QCISD(T)/CBS//M062X/6-311++G(d,p) level using atomization
method. The experimental values of A¢H? (0 K) are 169.98, 51.63,

This journal is © The Royal Society of Chemistry 2017
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and 58.99 kcal mol ' for the elements C, H, and O, respec-
tively.® Thermochemical properties (AH’, AeS’, and C,) are
evaluated from standard enthalpies of formation, vibrational
frequencies, and moments of inertia, according to statistical
mechanical principles employing the ChemRate program.*
Usually, low-frequency internal rotations treated by the
harmonic oscillator (HO) approximation can lead to significant
errors in the partition function. Vansteenkiste et al.** found that
treating hindered internal rotations is crucial to get accurate
entropies and heat capacities. Therefore, the one-dimensional
(1-D) hindered internal rotor method* was applied to esti-
mate the contributions of low-frequency torsional motions in
the partition functions calculation. Internal rotor potentials
were calculated by relaxed scans of the dihedral angle with an
interval of 10° at the M062X/6-311++G(d,p) level, to determine
the barrier height of rotation, number of rotational minima,
and symmetry number. In this study, the low-frequency vibra-
tional modes corresponding to internal rotation around the
breaking bonds for barrierless reactions were assumed as free
rotors. The method proposed by Pitzer and Gwinn*® in Chem-
Rate was applied to compute reduced moments of inertia
rotations for each species using the geometries calculated at the
MO062X/6-311++G(d,p) level.

2.3 Rate constant calculations

Although some work found that taking into the variational
effects in the calculation of pressure-dependent rate constants
are helpful to improve the accuracy of rate.**** Due to the huge
amount of computation in this work, this paper mainly dealt
with the calculations as following. The high-pressure-limit
(HPL) rate constants for reactions with pronounced barriers
were calculated according to canonical transition state theory
(TST) and HPL rate constants for barrierless reactions were
treated using variable reaction coordinate transition state
theory (VRC-TST) which was shown to be efficient with esti-
mated accurate rate constant errors of less than 20% for a series
of hydrocarbon barrierless radical-radical association reac-
tions.**® The pressure-dependent rate constants were
computed with the time-dependent RRKM/ME method at the
pressures varying from 0.01 to 100 atm. All barrierless reactions
were calculated using the VARIFLEX code® and others were
dealt with ChemRate program.*

The rate constant for the barrierless reactions (reaction (4a)
and reaction (13a) in this work), employing in the VARIFLEX
code,* was calculated based on the VRC-TST theory. The basis
of this theory involves a separation of the vibrational modes
into conserved and transitional modes. The conserved modes
correspond to the vibrational modes, which have little changes
from reactants to products, and they are treated as harmonic
vibrators employing the frequencies and geometries of the
isolated fragments. The transitional modes are typically the
bending and rotational modes of the reactant and rotational
modes of the products. And the rotational modes of the reactant
and rotational modes of the product are treated via Monte Carlo
integration of a classical phase space representation. For the
barrierless transition state process, the Morse functional

RSC Adv., 2017, 7, 44809-44819 | 44811
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E(R) = De{l — exp[-B(R — Re)]}> ©)

was used to represent the minimum potential energy path for
the association reaction. In the above equation, De is the
bonding energy excluding zero-point vibrational energy for an
association reaction, R is the reaction coordinate (ie., the
distance between the two bonding atoms), and Re is the equi-
librium value of R at the stable intermediate structure.

