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Abstract
The temperature- and pressure-dependence of rate constants for several radical and
unsaturated hydrocarbon reactions (1,3-CsHs/1,4-CsHs/cyCsHs + H, CoHs + CsHs-a, CsHes +
C2Hs) are analysed in this paper. The abstraction reactions of these systems are also
calculated and compared with available literature data. CsHg radicals can be produced via H
atom addition reactions to the pentadiene isomers and cyclopentene, and also by H-atom
abstraction reactions from 1- and 2-pentene and cyclopentane. Comprehensive CsHg potential
energy surface (PES) analyses and high-pressure limiting rate constants for related reactions
have been explored in Part | of this work (J. Phys. Chem. A 2019, 123(22), 9019-9052). In
this work, a chemical kinetic model is constructed based on the computed thermochemistry
and high-pressure limiting rate constants from Part I, to further understand the chemistry of
different CsHg molecules. The most important channels for these addition reactions are
discussed in the present work based on reaction pathway analyses. The dominant reaction
pathways for these five systems are combined together to generate a simplified CsHg PES
including nine reactants, 25 transition states (TSs) and nine products. Spin-restricted single
point energies are calculated for radicals and TSs on the simplified PES at the
ROCCSD(T)/aug-cc-pVTZ level of theory with basis set corrections from MP2/aug-cc-pVXZ
(where X = T and Q). Temperature- and pressure-dependent rate constants are calculated
using RRKM theory with a Master Equation analysis, with restricted energies used for
minima on the simplified CsHy PES and unrestricted energies for other species, over a
temperature range of 300-2000 K and in the pressure range 0.01-100 atm. The rate constants
calculated are in good agreement with the ones in the literature. The chemical kinetic model
is updated with pressure-dependent rate constants and is used to simulate the species
concentration profiles for H atom addition to cyclopentane and cyclopentene. Through
detailed analyses and comparison, this model can reproduce the experimental measurements

of species qualitatively and quantitatively with reasonably good agreement.



B Introduction

As highlighted in Part | of this study?, olefins and dienes are important intermediates
generated via heavy petroleum cracking. The reactions of CsHg radicals have an important
effect on the performance of a Cs combustion mechanism and may also influence the
combustion chemistry of larger dienes and alkenes. H atom addition to the pentadiene
isomers and cyclopentene, allyl radical addition to ethylene, vinyl radical addition to propene,
and H-atom abstraction reactions are all studied in this work. In Part I, high-level ab initio
calculations were carried out to investigate the comprehensive CsHy PES upon H atom
addition to, and H-atom abstraction by H atoms from 1,3-pentadiene. Thermochemistry for
Cs species involved in the CsHg PES have also been calculated using the MESS?3 (Master
Equation System Solver) code and compared with literature data resulting in very good
agreement.

Here we present an investigation of temperature- and pressure-dependent rate constants
using RRKM theory with Master Equation analysis. The aim of this work is to develop
comprehensive Kkinetics for the title reaction for use in a detailed chemical kinetic model
describing Cs species oxidation. H atom addition reactions to pentadiene isomers and
cyclopentene have been extensively studied theoretically and literature papers describing the
CsHg PES have been documented in Part | of this study.! Moreover, the thermochemistry of
the Cs species used in this study has been comprehensively validated against literature data in
Part I. Here the important literature papers with Kinetic calculations/estimations, and/or

experimental measurements are discussed and synopsised in Table 1.



Table 1. Summary of the theoretical and experimental literature studies relevant to CsHg species

Year Author Reactions T/K p Method Result
Theoretical studies
CoHs + CaHg — CoHa + k(R1) _ analogy  to
CsHs-a (1) abstraction of CsHe by CH.
CoHz + CaHe — 1,3-C4Hs + k(R2) & k(R3) estimated
1991 W. Tsang* 2 3(';13 @) e - - from Fahr and Stein’s low- Koo
) pressure pyrolysis reactor
C2Hs + CgHe — 1,3-CsHs + experiment®  for  CoHs
H (3) addition to CHs and CzHs.
CoHa + CsHs-a — 1,5-CsH igh-
+ -a— 1,5-
2003 | Matheuetal® | - o e - pressure CBS-Q o
cyCsHs + H — cyCsHo limiting
(HPL)
C2Hs + CsHs-a <> 1,5-CsHo
2004 Saeysetal? | b3CaHet CI_{3 < 1,3-CsHo Olggg ! - CBsS-QB3 Ea
1,3-C4Hes + CH3s <> 3Me-
1,4-C4H¢6?
Decomposition of 1,3-CsHg 0.1,1,10 Literature review and
8 97 J _
2006 W. Tsang 1.4-CsH, 1.5-CsHo atmpali]d estimations Ea, k- and k(T, p)
1,3-CsHg <> 1,3-C4Hs + CH - -
2008 | Sabbeetal® o T8 3001300 | HPL CBS-QB3//B3LYP/6 Ea, ko
CoHa + C3Hs-a <> 1,5-CsHo 311G(d,p)
cyCsHg « 1,5-CsHg
2008 | Sirjean etal.2? v ° 500-2000 |  HPL CBS-QB3//B3LYP/chsh? Ea, Ko

cyCsHg — cyCsHs + H




G3 (B3PW91/6-31+G(d,p)

Goldsmith et 1,15,100 |for hindered-rotor | ,  (sHg PES with 15 species and
2009 o 11 C2H3 + CsHs 300-2000 | and 1000 | treatment); 48 TSs
' Torr | variflex with RRKM/ME |+ K(T.p)
theory
1 cyCsHg + H <> cyCsHo
2011 Awan et al. ) 700-1900 HPL G3MP2B2 Koo
cyCsHg <> 1,5-CsHg
A"('j?” ftrom | CBkS(J_-I_QBC; «  CsHg PES with 20 species and
13-14 _— u and/or rate rules; , P 24 TSs
2015 | Wang etal. C2H4 + C3Hs-a 500-1800 | 1 atm, HPL calculated by ORRK .
theory. « ks for 12 reactions and k(T, p)
Al Rashidi et| CcyCsHo— cyCsHg + IT UCCSD(T)-F12b/cc- ko calculated and k(T, p)
2017 al.15 ) 300-1200 HPL pVTZ-F12  [IM06-2X/6- | estimated based on the falloff
' CyCsHg — 1,5-CsHo 311++G(d,p) parameters in Wang’s study™®
_ cyCsHs + H <> cyCsHg
2018 MZ”V'V‘;T]&”O' cyCsHg < 1,5-CsHg 300-2000 | HPL G3MP2B2 K
C2Hs + CsHs-a <> 1,5-CsHo
Experimental studies
1965 | Gordonetal.” | cyCsHo— CoHa+ CaHs-a | 573-748 o.ogt—rg.oe ge{:'gedt“ca' quartz. reaction k(cyCsHs — 1,5-CsHo)
Cylindrical quartz vessel,
18 . i B medium-pressure mercury . i
1967 Getty et al. C2Hs + C3Ha-a 374-471 arc (photolysis of aldehydes k(C2Hs + C3Ha-a)
to generate R)
Watkins and . 90-480 Photolysis of the n- .
1972 Olsenlg C2H2 + C3H7 319—405 Torr C3H8/C2H2 mixture and k(CZHZ + C3H7)
measured by gas




chromatography

Stein and Decomposition of cyCsHg Conventional high vacuum

1975 Rabinovitch?® | (generated by cyCsHs + H) 300 Latm Pyrex system Ea
. _— Adding C>—Cs alkenes to .

1981 Baldwin an OX|d_at|0n of Cz_—Cs alkenes 753 773 0.66atm | Ho/O; mixtures in aged k7s3 k(1,3-CsHo < 1,3-C4Hs +

Walker in H2/O2 mixtures . CH3s) estimated

boric-acid-coated vessels
. 22 y 7.6-383.2 | Photolysis of H>S—cyCsHs
1986 | Gierczak et al. cyCsHg <> 1,5-CsHg 298.15 Torr and HoS-1.4-CsHs mixtures Ea
Pyrolysis of 1-pentene The production ratio for 1,3-
1986 Kopinke et al.?3 (isotope labelled 873 1.5-2 atm | Stainless steel reactor butadiene with/without labelled
C=Cccc C-atoms (78 : 22 labelled)

1988 Perrin et al 24 Isomerization of 1- and 2- 743772 10-100 Conventl_onal static reaction | ksak(1,3-CsHo <> 1,3-C4He +

pentene Torr vessel with H2S-promoted CHas)

« Product distributions relative
to the initial reactant
concentration

: : 1040- Single-pulse  shock tube |« k(1,5-CsHg — cyCsHs +
25 - _ . .