The pressure-dependent rate constants were computed with
the time-dependent RRKM/ME method at the pressures varying
from 0.01 to 100 atm. Basing on RRKM theory implemented in
VARIFLEX program, the component rates were evaluated at the
E[J (energy E and total angular momentum j) resolved level and
the pressure dependence was treated by solving the one-
dimensional master equation calculations using the Boltz-
mann probability of the complex for the J-distribution and
inversion-based approach for single channel calculations.**
The number of a variational transition quantum states, N(E,j), is
the sum of states of the transition state to energy E with angular
momentum J, and it is a function of the bond length along the
reaction coordinate R. N(EJ) is computed by using the Beyer-
Swinehart algorithm.>* In E/J-resolved calculation, the range of
E and J should be adjusted until obtaining converged results.
The zero-point corrected binding energy (D,), which represents
the energy to go from the ground state of the desired electronic
state of the complex to the ground states of the fragment for the
first channel is 29589.3 cm ™" (corresponding to 84.6 kcal mol ™"
of the C-O bond cleavage in Fig. 1). The range and step sizes for
J are system dependent (i.e., due to variation in the rotational
constants), but steps of 5 to 20 and maximum values of 100 to
400 are fairly typical. Generally, the minimum j value should be
near zero.”> One can evaluate the number of states by Monte
Carlo integration for the convolution of the sum of the

1S3
39.5

TS1

14.3 C,H5+HO,
WBC-1 10.0]
152 -4.0
-5.8
CoH 0,
-31.4
C,oH4+0,
-61.0

C,H;00H
-84.6
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vibrational quantum states for the conserved modes and the
classical phase space density of states for the transitional
modes.*® Convergences of the Variflex calculations must be
carefully tested. The errors of Monte Carlo integrations are less
than 5% for the considered temperature.””

For those reactions except barrierless reactions, the Chem-
Rate program® was used, which provides the computational
means, based on energy conserved one-dimensional master
equation, coupling chemical activation, isomerization, decom-
position and collisional energy transfer processes involved in
the reactions. The rate constants for reactions with pronounced
barriers were calculated according to canonical transition state
theory (TST), and the pressure-dependent rate constants were
computed with the time-dependent RRKM/ME method at the
pressures varying from 0.01 to 100 atm. The calculated theory
are the same as our previous work for dealing with the
C,H,OO0H system.’ The one-dimensional Eckart transmission
coefficients have been calculated for those reactions involved in
H atom transfer by using ChemRate program to estimate
quantum mechanical tunneling corrections. The tunneling
corrections will be the main factor to cause the error bar which
determine the reliability of the kinetic data.*®*° In this work, the
characteristic length of the Eckart function was obtained using
the equations reported by Johnston and Heicklen® with the
parameters such as the imaginary frequency of the transition
state and barrier height. Considering the Eckart tunneling for
the bimolecular reaction is unavailable in the ChemRate, the
tunneling effect is roughly estimated by the Wigner method®*
used in these H-abstractions reactions and the method of
detailed calculations can be found in our previous work.®> The
Eckart tunneling correction depends on three main factors, i.e.,
the imaginary frequency (v*) of the transition state, the forward
barrier height (E;) and the reverse barrier height (E_,).*%%

3H,CC+H,0,

WBC-2 40.0

39.1

TS4
-1.7
TS
) H,CC+H,0,
T -8.7
275
TS11
329 N N
1S9
476 N\ N\
137 A A
-51.4

CH, H,0,

CH,CHO+O
-51.6

C,H;0+0H
-61.8

‘ TS10
-67.2 3

\CH,0+H,0

-147.0

Fig.1 Schematic energy profile for CoHs + HO, reaction system. Relative energies are those at the QCISD(T)/CBS//M062X/6-311++G(d,p) level,
or QCISD(T)/CBS//MP2(full)/6-311++G(d,p) level if no M062X/6-311++G(d,p) calculations are available.
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Calculated barrier width L, as well as E,, E_,, and v*, are listed
in the ESI Table S1.}

Lennard-Jones parameters ¢ and ¢ are used to estimate the
collision frequency between reactant and bath gas, which are
taken from the JetSurF version 1.1 transport database® and
literature data reported by Hippler et al® Argon is used as
a bath gas collider with values of ¢ = 3.47 A, and ¢ = 114 K. The
collision energy transfer is applied using a single-parameter
exponential down model®® with (AEqoun) = 0.35 T cm ' K *
for all the calculations. This function form is reasonable, and
similar form has been used in previous study of Gong et al.,*
Manion et al.,*” and Zhao et al.®®

Rate constants from 500 to 2000 K were fit to a modified
empirical three-parameters form of the Arrhenius equation
(eqn (3)) to obtain the elementary rate parameters 4, n, and E,

k = AT'(—E,JRT) 3)

All pre-exponential terms (AT") quoted in this study are in
units of s~ (first order) or cm® mol ! s™* (second order), with
all temperatures in K.