1992 W. Tsang Pyrolysis of 1,7-CgHu4 in Ar 1200 2—7 atm (ST) FI)/K(L,5-CsHo —> CoHa +
CsHs-a) ratio derived based
on the measured
[cyCsHs]/[ C2H4] ratio

Handford- Oxidation of cyCsHg by \(IZV?/tIt:ndrlcal Pyrex vess:;
1995 | Styring and | adding cyCsHs to H2-O; | 580-783 0.66 atm g k(cyCsHy — 1,5-CsHg)

26 . chromatography/mass
Walker mixtures
spectrometry
2000 Clarke et al.?” | H + alkenes and haloalkenes | 298-370 | 0.067 atm | High-pressure flow system k(cyCsHs + H — cyCsHo)
2009 Goldsmith et C2H3 + CsHs 300-700 15. 25 and Flow reactor + time- The_ decay rate of C2H3 was
' resolved absorption | derived based on the measured




al.lt 100 Torr | spectroscopy [C3HE].
Product concentrations
. . k(1,5-CsHg — CzHs + C3Hs-
2011 Awan et al.12 (Deenceorglggstl)tl(z:n gf ﬁyCiH}-i) 950-1116 | 2.3-3.4 atm ST a) derived from
g y €yLshio [C2H4]/[cyCsHs] ratio at 0.1-
1000 bar and 700-1900 K
Al Rashidi et D ition of cyCsH t0am Reactant d duct
ashidi e ecomposition of cyCsHzg . _ : eactants  an products
2017 al15 (eyCsH10/Ox/N5 mixture) 740-1250 (¢5 ng_ Jet stirred reactor (JSR) concentrations
Reactant and product
concentrations
Manion and Decomposition of cyCsHg k(1,5-CsHy — C2Hs + CsHs-
2018 Awan'® (generated by cyCsHg + H) 863-1167 | 1.6-3.7 atm ST a) and ko(cyCsHs + H «

cyCsHo)  derived  from
[CoHs)/[cyCsHg]  ratio  at
experimental condition

2 3Me-1,4-CsHg represents 3-methyl-1-buten-4-yl radical (W14 in this study).




Based on our literature review, several features of these studies are summarized. (1) Most
of the previous theoretical studies focused on reactions of radical addition to alkenes and/or
the related reactions of cyclopentyl radical; a systematic study of reactions on the CsHg PES
only began with Goldsmith’s work®! in 2009. In previous studies, there have been, at most,
20 minima and 48 TSs explored on the CsHg PES. In addition, the electronic energies of
species on the CsHg PES were studied at the CBS-QB3, G3 or similar levels of theory except
for the work of Al Rashidi'® which only included high-level theory calculations for one
reaction on the CsHg PES. (2) With the exception of four experimental studies (740 < T <
1250 K), all other experimental studies were performed at temperatures below 1000 K. Seven
out of the fifteen experimental studies were carried out at pressures below 1 atm with the
lowest pressure being 7.6 Torr. As shown in Table 1, there are no direct measurements of 1,3-
pentadiene + H and the existing experimental studies have mainly focused on the C2/Cs, 1-
pentene, 2-pentene, cyclopentene and cyclopentane systems. Even though some of the
important reactions on the CsHg PES have been studied both theoretically and experimentally,
a more systematic study is needed at a high-level of theory, providing thermochemistry and
kinetic properties over a wide-range of temperatures and pressures, especially from the
perspective of H atom addition to dienes (1,3-pentadiene, 1,4-pentadiene, etc.).

In Part | we illustrated the CsHg PES by discussing the reaction mechanism and kinetics
of each CsHy radical. For any species on the CsHg PES, we are able to determine the detailed
chemistry by tracing the first well (CsHg isomers) which is connected to the species. In
addition, the high-pressure limiting rate constants which are calculated at the
UOCCSD(T)/aug-cc-pVXZ level of theory (X = T and Q) for 88 reactions on this PES are
provided. For the 88 reactions studied (the forward and the reverse direction of a specific
reaction is considered as one reaction), to the authors’ knowledge, (1) high-pressure limiting
rate constants for ~12 reactions are available in the literature over a wide range of
temperature and pressure; (2) pressure-dependent rate constants are available for ~11
reactions; (3) enthalpy and entropy data are available for 8 of the 22 Cs species and only 5 of
them have existing heat capacities at temperatures in the range 300-1500 K. (4) ~12 reactions
have been implemented in combustion models (e.g. AramcoMech3.0%%° and Awan and
Manion’s work'? 16),

In the current work, a chemical kinetic model describing the CsHg PES is firstly
developed using the high-pressure limiting rate constants for H atom addition reactions, H-
atom abstraction reactions by H atoms and other radicals, and unimolecular decomposition

reactions of related species. Thereafter, rate of production (ROP) analyses were performed



using ANSYS Chemkin-Pro® to determine the important chemical pathways associated with
1,3-, 1,4-pentadiene, cyclopentene + H, and vinyl + propene oxidation kinetics and a
simplified CsHy PES was generated, containing the important reaction channels. The SPEs
for minima on the simplified PES are re-calculated at the higher, ROCCSD(T)/aug-cc-pVXZ
(where X = T and Q), level of theory. Thereafter temperature- and pressure-dependent rate
constants of reactions on the complete PES are calculated using MESS, with restricted
energies used for species on the simplified CsHg PES and unrestricted energies for other
species. Finally, a comprehensive model containing pressure-dependent rate constants with
additional secondary chemistry (e.g. 1-, 2-pentene, cyclopentane, cyclopentene) was
developed. This model has been used to simulate available literature data, with deviations of
absolute species concentrations and product ratios of major products being within a factor of

two of experimental measurements.

B Computational methods

e Theoretical methods
Primary reactions
The theoretical methods used for quantum and thermochemistry calculations for reactions on
the CsHy PES are described in detail in Part 1, and only the methods used to determine the
minima on the simplified PES are described here. For free radicals with a single unpaired
electron, the spin-unrestricted functions treat the variation of two sets of spatial molecular
orbitals (i and i) as being completely independent in order to minimize the expectation
value of the total energy.3’ However, the unrestricted wave functions are not Eigen functions
of the spin-squared operators S?, and thus an unrestricted wave function for a radical with one
unpaired electron contains significant contamination by components of higher multiplicity
such as quartets.®® To address this problem, a spin-restricted coupled-cluster (ROCCSD(T))
method®® is used in the SPE calculations to reduce spin contamination in the correlated wave
function. In this work, the important species and TSs for the 1,3-pentadiene + H system are
identified using ROP simulations. Then, the spin-restricted SPEs for minima and TSs on the
simplified CsHo PES are calculated using the same equation (Eq.1)*%*! with spin-unrestricted
SPE calculations which is described in Part I. The relative energies of spin-unrestricted and
spin-restricted calculations are compared, resulting in a difference of less than 0.6 kcal mol™

for wells and varies from 0.2 to 1.4 kcal mol for TSs.

Eccsomyaugecpvtz +  (EmPriaugccpvoz —  Emp2laugcc-pvTz)
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The pressure-dependent rate constants are calculated using MESS which implements the one-
dimensional Master Equation calculation for an arbitrary number of wells and products.? The
single-exponential-down model <AEq> = 234(T/300)%# cm™ used to model energy transfer is
selected based on previous ab initio studies concerning C4 and Cs hydrocarbons.*>*® Rashidi
and co-workers used <AEg> = 200(T/300)°° cm™ for cyclopentyl + O,,*? and Li and co-
workers used <AEq> = 200(T/300)%"> cm for C4Hs + H.*® For the parameters in this model,
it is commonly suggested that the power n be approximately 0.8; the AEqown®°” ranges from
50-500 cm™* with larger species generally having higher values.** Thus the parameters in this
paper are close to those used in the literature for C4 and Cs hydrocarbons with a slightly
larger AEgown®%.

The collision frequency used in the master equation simulation is estimated using the
Lennard-Jones (L-J) parameters where ¢ is the well depth and o is the characteristic
distance.*® In this study, the L-J parameters for CsHy radicals are analogous to the parameters
for CsHi calculated by Jasper and Miller* from full-dimensional intermolecular potentials
using several methods, o = 4.23 A, ¢ = 192.0 cm™ for CsHy radicals and o = 3.68 A, ¢ = 67.89
cm* for N2* as the bath gas; o = 4.04 A, & = 235.0 cm™* for CsHo radicals and o = 3.33 A, & =
94.87 cm* for Ar*® as the bath gas. To our knowledge, there are no high-level L-J parameters
calculated for CsHio and CsHg in the literature. We have carried out MESS calculations of L-J
parameters for CsHg based on analogy with CsHio (0 = 5.49 A, ¢ = 268.32 cm™ from
AramcoMech 3.0). The maximum differences in the pressure-dependent rate constants
observed were 20% at 1000 K, with no obvious differences at 2000 K. It should be noted that
the L-J parameters for CsH12 calculated by Jasper and Miller are ¢ = 4.23 A, ¢ = 192.0 cm™
in comparison with ¢ = 5.59 A, & = 272.14 cm™ employed in AramcoMech 3.0. Hence, more
studies of transport parameters need to be performed to accurately predict pressure-dependent
rate constants, especially for larger alkenes and dienes.

The low-frequency torsional modes are treated as one-dimensional hindered rotors
ignoring the coupling between adjacent torsional modes, and the hindrance potentials as a
function of dihedral angle are calculated at the M06-2X/6-311++G(d,p) level of theory. The
hindrance potentials are fitted to Fourier series, and the molecular geometries of each species
are used to estimate rotational constants. Once the potential is obtained, the energy levels for
the rotation are determined by solving a 1-D Schrédinger equation.*” The energy levels from
this calculation are used to calculate the partition functions as a function of temperature by

direct counting for each internal rotation. Quantum mechanical tunnelling corrections are



included for all TSs using an asymmetrical Eckart barrier model.*® The temperature- and
pressure-dependent rate constants calculated in this study are fitted to the modified Arrhenius
expression as a function of temperature and provided as Supporting Information. Moreover,
there are some global keywords in the MESS input file which can influence the calculation of
rate constants (e.g. Method Parameters, Energy Grid Parameters). In this work, we have
selected rational levels of theory for quantum calculations and carried out tests to carefully

confirm the global keywords used in our rate constant calculations.

Secondary reactions

To understand the importance of H atom addition reactions at intermediate and high
temperatures, the unimolecular decomposition reactions of 1,3-pentadiene and H-atom
abstraction reactions of different reactants are calculated at lower levels of theory compared
with H atom addition reactions. The geometries and frequencies for the unimolecular
decomposition products are calculated at the ®B97XD/aug-cc-pVTZ level of theory, and the
SPEs are calculated at the CCSD(T)/aug-cc-pVTZ level of theory. The high-pressure limiting
rate constants for the unimolecular decomposition reactions of 1,3-pentadiene are calculated
based on the principle of microscopic reversibility (thermodynamic reversibility). This
principle is widely used in kinetic modeling when the high-pressure limiting rate constants
for a reaction of interest is unknown, and sensible rate constants for the reverse reaction can
be inferred based on an analogy with a similar well-known chemical reaction.*® Thereafter,
pressure-dependent rate constants are calculated using Quantum-Rice-Ramsperger-Kassel
(QRRK) theory with a Modified Strong Collision (MSC) approximation which is
implemented in the ChemDis code.’®! For H-atom abstraction reactions from 1,3-, 1,4-
pentadiene, cyclopentene and cyclopentene by H atoms, and H-atom abstraction reactions
from propene by vinyl radicals, the quantum calculations are carried out at the CCSD(T)/aug-
cc-pVTZ//oB97XD/aug-cc-pVTZ level of theory with the basis set for SPE calculations
corrected using the MP2/aug-cc-pVQZ method, with the rate constants calculated using
MESS.

e Detailed kinetic modelling

In this work, two chemical kinetic models were built. The first only consists of high-
pressure limiting rate constants for H atom addition to 1,3-pentadiene reactions, H-atom
abstraction reactions by H atoms from 1,3-, 1,4-pentadiene and cyclopentane, and

unimolecular decomposition reaction of 1,3-pentadiene. The purpose of this is to identify the



important reactions on the CsHg PES for the 1,3-pentadiene + H system. Thereafter, higher-
level of theory SPE calculations can be applied to the important species and reactions.
ANSYS Chemkin-Pro® is used to run ROP analyses which can provide complementary
information on the direct contributions of individual reactions to species net production rates.
The dilute mixture used for the ROP simulation is 0.0001% 1,3-CsHg with 0.01% hydrogen
atom in nitrogen at 1 atm and at different temperatures.

A more comprehensive model (the second model) was built by implementing our
thermochemistry and kinetic results into AramcoMech 3.0,%% including higher-level RO-
aug-cc-VXZ (X = T and Q) SPE calculations for 18 minima and 25 reactions on a simplified
CsHg PES. These 25 reactions are also proposed to be important for the combustion of 1- and
2-pentene, cyclopentene and cyclopentane as presented in Table 1 for previous experimental
studies. Aiming to accurately simulate these experiments, rate constants for a series of
secondary reactions have also been added to the mechanism, based on theoretical calculations,
analogies to similar chemistry in AramcoMech 3.0, or from the literature. For experiments
involving radical initiators and scavengers, the thermochemistry and kinetic parameters for
these species have also been added to the mechanism to appropriately simulate the literature
experiments. In previous experimental studies of cyclopentene + H® and cyclopentane + H,*2
1,3,5-trimethylbenzene (135TMB) was used as both a rate reference for H atom reactions and
as a radical scavenger. Hexamethylethane (HME) was used as a H atom source for different
mixtures at temperatures above 1000 K.

On the basis of the Co—C4 combustion chemistry in AramcoMech 3.0, the major updates of
the CsHg mechanism can be classified into five categories: (1) The calculated results from
this work are updated, including thermochemistry data for Cs species, pressure-dependent
rate constants for reactions on the CsHy PES, H-atom abstraction reaction from 1,3-, 1,4-
pentadiene, cyclopentene and cyclopentane by H atoms, H-atom abstraction reaction from
propene by vinyl radicals, and also the unimolecular decomposition of 1,3-pentadiene. (2)
The related reactions for 1- and 2-pentene with hydrogen atoms and their kinetics and
thermodynamics are taken from Power et al.;>* (3) The reactions related to the C4H; PES
from the perspective of 1,3-butadiene + H are updated from Li et al.;*® (4) The
thermochemistry and kinetic parameters for 135TMB, HME and their subsequent reactions
are mainly from Power et al.,? as 135TMB and HME have also been used in 1-, and 2-
pentene + H experiments by Awan et al.>® as radical scavenger and a H atom source. (5) The
related reactions of cyclopentene/cyclopentane decomposition from Al Rashidi et al.>>* are

also added. Thermochemical properties for these additional species are obtained from the



literature!™ 5455 and/or calculated using the group additivity method incorporated in the
THERM code.*

B Results and discussion
e Reaction pathway analysis exploring the dominant channels

The first chemical kinetic model for the CsHy PES was built using high-pressure limiting
rate constants for 88 reactions; including H atom addition reactions, 14 reactions from H-
atom abstraction by H atoms and 7 unimolecular decomposition reactions. The PES for
unimolecular decomposition reactions from 1,3-pentadiene and rate constant comparisons are
described in detail in Figure S1. The thermochemical properties for Cs species are calculated
using MESS, while the thermochemistry for Co—C4 species are adopted from AramcoMech
3.0. Since the unimolecular decomposition, H-atom abstraction by H atoms and H atom
addition reactions to hydrocarbon fuels are important reaction classes at high temperatures,
reaction pathway analyses are performed at 1400 K and 1800 K and 1 atm when 20% 1,3-
pentadiene is consumed, as shown in Figures 1 and 2. The important channels are marked in

red.

79 9.4% +H_14.3% 99
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Figure 1. Flux analysis at 20% fuel consumption for 0.0001% 1,3-CsHs, 0.01% H in Ng, p =
1 atm, T = 1400 K.

C,H; + C3H,

At 1400 K, the dominant consumption pathways are the formation of 2,4-CsHg (38.7%)
and 1,3-CsHg (25.0%) radicals via H atom addition reactions. Moreover, 91.2% of 2,4-CsHg
radicals isomerize to 1,3-CsHo radicals. Thus, these two isomerisation reaction channels
combined with the H atom addition entrance channel result in 60.3% of the 1,3-pentadiene
reactant producing 1,3-CsHg radicals, which undergo B-scission producing 1,3-butadiene +

CHjsradicals. 14.3% of 1,3-CsHg + H forms 1,4-CsHy radicals which can undergo subsequent



exo-cyclisation, ring-opening and finally[1B-scission reactions to form 1,3-butadiene + CHs
radicals. In addition, 1,4-CsHg radicals can also undergo C-H pB-scission to form 1,4-
pentadiene + H, or C-C pB-scission to form vinyl + propene which can also be formed via -
scission of 3-methyl-1-buten-4-yl radicals (W14). 9.4% of the reaction flux produces 2,5-
CsHo radicals. In addition, 8.8% of 2,4-CsHy radicals undergo isomerization reaction to also
form 2,5-CsHy radicals. Subsequently, 75.8% of 2,5-CsHy radicals isomerize to 1,3-CsHo
radicals, 6.5% isomerize to 2,2-CsHg radicals and 17.7% produce ethylene + 1-propenyl
radical via p-scission reactions. 2,2-CsHg radicals mainly undergo PB-scission reactions to
form propyne + ethyl radical, and very small amount of 2-pentyne + H atom and 1,2-
pentadiene + H atom. In addition, 12.6% of the reactant undergoes H-atom abstraction
reactions by H atom to form 1,3-pentadien-5-yl radical + Ha.

Figure 1 shows that at 1400 K the dominant products for the reaction between 1,3-
pentadiene and H atoms are 1,3-butadiene + CHjs radical (75.2%), of which about 90% is
produced from the B-scission reaction of 1,3-CsHg radicals. The other important products
generated are 1,3-pentadien-5-yl radical + H> (12.6%), vinyl radical + propene (3.6%), 1,4-
pentadiene + H atom (2.8%), ethylene + 1-propenyl radical (2.3%), propyne + ethyl radical
(0.8%).

86.2%
1,3-C4Hg + CH; «——— %

13.8%
100%

100% /A\ C,H; + C3Hg

36.6% 28.9%
3 0

2.7% 0
13-CsHy <~ 1 4.cH, L37% o 1 4.cH+H

48.9%
C,H, + C3Hs-S °2,5-CsH, -C; )y

N\,+H (42.3%)
> +CH; (16.6%)

. +_\\. 2.9%)

7.8%

6.8%
2-CsHy + H=—"""—22-C5H,

8.4%
84.8% 7.2%

1,2-CsHg + H

C,Hs + C3H,-P 2,3-CsHg + H
Figure 2. Flux analysis at 20% fuel consumption for 0.0001% 1,3-CsHg, 0.01% H in No, p =
1 atm, T =1800 K.

At 1800 K, unimolecular decomposition reactions consume 61.8% of 1,3-pentadiene in

total, of which 42.3% undergo C—H p-scission to produce 1,3-pentadien-5-yl radicals + H



atoms and 16.6% produce 1,3-butadien-1-yl + CHs radicals via C-C B-scission. A small
amount of vinyl + 1-propenyl (2.9%) radical can also be formed via C—C B-scission reactions.
Another 8.9% of 1,3-pentadiene is consumed by H-atom abstraction reactions by H atoms to
produce 1,3-pentadien-5-yl radical + Hz. The amount of reactant consumed via H atom
addition reactions decreases from 87.4% at 1400 K to 29.3% at 1800 K. Among the four
CsHo radicals formed via H atom addition reactions to 1,3-pentadiene, the most important is
1,3-CsHy which consumes 19.6% of the reactant with the contribution of direct H atom
addition reaction (10.2%), isomerisation reaction from 2,4-CsHg (7.1%), and isomerisation
reaction from 2,5-CsHg (2.2%). Thereafter 1,3-CsHg radicals undergo B-scission to form 1,3-
butadiene + CHj3 radicals which can also be formed in small amounts through B-scission of 3-
methyl-1-buten-4-yl radicals (W14). Both 3-methyl-1-buten-4-yl and 1,4-CsHo radicals can
produce vinyl radicals + propene via C-C B-scission, while 1,4-CsHg radicals can also
undergo C—H B-scission to produce 1,4-pentadiene + H atoms. H atoms also consume 9.1%
of 1,3-pentadiene forming 2,4-CsHg which mainly undergo isomerization reactions to form
1,3-CsHy and 2,5-CsHg radicals, the remaining 7.2% of 2,4-CsHg radicals produce 2,3-
pentadiene + H atoms through a B-scission reaction. In addition, a small amount of 2,5-CsHg
radicals can be formed through a H atom addition reaction and isomerization reaction of 2,4-
CsHo radicals, then half of the radicals undergo B-scission to form ethylene + 1-propenyl
radical, 43.3% isomerize to 1,3-CsHg radicals, and 7.8% isomerize to 2,2-CsHg radicals which
mainly form propyne + ethyl radicals.