3 Results and discussion
3.1 C,H;0,H potential energy surface

The schematic potential energy surface (PES) of C,H; + HO,
reaction at the QCISD(T)/CBS//M062X/6-311++G(d,p)level is
displayed in Fig. 1 and the geometrical parameters of the
transition states in this work can be found in the ESI Fig. S1. In
the present study, the QCISD(T)/CBS method is used for single-
point energy calculations in the subsequent calculation of
reaction energies, energy barriers and rate constants unless
otherwise mentioned. For practical applications in hydrocarbon
combustion, the enthalpies of formation, entropies and heat
capacities of species involved in C,H; + HO, reaction are pre-
sented in ESI Table S2.1 As in the present calculation reported
above, internal rotations in all species were treated as hindered
rotors rather than harmonic oscillators in the calculations of
standard entropies and heat capacities. Enthalpies of formation
of species in this work show good agreement with literature
values.®**®>7® The energies and T1 diagnostic values calculated
in this paper are presented in the ESI Table S3 and S4.t

3.2 Reaction mechanism and rate constants

3.2.1 H-abstraction. As shown in Fig. 1, there are three
different H-abstraction pathways of C,H; by the HO, radical. A
comparison of the energy values shows that vinyl radical
abstracting the H-atom forming ethylene and triplet molecular
oxygen is the most thermodynamically and kinetically favorable
pathway. The energy of this transition state (TS2) for this reac-
tion lower than those of the reactants with a value of
—5.8 keal mol ™" which is in good agreement with that from Hua
et al. (—6.2 kcal mol ™' at the QCISD(T)/6-311++G(3df,2p)/
MP2(full)/6-311G(d,p) level). Both they have a weakly bonded
complex (WBC) with minus energy with —4.0 and
—3.6 kcal mol™' comparing to that of reactants, respectively.
The detailed illustration of TS2 is provided in Fig. S2 (ESIt),

This journal is © The Royal Society of Chemistry 2017
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where intrinsic reaction coordinate calculation is presented to
show the reactants conversion into weakly bonded complex. For
the reaction (1a), a tight transition state TS1 is located for this
channel at the MP2(full)/6-311++G(d,p) level, which cannot be
found at the M062X/6-311++G(d,p) level. Because the T1 diag-
nostic for TS1 (0.142) is large, which implies that this transition
states are ill-described by single-reference methods. At the same
time, the barrier of this reaction is a little high than those of
other channels, so this reaction would be negligible in this
paper. The reaction (3a) is also negligible because its barrier
(39.5 kcal mol %) is by far higher than others'. Because the
H-abstraction reaction (2a) has pronounced barrier, conven-
tional transition state theory is used to calculate the rate
constants using the calculated geometrical parameters, vibra-
tional frequencies, and energy of transition state. Considering
the Eckart tunneling for the bimolecular reaction is unavailable
in the ChemRate, the tunneling effect is roughly estimated by
the Wigner method®-** used in the H-abstraction reaction. The
tunneling effect nearly has no effect on the rate constants for
the reaction as plotted in Fig. 2. At present, popular core
mechanisms such as USC-Mech II, the UCSD model and Ara-
mcoMech 1.3 involving in C,H; + HO, system is reaction (2a).
And the kinetic data of this reaction are all using the values
from Tsang et al.>* who estimated the rate constant according to
the work of Walker et al.” It can be noted that, in the low-
temperature range, a rather good agreement between our
values and those from literatures at HPL as presented in Fig. 2.
In the high-temperature range, our calculation values are a little
higher than other data. As the computational accuracy is much
higher, the rate constants calculated in this work should be
regarded much more accurate. High-pressure limit rate
parameters for the H-abstraction reaction in the temperature
range 500-2000 K are given in ESI Table S5.1 All other reaction
rate parameters in this work are given in ESI Table S6.}