In general, the important products for 1,3-pentadiene + H at 1800 K are different from
those at 1400 K. Although the unimolecular decomposition reactions start to play a major
role and H-atom abstraction reactions become competitive with H atom additions, the reader
should keep in mind that the current simulations are in an excess of H atom, and the relative
ratios of unimolecular and bimolecular reaction will vary under different conditions. At 1800
K, 1,3-pentadiene reacts with H atoms to produce various products: 1,3-pentadien-5-yl
radical + H (42.3%), 1,3-butadiene + CHj3 radical (21.6%), 1,3-butadien-1-yl + CHs radical
(16.6%), 1,3-pentadien-5-yl radical + Hz (8.9%), vinyl radical + 1-propenyl radical (2.9%),
ethylene + 1-propenyl radical (2.4%), vinyl radical + propene (2.1%), 1,4-pentadiene + H
atom (2.0%), 2,3-pentadiene + H atom (0.7%), propyne + ethyl radical (0.3%).



e Simplified CsHo PES

As outlined above, the important reaction channels for H atom addition to 1,3-pentadiene
were determined based on reaction pathway analyses. Similarly, the important reaction
channels for 1,4-CsHg + H, cyCsHs + H and CoH3s + C3Hs have also been explored. These
important reactions usually have lower barrier heights compared with the other channels
starting from the same reactants or intermediates, which are consistent with our barrier height
analyses presented in Part I. A simplified PES is generated containing the most important
reaction channels for these systems and is shown in Figure 3, including nine wells, nine
products and 25 TSs. The spin-restricted energies are calculated for radicals and TSs involved
in these important reactions, the ZPVE corrected spin-restricted electronic energies for
species on the simplified PES are shown in Table 2 and compared with ZPVE corrected spin-
unrestricted energies. From the comparison, we can see that the spin-restricted energies are
less than 0.6 kcal mol lower than spin-unrestricted energies for wells and radical products,
but the differences for TSs can be up to 1.5 kcal mol. In particular, the energy differences
for TSs of the four entrance channels and the formation of 1,3-butadiene + CH3 are within 1—
1.5 kcal molL. Considering the trade-off between accuracy and computational cost, the spin-
unrestricted SPE calculations are used for the full CsHy PES and the spin-restricted SPE

calculations are only used for the species and TSs involved in important reactions.
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Figure 3. Simplified CsHg PES with ZPVE corrected restricted energies (in kcal mol™?)
relative to 1,3-pentadiene + H.



Table 2. Zero-point vibrational energy corrected electronic energies (kcal mol™) relative to
1,3-pentadiene + H.

Energy
Label  Species Spin-unrestricted Spin-restricted AEok
w1 2,4-CsHy -44.5 -45.2 0.7
W2 2,5-CsHy -28.4 -28.5 0.1
w3 1,4-CsHo -28.7 -28.8 0.1
W4 1,3-CsHo -41.8 —42.4 0.6
w7 2,2-CsHy -21.3 -21.6 0.3
W10 1,5-CsHo -26.0 -26.0 0.0
W13 1-methylene-cyclopropylmethyl -24.5 -24.6 0.1
W14 3-methyl-1-buten-4-yl -27.7 -27.8 0.1
W15 Cyclopentyl —43.6 —43.7 0.1
R 1,3-pentadiene+H 0.0
P1 Ethylene + 1-propenyl 6.3 58 0.5
P6 Propyne + ethyl 1.9 1.9 0.0
P12 Vinyl + propene 51 4.6 0.5
P14 1,3-butadiene+methyl -9.8 -9.9 0.1
P15 Ethylene + allyl -17.5 -18.1 0.6
P22 1,4-pentadiene+H 6.5
P23 Cyclopentene+ H -9.8
P26 Isoprene +H 0.4
Energy
Label Reactant Product Spin-unrestricted Spin-restricted AEok
TS1 R w1 2.3 1.1 1.2
TS2 R W2 5.8 4.5 1.3
TS3 R W3 5.0 3.8 1.2
TS4 R W4 3.4 2.1 1.3
TS10 w1 w2 4.8 4.2 0.6
TS11 W1 W4 -5.8 -6.0 0.2
TS16 W2 W4 -10.5 -10.9 0.4
TS18 W2 w7 -2.0 -2.6 0.6
TS21 W2 P1 10.0 9.1 0.9
TS22 W3 W4 5.5 4.9 0.6
TS23 W3 W10 12.5 12.3 0.2
TS26 W3 W13 -16.3 -16.7 0.4
TS28 W3 P12 8.8 7.9 0.9
TS29 W3 P22 8.8 8.5 0.3
TS33 W4 W10 9.2 8.6 0.6
TS37 W4 P14 -2.9 -4.3 14
TS49 W7 P6 11.7 10.5 1.2
TS61 W10 W15 -8.2 -8.8 0.6
TS63 W10 P15 -3.2 4.4 0.8
TS64 W10 P22 11.2 10.8 0.4
TS71 W13 W14 -17.1 -17.5 0.4
TS76 W14 P12 10.2 9.3 0.9
TS77 W14 P14 1.6 0.4 1.2
TS78 W14 P26 8.1 7.2 0.9
TS79 W15 P23 -7.5 -7.8 0.3

e Pressure dependency of important reaction channels
At infinite pressures, thermal equilibration is maintained and the reacting mixture has a

Boltzmann distribution.>” However, at lower pressures, collisions are not sufficiently rapid to
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maintain a Boltzmann distribution, and the competition between thermal equilibration via
collisional energy transfer and the dissociation process results in the pressure-dependence of
the reaction rates. The temperature- and pressure-dependent rate constants for reactions on
the CsHg PES are calculated in the temperature range 300-2000 K at pressures of 0.01 to 100
atm, with the electronic structure energies for species on the simplified CsHg PES calculated
at the higher, RO-aug-cc-VXZ (where X = T and Q), level of theory. The modified-Arrhenius
rate constant equation is used to fit the rate constants at 0.01, 0.1, 1, 10, 100 atm over the
available temperature range, with the fitted Arrhenius parameters provided in Chemkin
format as Supporting Information.

In the following Section, the pressure dependencies of important reactions on the CsHg
PES are discussed and compared where literature data exist. The important reactions can be
divided into two types, namely unimolecular and bimolecular reactions. The total rate
constants and the product branching ratios are also discussed for important unimolecular
reactions. For important bimolecular reactions, the high-pressure limiting, and the
temperature- and pressure-dependent total rate constants, product branching ratios, and the
competition between addition and abstraction reactions are discussed.

The rate constants for some reactions become undefined at high temperatures when their
rates of chemical equilibration exceed the rates of collisional relaxation,* thus the pressure-
dependent rate constants are not always available over the entire temperature range. Based on
Miller and Klippenstein’s work,>® such phenomena occurs when species equilibrate with each
other as rapidly as their internal energy relaxes and the two species become chemically
indistinguishable.®® So that we can discuss the branching ratios of important CsHy radicals
and bimolecular reactants over a wide range of temperature and pressure for important
reaction pathways which do not have definable rate constants at intermediate and high
temperatures in following discussion, we have extrapolated their pressure-dependent rate
constants by fitting Arrhenius parameters based on rate constant points at low and/or
intermediate temperatures. Since the rate constants for these reactions become undefinable at
lower temperatures as pressure decreases, the branching ratios are discussed only at p > 1 atm.
The extrapolated rate constants and their resulting branching ratios are provided in the figure

captions where extrapolations are applied.
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o Bimolecular reactions
1,3-CsHs + H

The total pressure-dependent rate constants for 1,3-CsHs + H — products are compared
with the corresponding high-pressure limiting rate constants and are shown in Figure 4(a).
The pressure fall-off in rate constants increase as temperature increases with the K(T, p)/k«
ratio decreasing from 0.7 at 1000 K to 0.5 at 2000 K at a pressure of 0.01 atm. This finding is
consistent with the general conclusion that deviations from the high-pressure limiting are
particularly severe for small molecules at higher temperatures and lower pressures.® The fall
off at 1200 K and 1 atm is about 56%, with similar conditions widely used for laminar flame
and shock tube experiments. It is also noticeable that, even at 100 atm, the fall-off in rate
constant is a factor of two at 2000 K. Hence, the Kioti(1,3-CsHs + H — products) have shown
an obvious pressure-dependency and the pressure-dependent rate constants should be used for

accurate model predictions, especially at low pressures and high temperatures.
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Figure 4. (a) The pressure-dependent rate constants and high-pressure limiting rate constants
for 1,3-pentadiene + H — all products as a function of temperature. (b) The pressure-
dependent and high-pressure limiting rate constants for 1,3-pentadiene + H —

thermodynamically stabilized wells and bimolecular products at 0.01, 0.1, 1, 10, and 100 atm.

As the temperature and pressure dependence of a chemical rate constant arises from a
complex interplay between chemical and collisional processes averaged over thermal
distributions of reactant and collisional energies,>” the pressure-dependent k(1,3-CsHs + H —
all bimolecular products) and k(1,3-CsHs + H — all wells) are compared as a function of
temperature and plotted in Figure 4(b). The k(1,3-CsHs + H — all wells) are not available at
high temperatures as their rates of chemical equilibration exceed the rates of collisional

relaxation®. The kwens is shown to have a positive pressure dependence with the collision

12



stabilization getting stronger as pressure increases. For a specific pressure, kwens decreases as
temperature increases, while kerogs Shows the opposite trend, which indicates that the
production of the thermodynamically stabilized wells are preferred at low temperatures and
high pressures, and the production of the bimolecular products are preferred at high
temperatures and low pressures.

The branching ratios (BRs) for important products generated from H addition to 1,3-
pentadiene at 1 atm are plotted in Figure 5(a). The formation of 2,4-CsHo radicals is shown to
be mostly favoured at low temperatures with a branching ratio of 86.6% at 300 K, with ~12.0%
1,3-CsHo radical also formed. Hence, the formation of allylic CsHg radicals is dominant at
low temperatures. Allylic radical production is overtaken by the production of 1,3-CsHe +
CHsradials at 1000 K, which has the largest branching ratio of 76.9% at 1400 K, decreasing
to 64.3% at 2000 K. At high temperatures, there are also other bimolecular products formed,
and their branching ratios are 11.4% for CoH4 + 1-propenyl radicals, 9.6% for 1,4-CsHs + H
atoms, 8.9% for C,Hj; radicals + C3Hs and 2.4% for 2,3-CsHs + H atoms at 2000 K.

To analyse the pressure dependence of product branching ratios, those for the formation of
2,4-CsHo radicals and the 1,3-CsHs + CHj radical pathway at 0.01, 0.1, 1, 10 and 100 atm are
compared and plotted in Figure 5(b). The branching ratios of these two important channels
show significant temperature and pressure dependencies. The branching ratios at different
pressures show similar trends with various cross-over points for BR(2,4-CsHo) and BR(1,3-
CsHg + CH3). At 1000 K, the BR(2,4-CsHo) increases from 2.6% to 62.9% as the pressure
increases from 0.01 to 100 atm, while the BR(1,3-CsHs + CH3) decreases from 91.2% at 0.01
atm to 2.9% at 100 atm. Notably, the temperatures of the cross-over points vary from 580 K
at 0.01 atm to 1560 K at 100 atm, while their corresponding branching ratios show small
differences, they being 32.3% < BR(2,4-CsHg) = BR(1,3-CsHs + CH3) < 39.8%. In general,
the temperature and pressure dependencies of the rate constants should be considered when

discussing important products and/or exploring their branching ratios.
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Figure 5. (a) The branching ratios for important products from H addition to 1,3-pentadiene
at 1 atm, (b) The branching ratios for 2,4-CsHo radical (W1) and 1,3-butadiene + CH3 (P14)
produced from H addition to 1,3-pentadiene at 0.01, 0.1, 1, 10, and 100 atm.

The PES and high-pressure limiting rate constants for H-atom abstraction reactions from
1,3-pentadiene by H atoms was illustrated in Part 1, and the total rate constants for H-atom
abstraction reactions are compared with the pressure-dependent total rate constants for H
atom addition reactions of 1,3-pentadiene herein. Figure 6 shows that H-atom abstraction
reactions are negligible at low temperatures compared with H atom addition reactions.
However, the increased importance of H-atom abstraction reactions is observed at higher
temperatures, with the ko.oiam(addition)/kwota(abstraction) ratios being within an order of

magnitude at temperatures above 1200 K and are close to a factor of two at 2000 K.
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Figure 6. The total rate constant comparisons between the H-atom abstraction reactions by H
atoms and H atom addition reactions from/to 1,3-pentadiene.

1,4-CsHs + H
The branching ratios for important products generated from H atom addition to 1,4-
pentadiene at 1 atm are plotted in Figure 7(a). At 1 atm and low temperatures (< 900 K), the
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production of 1,4-CsHg radicals dominates, followed by 3-methyl-1,4-butadienyl radical
(3Me-1,4-C4Hs). The formation of 1,3-C4Hs + CHs radicals dominates in the temperature
range 1000-1600 K, but is then overtaken by the production of C,Hs radical + CsHs at ~1600
K and C2Hs + C3Hs-a at ~1700 K. It can be seen that the dominance of the formation of 1,3-
butadiene, which is a lower hierarchy diene compared to 1,3- and 1,4-pentadiene, is weaker
for H addition to 1,4-pentadiene and the formation of C, + Cs (C2H3 + CsHe, CoHa + C3Hs-a)
bimolecular products are more favoured at high temperatures.
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Figure 7. (a) The branching ratios for important products generated by H atom addition to
1,4-pentadiene at 1 atm, with k(1,4-CsHg + H — 3Me-1,4-C4Hs) extrapolated from 800 K to
2000 K. (b) The branching ratios for 1,4-CsHo radical (W3), 1,3-butadiene + CHs (P14), C2Hs
+ C3Hg (P12), and C;H4 + C3Hs-a (P15) produced from H atom addition to 1,4-pentadiene at
1, 10, and 100 atm. The BRs are calculated with extrapolated k(1,4-CsHs + H — 3Me-1,4-
C4Hes) including in total rate constants.

Due to the absence of k(1,4-CsHg + H — 3Me-1,4-C4Hs) at temperatures above 700 K, the
branching ratios of the other products, which are relied on total rate constants, can’t be
accurately predicted. Hence, k(1,4-CsHg + H — 3Me-1,4-CsHe) are extrapolated from 800 K
to 2000 K and included in total rate constant calculations. The branching ratios at 1, 10 and
100 atm for the formation of 1,4-CsHg radical and three major bimolecular products (1,3-
CaHs + CHs, CoHs + CsHs, CoHa + CsHs-a) are compared. As shown in Figure 7(b), the
production of 1,4-CsHg radicals has a strong positive pressure-dependence and negative
temperature-dependence. The branching ratios of 1,3-C4Hg + CHs increases with temperature
in the first place, then decreases to about 14% at 2000 K due to the competition of the other
bimolecular products. The formation of these three bimolecular products all show negative

pressure-dependencies and their branching ratios tend to converge at high temperatures. At
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2000 K and different pressures, the most important product for H atom addition to 1,4-
pentadiene is CoHs + C3He, followed by CoHs + CzHs-a, 1,3-CsHs + CH3, and 1,3-CsHg + H.

The PES for H-atom abstraction reactions of 1,4-pentadiene by H atoms is described in detail
in Figure S2. The high-pressure limiting rate constants for H-atom abstraction reactions of
1,4-pentadiene by H atoms are shown in Figure 8(a) and compared with those for H-atom
abstraction reactions from 1,3-butadiene*® and 1,3-pentadiene. It can be clearly seen that
abstraction of an allylic hydrogen atom from 1,4-pentadiene and/or 1,3-pentadiene to form a
doubly allylic 1,4-pentadien-3-yl (or 1,3-pentadien-5-yl) radical is favoured over the
abstraction of vinylic hydrogen atoms. It is noticeable that the barrier height for H-atom
abstraction from the allylic site on 1,4-pentadiene is 2.8 kcal mol lower than that for H-
atom abstraction from the allylic site on 1,3-pentadiene. As a result, rate constants for
abstraction from 1,4-pentadiene are about an order of magnitude faster than from 1,3-
pentadiene at 300 K and become similar to those for H-atom abstraction from the allylic site
on 1,3-pentadiene at 2000 K. At temperatures below 700 K, the rate constants for H-atom
abstraction from the secondary vinylic sites are faster than those from the primary vinylic
sites, thereafter there is no appreciable difference between these two reaction classes at higher
temperatures. For H-atom abstraction from the secondary vinylic and primary vinylic sites by
H atoms, the trend for rate constants is kw(1,3-pentadiene) < k.(1,3-butadiene) < k(1,4
pentadiene); and for H-atom abstraction from the allylic sites, the trend for rate constants is
Kx(1,3-pentadiene) < k-(1,4-pentadiene).

The total rate constants for H-atom abstraction reactions of 1,4-pentadiene are compared
with the H-addition pressure-dependent total rate constants in Figure 8(b). Similar to H-atom
abstraction reactions from 1,3-pentadiene, H-atom abstraction from 1,4-pentadiene is
negligible at low temperatures with the ko.oatm(addition)/kiotai(@bstraction) ratio decreasing to
within an order of magnitude at temperatures above 1000 K and 2.5 times at 2000 K. What
stands out is that kiti(addition) of 1,4-CsHs + H shows a weaker pressure-dependence with
the fall-off of the rate constants compared with the high-pressure limiting rate constants being
within 26%. Considering the strong pressure-dependence of the product branching ratios,
pressure-dependent rate constants for 1,4-CsHg + H should still be used to accurately predict

product yields.
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Figure 8. (a) Rate constant comparisons for H-atom abstraction reactions of 1,4-pentadiene
by H atoms. The solid lines represent H-atom abstraction reactions from 1,4-pentacisdiene,
while the dash and dot lines represent H-atom abstraction reactions from 1,3-pentadiene and
1,3-butadiene*® by H atoms, respectively. The black lines represent H-atom abstraction from
the primary vinylic sites of these three dienes, the red lines represent H-atom abstraction from
the secondary vinylic sites, and the blue lines represent H-atom abstraction from the allylic
sites. (b) The total rate constant comparisons between the H-atom abstraction reactions by H

atoms and H-addition reactions from/to 1,4-pentadiene.