3.2.2 Association reaction. C,H; radical and the HO,
radical can directly combine to form a highly vibrationally
excited C,H;OOH adduct and it can be stabilized by colliding
with a third body M. Because this association reaction does not
have a well-defined transition state, the rate constants are

104 CQH4+302 TE>2 C2Hs+HO:

. R
s
_E 04
K
5
< —=— This work(without tunneling)
8 -10 —e— This work(with tunneling)
—a—Huaetal®
—v— Tsang et al”
-20

500 1000 1500 2000

TIK
Fig. 2 High-pressure limit rate constants of reaction CoH, + %0, —
C,Hs + HO, on triplet potential surface from the calculated results in
this work, Hua et al.,® and Tsang et al.?*
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computed with VCR-TST and RRKM/ME theory using VARIFLEX
code. As illustrated in Fig. 3, the dissociation potential function
was calculated, which covered the range of C-O separations
varying from 1.364 to 5.264 A at the M062X/6-311++G(d,p) level.
During this calculation, relaxed potential energy scan was per-
formed. The resultant M062X/6-311++G(d,p) PES was then
scaled to provide a more accurate single energy at the CASPT2
(8e, 60)/aug-cc-pVTZ level. The plot shown in Fig. 4 illustrates
the C,H; + HO, interaction energy along the reaction coordi-
nate. This potential energy curve can be fitted to the Morse
function with parameters De = 87.7 kcal mol !, § = 2.177 A,
Re = 1.364 A. The calculated forward and reverse rate constants
were plotted in Fig. 5, which cover the temperature range from
500 K to 2000 K, and the pressure varying from 0.01 atm to HPL.
The results show that both the forward and reverse reaction rate
constants are extremely sensitive to pressure. And the forward
rate constants nearly remain unchanged at HPL.

3.2.3 Decomposition or isomerize of C,H;OO0H. Aside from
dissociation back to the reactants, C,H;OOH can directly
decompose into "H,CC + H,0,, C,H, + H,0,, C,H,0 + HO, and
C,H;0 + OH products, or isomerize to CH;00H or CH;CHOO
intermediate and then decompose or HOCH,CHO intermediate
and then decompose. The reactions involved in the direct
decomposition and isomerization/decomposition are discussed
in details respectively in the follows.

3.2.3.1 Decomposition of C,H;O0H. In the present work,
C,H;00H is the main reaction intermediate on the C,H; + HO,
reaction PES. There are four dissociation channels for
C,H;00H reactions. As shown in Fig. 1, the most energetic
reaction channel for C,H;00H is broken down into C,H;0 +
OH products via TS6. It reacts through the hemolysis of the
O-OH bond, which is thought to be the major direct source of
the OH in ozonolysis.”® This reaction has 17.4 kcal mol " barrier
height, which is agreement with that from Kurtén et al”
(15.7 keal mol™* at the MRCISD(4,4)/CC-PVTZ//MRCI(4,4)/CC-
PVTZ level). There is nearly no other available researchs about
dissociation reactions involving in C,H;OOH. The most difficult
step for C,H3;00H channels is broking C-C and C-H bond on
the same side to decompose into 'H,CC + H,0, via TS4 with
a barrier height of 82.9 kcal mol ™. It also can break C-C and

210
CzHs+HO:2
E 140 .lllll.......-...
§ -'....
é ‘..l-
2 /’
Q
o
2 704 /
[
o
2 o
©
[5}
@ 07 =¥ C,H00H
1 ' 3 4 5 6
r(O-O)/Angstorm

Fig. 3 Relaxed potential energy surface scan for C—O bond cleavage
of CoHsOOH at the M062X/6-311++G(d,p) level.
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Fig. 4 Morse curve for the association process CoHsz + HO, —
C,H3zOOH. Points are computed at the CASPT2 (8e, 60)/aug-cc-
pVTZ//M062X/6-311++G(d,p) level, and the solid curve is the fitted
Morse function.