Cyclopentene + H

The branching ratios for important products at 1 atm generated from H atom addition to
cyclopentene (cyCsHs) are plotted in Figure 9(a). The direct formation of cyclopentyl radical
(cyCsHo) via H atom addition to cyclopentene dominates at low temperatures (< 1100 K) and
is then overtaken by the formation of C2H4 + CsHs-a with a largest branching ratio of 96.0%.
A small amount of 1,5-CsHy radical (~ 4%) is formed at low temperatures and less than 3%
of the flux proceeds through 1,4-CsHs + H at high temperatures. The branching ratios of
cyCsHy radical and C;Hs + CsHs-a radical at different pressures are shown in Figure 9(b)
with BR(cyCsHo) increasing as pressure increases and BR(C2Hs + CsHs-a) showing the
opposite trend. Although BR(C:Hs + CsHs-a) at different pressures converge at high
temperatures, the pressure-dependent rate constants for cyCsHs + H still need to be

considered at temperatures below 1900 K in order to simulate the product branching ratios.
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Figure 9. (a) The branching ratios for important products from H atom addition to cyCsHs at
1 atm, (b) the branching ratios for cyCsHs radical (W15) and C2Ha + CsHs-a (P15) produced
from H atom addition to cyCsHg at 0.01, 0.1, 1, 10, and 100 atm.

The PES for H-atom abstraction reactions of cyCsHs by H atoms are described in detail in
Figure S3. The formation of 1,3- and 1,4-cyclopentenyl radicals via H-atom abstraction from
cyclopentene has been included in Al Rashidi’s cyclopentane mechanism, of which the rate
constants for the former reaction are obtained by analogy to H-atom abstraction reaction from
1-hexene, while the rate constants for the formation of 1,4-cyclopentenyl radical is estimated
by applying a rate rule for secondary allylic H-atom abstraction form alkenes®. Figure 10(a)
shows that the k(1,3-cyclopentenyl) estimated by Al Rashidi agrees with this work with
differences within a factor of two at temperatures above 600 K. Meanwhile, the k(1,4-
cyclopentenyl) obtained by analogy to H-atom abstraction from 1-hexene is 2—3 times slower
than that calculated here. The comparisons indicate that H-atom abstraction from
cyclopentene can be estimated using a rate rule by analogy for abstraction from alkenes with
uncertainties within a factor of three.

The total rate constants for cyCsHs + H via addition and abstraction reactions are
compared in Figure 10(b). The fall-off of kwta(addition) at different pressures compared to
the high-pressure limiting rate constants can reach up to a factor of 2.4 at 2000 K. In contrast
to the total rate constant comparisons for 1,3- and 1,4-CsHs + H, H-atom abstraction of
cyclopentene is competitive with H atom addition, even at low temperatures, with the
deviation between kitai(addition) and kotai(abstraction) within an order of magnitude at 500 K.
In addition, kiwta(abstraction) overtakes kita(addition) at 0.01 atm and ~1100 K and
ko(addition) at 1800 K. Hence, H-atom abstraction reactions are relatively more important for
cyclopentene than for 1,3- and 1,4-pentadiene at the temperatures studied. Based on the

branching ratio study presented in Figure 9, the product formed at temperatures below 400 K
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is mainly cyCsHo radical. Hence, the k(cyCsHs + H — cyCsHyg) from Clarke’s work, which is
measured in a flow tube over temperature range 298-370 K and 50 Torr, is compared with
our calculated results and shows good agreement with values being within 50% of one

another.
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Figure 10. (a) Rate constant comparisons for H-atom abstraction reactions of cyCsHs by H
atoms from this work and literature.™® (b) The total rate constant comparisons between the H-
atom abstraction reactions by H atoms and H-addition reactions from/to cyCsHs. The red
symbol represents experimental results by Clarke et al.?” at 0.07 atm for cyCsHs + H —

cyCsHo.

Ethylene + allyl

The branching ratios for important products at 1 atm generated by allyl radical addition to
ethylene are plotted in Figure 11(a), with k(C2Ha + CsHs-a — 1,5-CsHg) extrapolated from
1400 K to 2000 K. The dominant product at 1 atm is 1,5-CsHy radical at temperatures below
1700 K and 1,4-CsHs + H at higher temperatures. There are also small amounts of cyCsHg
radicals (W15) and cyCsHg + H atoms (P23) formed, with a maximum BR(cyCsHs) of 6.8%
at 900 K and BR(cyCsHs + H) of 11.8% at 1500 K. The pressure-dependence of dominant
product branching ratios for allyl radical addition to ethylene are shown in Figure 11(b). The
branching ratios of important products show strong temperature- and pressure-dependencies.
The BR(1,5-CsHy) increases rapidly as pressure increases from 1 atm to 100 atm at a specific
temperature. While the BR(1,4-CsHs + H) has an opposite performance with larger decreases
being found as the pressure increases from 1-100 atm at temperatures above 1500 K. Due to
the dominant product branching ratios for C,Hs + C3Hs-a are very sensitive to pressure, the

pressure-dependent rate constants should be used for simulations related to this system.
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Figure 11. (a) The branching ratios for important products from allyl addition to ethylene at 1
atm, with k(CoHs + CsHs-a — 1,5-CsHo) extrapolated from 1400 K to 2000 K. (b) the
branching ratios for 1,5-CsHg (W10), cyCsHe (W15), 1,4-CsHs + H (P22) and cyCsHs + H
(P23) produced from allyl addition to ethylene at 0.01, 1.0 and 100 atm. The BRs are
calculated with k(C2Hs + CsHs-a — 1,5-CsHg), which are including in total rate constants,
extrapolated over a temperature range of 1400-2000 K at 1 atm, 1600-2000 K at 10 atm, and
1900-2000 K at 100 atm.

=
o,
&
1

- —k,,(Addition)_HPL
© k__(Addition)_0.01 atm

e 7 total

’ - - -k, (Addition)_0.1 atm
otal e

1 ’ — k., (Addition)_1 atm

e - = k., (Addition)_10 atm

----- k _(Addition)_100 atm

H4 7/ total

/ - - - k(Abstraction)

k /cm® molecule™ s™
o
5
il
N

500 1000 N 1500 2000
Figure 12. The total rate constant comparisons between the H-atom abstraction reactions and
addition reactions of allyl radical with ethylene. The total rate constants for addition reactions
include k(Cz2H4 + C3Hs-a — 1,5-CsHg) extrapolated over a temperature range of 1100-2000 K
at 0.01 atm, 1200-2000 K at 0.1 atm, 1400-2000 K at 1 atm, 1600-2000 K at 10 atm, and
1900-2000 K at 100 atm.

The rate constants for the H-atom abstraction reaction by allyl radicals from ethylene

(reverse reaction of H-atom abstraction reaction of propene by vinyl radicals) are compared
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to its addition reactions at different pressures and high-pressure limiting in Figure 12. The
pressure-dependent total rate constants have a fall-off in the intermediate temperature range,
mainly due to the decrease of k(C2H4 + C3Hs-a — 1,5-CsHo). As shown in the comparison,
k(Abstraction) overtake the ktota(0.01 atm) at 1500 K and are close to kiotai(10 atm) at 2000 K.
Hence, the abstraction reaction of C2Ha4 + CsHs-a is important at high temperatures and needs

to be included in the mechanism development.

Vinyl + propene

The branching ratios for important products generated from vinyl radical addition to
propene at different pressures are plotted in Figure 13(a) and (b), respectively. At 1.0 atm, the
production of 1,4-CsHg radical (W3) is dominant at temperatures below 900 K, and 3-methyl-
1-buten-4-yl radical (W14) also plays an important role with BRs close to 20% over the
temperature range of 300-2000 K. At temperatures above 1200 K, the important products are
1,3-C4Hg + CHs followed by 1,4-CsHs + H and 1,3-CsHg + H with BRs of 33.3%, 27.7% and
13.0% at 2000 K, respectively.
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Figure 13. (a) The branching ratios for important products from vinyl addition to propene at
1 atm, with k(C2Hs + C3Hs — 1,4-CsHo) extrapolated from 1200 K to 2000 K and k(CzHs +
CsHg — 3Me-1,4-C4Hg) extrapolated from 800 K to 2000 K. (b) The branching ratios for 1,4-
CsHy (W3), 3-methyl-1-buten-4-yl (W14), 1,3-CsHg + H, 1,3-CsHs + CH3 (P14) and 1,4-
CsHs + H (P22) produced from vinyl addition to propene at 0.01, 0.1, 1, 10 and 100 atm. The
total rate constants are calculated with extrapolated k(C2Hz + CsHs — 1,4-CsHg) and k(C2Hs

+ C3Hg — 3Me-1,4-CsHs), where no available rate constants exist.

As shown in Figure 13(b), at 0.01 atm and temperatures above 500 K, the production of
1,3-C4Hs + CHj3 is the most favoured and its cross-over point with BR(1,4- CsHo) changes

from 500 K to 1700 K as the pressure increases from 0.01 atm to 100 atm. The production of
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1,4-CsHs + H is also important at high temperatures which doesn’t show a strong pressure-
dependence. Hence, the dominant product branching ratios of vinyl radical addition to
propene show strong temperature- and pressure-dependencies, and k(T, p) need to be used to
quantitatively predict product formation.
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Figure 14. The total rate constant comparisons between the H-atom abstraction reactions and

addition reactions of vinyl radical and propene.

The rate constants for H-atom abstraction reaction of propene by vinyl radicals are
compared with its addition reactions at different pressures and high-pressure limiting rate
constants in Figure 14. The total addition rate constants are shown to have weak pressure
dependence with a largest fall-off of 43% at 2000 K at pressures in the range 0.01-100 atm.
The PES for H-atom abstraction reactions of CsHs by C2Hs radicals are described in detail in
Figure S4. Vinyl radicals can abstract the allylic hydrogen atom from propene forming allyl
radicals and ethylene, followed by forming 1-propen-2-yl radical and ethylene via abstraction
of the secondary vinylic hydrogen atom on the central carbon, and finally abstraction of the
two primary vinylic hydrogen atoms on the terminal carbon. As one might anticipate, the
barrier heights for these three channels are 6.2, 10.0 and 12.1 kcal mol™, respectively. The
terminal abstractions can form cis- and trans-1-propen-1-yl radicals which have very similar
barriers and the averaged rate constants are plotted in Figure 14. The abstraction reactions for
C2Hs + CsHg are non-negligible at high temperatures with the difference between k(CzHs +
CsHs — C2Ha + C3Hs-a) and Kiota""-(C2H3 + C3Hs — All products) being within a factor of
two at temperatures above 1700 K. For the pressure-dependent rate constants for addition

reactions, the difference decreases to within a factor of two at temperatures above 1400 K.
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Therefore, H-atom abstraction reaction from propene by vinyl radicals are important and
need to be considered at high temperatures.

Goldsmith et al.'* 52 carried out flow reactor experiments on vinyl + alkenes in the
temperature range 300-700 K and at pressures of 15-100 Torr, where the alkenes include
ethylene, propene and butene isomers. They also studied vinyl + propene and its subsequent
reactions at the G3 level of theory.* Li et al.*® studied 1,3-butadiene + H and related
reactions on the CsH; PES at the CCSD(T)/CBS//M06-2X/6-311++G(d,p) level of theory
which includes vinyl addition to ethylene. The experimental and calculated rate constants for
vinyl addition to different alkenes (ethylene, propene and butene isomers) at 0.13 atm are
shown in Figure 15. For the experiments at 0.13 atm, the fastest reaction is vinyl radical
addition to propene, followed by isobutene, 1-butene, ethylene, and 2-butene.®® The
theoretical calculations also show that the rate constants for vinyl + propene are faster than
vinyl + ethylene, and the averaged rate constant ratio (Kpropene + vinyl / Kethylene + viny1) for
experiments and theoretical calculations is 1.8 and 1.7, respectively. Thus, the trends in our
theoretical calculations for vinyl + propene and vinyl + ethylene are consistent with the
experimental results.

In comparison with the experimental data at 0.13 atm, the rate constants for vinyl radical
addition to propene producing all products calculated in this work are about two to three
times slower in the temperature range 300-700 K. Goldsmith et al.'' 12 also carried out
theoretical calculations for CsHs + C2Hs which were in very good agreement with their
experiments in the temperature range 350-700 K. Since we are using different levels of
theory for theoretical calculations, detailed studies need to be carried out to analyse the
possible reasons for the differences between the two theoretical studies. As shown in Figure
13, 1,3-butadiene + CHs and 1,4-CsHo radicals are the dominant products for vinyl radical
addition to propene at the experimental conditions. Furthermore, the k. for vinyl + propene
— 1,4-CsHg (R1) are over an order of magnitude faster than those for vinyl + propene — 3-
methyl-1-buten-4-yl and/or vinyl + propene — ethylene + allyl at temperature range 300—700
K. Hence, R1 is selected as a representative reaction to analyse the influence of different

levels of theory on rate constant calculations.
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Figure 15. Comparison of the experimental and calculated rate constants for vinyl + alkenes
(ethylene, propene and butene isomers) at 0.13 atm. Different symbols represent experimental
results for different reactants: ®vinyl + ethylene,%? Bvinyl + propene,!! dvinyl + 1-butene,®*
Avinyl + 2-butene,’! »vinyl + isobutene.®! The red solid line represent calculated results
from Li et al.*® for vinyl + ethylene and the black dash line represent calculated results from

Goldsmith et al.*! for vinyl + propene.

The k- for R1 are recalculated using Thermo and Densum code of Multiwell®*-% at the
level of theories used in this work and Goldsmith’s study. The k. of Goldsmith’s calculations
are 3.8 times larger at 300 K than this work and the difference decreases to 2.5 times at 700 K.
The partition function contains all of the thermodynamics information associated with the
system, including internal energy, entropy, heat capacity, etc.®® The partition function ratios
for the TS of R1 taken from Goldsmith’s work and this work are listed in Table 3. The
comparison shows that: (i) at room temperature, the difference in energy barrier (0.2 kcal
mol in R1) has the largest influence on the total ratio followed by the hindered-rotor
treatment; (ii) the influence of vibrational partition functions (Quib) increases as temperature
increases, these becoming dominant at temperatures above 700 K; (iii) the rotational partition
functions (Qrot) show smaller difference compared with other partition functions. These four
partition function ratios are multiplied together to generate a total ratio to compare with the
high-pressure limiting rate constant ratios of R1. The difference between these two ratios is
within 20%, therefore, we can infer the difference between this work and Goldsmith’s

calculation is from the different theoretical methods used for: (i) geometry optimization and
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vibrational frequency calculations, leading to differences in the prediction of vibrational
partition functions Quib and rotational partition functions Qrot; (ii) single point energy
calculation leading to 1.9 times difference at room temperature; (iii) hindered-rotor treatment
which contribute to the 1.4 times difference of hindered-rotor partition function Qhindro.

Table 3. Comparison of the partition function ratios between this work and literature for
vinyl + propene — 1,4-CsHg.
T R(Qvib) R(Qrot) R(thndro) R(Barrier) R(QTotaI) R(koo)

300 1.17 1.07 1.40 1.86 3.26 3.84
400 1.23 1.07 1.29 1.59 2.70 3.22
500 1.28 1.07 1.22 1.44 241 2.88
600 1.32 1.07 1.18 1.35 2.25 2.66
700 135 1.07 1.15 1.29 2.14 2.52

In this work, SPE calculations are carried out using ROCCSD(T) with augmented cc-
pVTZ basis set extrapolated to cc-pVQZ and the uncertainty for CCSD(T) method is within 1
kcal mol™. Goldsmith et al.!* proposed that the tunnelling correction and hindered rotor
approximation are less accurate at lower temperature. Bugler et al.®” studied reactions leading
to cyclic ether formation and proposed that a factor of two may be assumed for uncertainties
in harmonic vibrational frequencies and the anharmonicities of the 1-D hindered rotor mode.
Jasper and Klippenstein** 8 proposed that neglecting vibrational anharmonicity can be the
dominant source of uncertainty in a priori predictions of thermochemistry and Kkinetics. At
room temperature an error of just 150 cm™ in the threshold or reaction energy leads to an
uncertainty of a factor of two in the computed rate coefficient or equilibrium constant.®® Thus,
in this work, two to three times uncertainty is expected in our theoretical calculations and
hence the deviation between our calculation and experimental results are within the

uncertainty.

o Unimolecular reactions
1,3-CsHg

The total pressure-dependent rate constants of 1,3-CsHy — all products are compared with
the corresponding high-pressure limiting rate constants in Figure 16(a). At 1000 K, the fall-
off of k(1,3-CsHy — all) from the high-pressure limiting to 0.01 atm is less than a factor of

two at temperatures below 800 K and increases to over two orders of magnitude at 1200 K.
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At 10 atm, which is a frequently used condition in shock tube experiments, the fall-off
compared with k. can be more than an order of magnitude at temperatures above 1600 K.
Hence, the total rate constants of the decomposition of 1,3-CsHyg show an obvious
temperature- and pressure-dependence.

The branching ratios for the main products of 1,3-CsHy radical decomposition are plotted
in Figure 16(b). There is no significant pressure-dependence found for the branching ratios of
these two dominant products, which is different with the phenomenon found for bimolecular
reactions in our previous discussions. At low temperatures and different pressures, the
formation of 2,5-CsHy radical is the most favoured with the largest BR of ~ 96% at 400 K.
The BRs of the 2,5-CsHy radical decreases fast with increasing temperature and are overtaken
by the formation of 1,3-CsHs + CH3 at temperatures around 650 K. At temperatures above
1000 K, over 87% of the products formed from 1,3-CsHg radicals are 1,3-CsHs + CHs
radicals with the largest BR of 96.8%.
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Figure 16. (a) The comparisons of pressure-dependent rate constants and high-pressure
limiting rate constants for 1,3-CsHy — all products as a function of temperature. (b) The
branching ratios for main products from decomposition of 1,3-CsHjo radical at 0.01, 0.1, 1, 10
and 100 atm.

To validate our calculated rate constants, k(1,3-CsHy — 1,3-CaHs + CHs) the high-
pressure limiting rate constants and those at different pressures are compared with available
literature studies in Figure 17. Wang et al.*** calculated the high-pressure limiting rate
constants for this reaction using Quantum-Rice-Ramsperger-Kassel (QRRK) theory with
species and TSs on the CsHg PES calculated at the CBS-QB3 level of theory. Baldwin and
Walker’s?! estimated the rate constants at 500 Torr based on their alkenes/H2/O, experimental
results, and Perrin et al.?* carried out measurement on the isomerisation reaction of 1- and 2-

pentene and derived the rate constant for 1,3-CsHg — 1,3-C4Hg + CHs in the pressure range
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10-100 Torr. As shown in Figure 17, the k., from Wang are 3.6 times faster than that
calculated here at 1000 K and decrease to within 1.3 times difference at 2000 K. The
difference at low temperatures possibly arises from the initial guess of A and Ea for the
reverse reaction used in the QRRK calculation. Meanwhile, the rate constants at 0.01 atm
from this work agree reasonably well with Perrin’s experimentally derived results at
pressures in the range 0.01-0.13 atm with the differences being within 2.3-2.7 times. It is
worth noting that the rate constant at 0.7 atm from Baldwin et al. tends to be too fast in
comparison with this work and close to Wang’s high-pressure limiting rate constant.
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Figure 17. Rate constant comparisons for the p-scission reaction of 1,3-CsHg radical forming
1,3-C4Hs + CHs. The dashed lines represent the calculated results from Wang et al.*34 at
CBS-QB3 level of theory, the blue symbol represents Baldwin and Walker’s?! estimated
result based on their alkenes/H2/O> experimental results, and the green symbols represent

experimental results from Perrin et al.?* over pressure range 10-100 Torr.