C-H bond on different sides to decompose into C,H,+H,0, via
TS8 with a barrier height of 79.9 kcal mol ™. Although each of
these two channels has a high barrier, they are quite important
for temperature above 900 K, which the products H,0, under-
taking a quick chain-branching reaction H,O, = OH + OH have
a large effect on the ignition for hydrocarbon combustion.
C,H;00H can also directly decompose to C,H,0 + H,0, via TS5,
by H,O-elimination reaction, which has 57.1 kcal mol ™" barrier
height. There is nearly no theoretical calculation or experi-
mental rate constants available for reaction involving in
C,H;00H. The only kinetic data for reaction C,H;O0H —
C,H;0 + OH in some mechanisms are estimated, which are not
accurate for combustion modeling. These reactions correspond
to C,H3;O0H decomposition are all pressure-dependent as
shown in Fig. 6, especially for reaction C,H;O0H — C,H30 +
OH. It also can be found that the reaction C,H;O0H — C,H,O +
H,O0, pictured in Fig. 6(b), has a greater pressure effect on the
reaction constants than those of others such as reaction
C,H;00H — 'H,CC + H,0, and C,H;00H — C,H, + H,0,.
3.2.3.2 Isomerize of C,H3;00H. Aside from directly decom-
pose into small fragments, C,H;00H can isomerize to form
other products listed as following: it can reaction through TS7,
by the terminal OH group rotation and transfer to the second C
atom, to produce intermediate HOCH,CHO with a barrier
height of 33.2 kcal mol~'. HOCH,CHO can then directly
decompose into C,H,0 + H,0 products via a H,O-elimination
reaction. The calculated reaction barrier is 80.4 kcal mol .
C,H;00H can also isomerize to give CHzCHOO through
a 5-member ring transition state (TS9) with a barrier height of
37.0 keal mol™*. The most difficult step for C,H;O0H isomeri-
zation is to form CH;COOH by the terminal OH group rotation
and transfer the H atom of the same side to the second C atom
via TS11 with a barrier height of 51.7 kcal mol'. These reac-
tions are all have a well-defined transition state. To the best of
our knowledge, there is no theoretical calculation or experi-
mental data available for comparison of these reactions as
mentioned above. These reactions show significant pressure-
dependent impact, especially for reactions plotted in Fig. 7(a),
(c) and (d). And the pressure effect becomes significant as the

This journal is © The Royal Society of Chemistry 2017
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temperature increases. The reaction HOCH,CHO — C,H,0 +
H,0 shown in Fig. 7(b) is not sensitive to the pressure.

3.2.4 Decomposition of CH;CHOO. CH;CHOO can directly
undergo O-O heterolysis into CH;CHO + O products. Because
this reaction is also a barrierless process, the pressure-
dependent rate constants for this reaction were also
computed with VCR-TST and RRKM/ME theory using VARIFLEX
code. This potential energy curve can be fitted to the Morse
function with parameters De = 54.8 kcal mol *, § = 2.982 A,
Re = 1.358 A. The calculated forward and reverse rate constants
were plotted in Fig. 8, which cover the temperature range from
500 K to 2000 K, and the pressure varying from 0.01 atm to HPL.
Both the forward and reverse reaction rate constants are

Ts4 @
1
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extremely sensitive to pressure. And the forward rate constants
nearly remain unchanged at HPL.

3.3 Kinetic modeling

At present, main core mechanisms for C,H, combustion are not
afford to reproduce the ignition delay in a wide range of
temperatures, pressures and equivalence ratios such as USC-
Mech II,"®* UCSD model*® and AramcoMech 1.3." To illustrate
the effect for ignition of our new rate constants, we have
implemented them into the existing mechanism. The USC-
Mech II*® was chosen as our title mechanism, which has been
validated against a wide range of experimental data.” In this
part, the USC-Mech II-2nd is the revised mechanism basing on
USC-Mech II by adding our previous work for the C,H, + HO,

TS5
CH:00H — CHO + HO

—=—HPL
—o— 100 atm
—4—10 atm
—v— 1 atm
—<—0.1 atm
—»—0.01 atm

-104
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—4—10 atm
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log k (s)

=204
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Fig. 6 Calculated rate constants at different pressures for reaction (a) C,HsOOH — *H,CC + H,0,, (b) CoHsOOH — CoH,O + H,O, ()
C,Hs0O0H — C,HzO + OH and (d) Co,HsOOH — CyH, + H,O; in this work.
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reaction on the C,H;0,H potential energy surface.” The USC-
Mech II-3rd is the revised mechanism basing on the USC-
Mech II-2nd mechanism by adding the work of this paper.
The simulations for ignition delay in shock tube were carried
out by using the CHEMKIN-PRO software package.” All simu-
lations presented in this section were performed under the
assumption of constant-volume, homogeneous and adiabatic
conditions.

Liang et al”® have systematic studied the ignition delay of
ethylene/O,/Ar in a shock tube covering a temperature range of
800-1650 K and with equivalence ratios of 0.5, 1.0 and 2.0. The
comparison of ignition delay time calculated using the original
and revised mechanisms mentioned above and the experi-
mental data from Liang et al. are presented in Fig. 9 and 10. As

(@)

]

CH:CHO +O — CHsCHOO

Ti/ :\‘\'\**“"Ha—r ° 00000
i ’ Mﬂ
“

e
e T
»>>>>>>>>>> —»— (001 atm

T T
500 1000

—s=— HPL
—e— 100 atm
—4—10 atm

T T T
1500 2000 2500

T/K
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can be seen from the results, the original mechanisms could not
reproduce the C,H, ignition in low temperature, the revised
mechanism USC-Mech II-3rd which add the new rate constants
calculated in this work could have a better performance on
ignition. As plotted in Fig. 9(a) and (b) and Fig. 10(a) and (b), the
simulation results of USC-Mech II-3rd show faster ignition delay
time. But the discrepancies still are large which need to be
further study. Furthermore, a detailed mechanism usually
consists of hundreds of species and thousands of reactions. The
revised mechanism cannot obtain good performance on pre-
dicting the characteristics of fuel combustion by simply adding
several reactions. Thus, in order to improve the prediction of
ignition delay under a wide range of conditions, it is important
to develop a detailed and comprehensive mechanism.

CH:CHOO — CH;CHO+O ®)

—=—HPL
—— 100 atm
—4—10 atm
—v— 1l atm
<+—0.1 atm
—»—0.01 atm

T T T
1500 2000 2500

T/K

T T
500 1000

Calculated rate constants at different pressures for reaction (a) Co,Hz + HO, — C,HzOOH and (b) Co,HsOOH — CoHs + HO, in this work.
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4 Conclusions

In this paper, the mechanism and kinetics of bimolecular asso-
ciation reaction C,H; + HO, and subsequent reactions by
quantum chemical calculations have been investigated over
a wide range of temperatures and pressures relevant for
combustion modeling. Thermochemical properties of the species
involved in the reactions are performed using the QCISD(T)/CBS//
M062X/6-311++G(d,p) method and enthalpies of formation of
species in this work are in good agreement with available litera-
ture values. The reaction rate constants calculated using the TST
method for reactions with pronounced barriers are expected to be
of high accuracy, in which the tunneling effect has been taken
into account. The barrier heights, heat of reaction and rate
constants that we calculated agree well with those presented by
previous studies. The VRC-TST calculations on barrierless asso-
ciations are carried out to obtain rate constants. Furthermore,
rate constants of pressure-dependent reactions in the three-
parameter modified Arrhenius expression are derived in the
temperature range of 500-2000 which can be used to simulate
conditions encountered in a real combustion environment.
Finally, the revised mechanisms by adding the kinetic calculation
proposed in this paper can improve the ignition performance in
modeling ethylene combustion characteristics.
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