Wang et al.®*** also have studied rate constants for 1,3-CsHg — 1,3-CsHs + H and 1,4-
CsHy — CsHs + C2Hs, the rate constant comparisons of these two reactions are shown in
Figure S5. The rate constants calculated in the present work agrees relatively well with
Wang’s calculation for these two reactions with the values being within 1.3-3.5 times in the

temperature range 300-2000 K.

1,4-CsHo

The total pressure-dependent rate constants of 1,4-CsHy — all products are compared with
the corresponding high-pressure limiting rate constants in Figure 18(a). The dominant
products at low temperatures are methylidene-cyclopropylmethyl (W13, CH-cyCsH4CHa)
and 3-methyl-1-buten-4-yl (W14, 3Me-1,4-C4Hs) formed via a low-energy barrier ring-
opening reaction from W13. Due to k(1,4-CsHg — 3Me-1,4-CsHe) and k(1,4-CsHy9 — CHo-
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cyCszH4CHa) are not available over the entire temperature range, rate constants for these two
channels are extrapolated to intermediate and/or high temperatures. It is shown that the fall-
off of the total rate constants at 1700 K and 1 atm is over an order of magnitude, which
indicates the significant pressure-dependence of the decomposition of 1,4-CsHj radical.
Based on calculated and extrapolated pressure-dependent rate constants, the branching
ratios for important products produced from the decomposition of 1,4-CsHg radical are shown
in Figure 18(b). At 1 atm, the formation of W14 is dominant with a BR over 80% at
temperatures below 1100 K. Meanwhile, there is about 10%—-20% W13 formed over the
temperature range of 300-1400 K. As pressure increases, the formation of W14 at a specific
temperature decreases until overtaken by the formation of W13 at 100 atm. There are also
reasonable amounts (< 10%) of bimolecular products (1,3-CsHs + CHs) formed via the direct
B-scission reaction of W14 and/or the chemically activated reaction at high temperatures. The
total rate constant and branching ratio comparisons show the total rate constants have strong
pressure-dependence and the product branching ratios are also sensitive to pressure and

temperature.
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Figure 18. (a) The comparisons of pressure-dependent rate constants and high-pressure
limiting rate constants for 1,4-CsHg — all products as a function of temperature. k(1,4-CsHg
— 3Me-1,4-C4Hs) are extrapolated over a temperature range of 800-1400 K at 0.01 atm,
900-1500 K at 0.1 atm, 1100-1700 K at 1 atm, 1400-2000 K at 10 atm. k(1,4-CsHg — CHp-
cyCsH4CHz3) are extrapolated over a temperature range of 600-1700 K at 1 atm, 700-2000 K
at 10 atm and 900-2000 K at 10 atm. (b) The branching ratios for main products from
decomposition of 1,4-CsHg radical at 0.01, 0.1, 1, 10 and 100 atm. The total rate constants are
calculated with extrapolated k(1,4-CsHy — 3Me-1,4-C4Hs) and k(1,4-CsHy — CHo-

cyCsH4CHj3), where no available rate constants exist.
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1,5-CsHo

The total pressure-dependent rate constants of 1,5-CsHy — all products are compared with
the corresponding high-pressure limiting rate constants in Figure 19(a). The fall-off in
pressure-dependent rate constants compared with k., can be up to two orders of magnitude at
1000 K and 0.01 atm, and ~7.6 times at 1500 K and 10 atm. Therefore, the total rate
constants for the decomposition of 1,5-CsHg radicals show an obvious pressure-dependence.
The branching ratios for the dominant products generated from the decomposition of 1,5-
CsHo radical are shown in Figure 19(b). At 0.01 atm, the formation of cyclopentyl radical
dominates at temperatures below 600 K until it is overtaken by the production of ethylene
and allyl radicals. At 100 atm and low temperatures (< 500 K), about half of the reaction flux
proceeds to form cyclopentyl radical with the other half forming methylidene-cyclobutyl
radicals. The branching ratios of cyclopentyl and methylidene-cyclobutyl radicals have an
obvious pressure-dependence at low temperatures, and their pressure-dependence diminishes
gradually until it disappears at 1200 K. Meanwhile, the branching ratios of ethylene and allyl
radical only show a pressure-dependence in the temperature range 500-1100 K. Hence, the
pressure-dependent rate constants for the formation of ethylene and allyl radical should be
considered in combustion mechanism development, and the pressure-dependent rate
constants for the formation of cyclopentyl and methylidene-cyclobutyl radicals should also be

included for simulations at temperatures below 1100 K.
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Figure 19. (a) The comparisons of pressure-dependent rate constants and high-pressure
limiting rate constants for 1,5-CsHg — all products as a function of temperature. (b) The
branching ratios for main products from decomposition of 1,5-CsHy radical at 0.01, 0.1, 1, 10
and 100 atm.

The B-scission reaction of 1,5-CsHg to form ethylene + allyl radical has been studied by
Tsang et al.® and Awan et al.,'? the comparison of the high-pressure limiting rate constants is
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shown in Figure 20. Awan and co-workers'? calculated the structural properties of radicals
and stable species at the G3MP2B3 level of theory with a frequency scale factor of 0.96.
Slight adjustments were made to the low frequency vibrations and reaction barriers to create a
model that fitted their experimental data. They proposed that the standard uncertainties in the
absolute rate constants are about a factor of 1.5 near 1000 K, increasing to a factor of two at
700 K and a factor of three at 1900 K. Tsang® studied the decomposition and isomerization
reactions of 1,5-CsHg radicals, estimating the energy barriers from available literature data.
Rate constants were obtained by solving the Rice-Ramsperger-Kassel-Marcus (RRKM) and
time-dependent Master Equation (ME). They proposed that breaking the allylic C—C bond to
form allyl radicals and ethylene was the main reaction channel.®

The energy barriers for p-scission of the 1,5-CsHg radical are 21.6 kcal mol™ in this work,
19.9 kcal mol?in Awan’s work and 24.7 kcal mol? in Tsang’s work. The rate constants
calculated in this work also lie between those proposed by Awan and Tsang corresponding to
the trend in the energy barriers. The rate constants from Awan’s work are 4.9 times higher
than this work at 800 K and are 1.4 times higher at 1900 K. To test the influence of the
different energy barriers, a calculation was carried out by replacing only the energy barrier in
the current work to Awan’s value. The rate constants calculated from this test are within 1.5
times of Awan’s values in the temperature range 700-1900 K. Thus, the rate constant
difference between this work and Awan’s are mainly derived from the difference in energy
barriers calculated at the different levels of theory and/or their adjustments in reaction barrier
heights. Since the energies in this work are calculated at the ROCCSD(T) level of theory with
the basis set extrapolated to aug-cc-pVQZ compared to the G3MP2B3 level used in Awan’s
work, we believe our calculations to be more reliable. Similarly, the rate constant difference
between the present work and Tsang’s study possibly arises from uncertainties in their A-

factor estimations.
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Figure 20. High-pressure limiting rate constants for B-scission reaction of 1,5-CsHg radical to
allyl + ethylene. The blue line represents results calculated by Awan et al.*? and the magenta
line represents results calculated by Tsang et al.®.

Cyclopentyl radical reactions

The total pressure-dependent rate constants of cyCsHy — all products are compared with
the corresponding high-pressure limiting rate constants in Figure 21(a). Similar to the other
CsHo radicals, the total rate constants for the decomposition of cyCsHg radicals show an
obvious temperature- and pressure-dependence. The fall-off can be up to two orders of
magnitude at 0.01 atm and over an order of magnitude at 10 atm. The branching ratios for the
dominant products generated from the decomposition of cyCsHg radical are shown in Figure
21(b). At 300 K, approximately 86.4% of cyCsHg radicals lead to 1,5-CsHy radicals, with
13.6% decomposing to cyCsHs + H atoms. As temperature increases, the BR leading to 1,5-
CsHo radicals decreases rapidly and becomes undefinable, when well-skipping occurs and the
chemically activated reactions forming bimolecular products start to dominant. The
importance of C,Hs + CsHs-a formation decreases with increasing pressure while the
formation of cyCsHs + H only shows a slight positive pressure-dependence. The BR(C2H4 +
C3Hs-a)/BR(cyCsHs + H) ratios are shown to be temperature- and pressure-dependent and are

very important in the simulation of cyCsHg and cyCsHig profiles.
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branching ratios for main products from decomposition of cyCsHy radical at 0.01, 0.1, 1, 10
and 100 atm.

As described in previously, Tsang® calculated the high-pressure limiting rate constants for
the decomposition reactions of 1,5-CsHg with energy barriers estimated from available
literature data at that time. Sirjean et al.'% calculated the high-pressure limiting rate constants
for cyclization reaction of 1,5-CsHg at the CBS-QB3 level of theory using classical TST in
the temperature range 500-2000 K. Wang et al.*** studied reactions related to 1,5-CsHg on
the CsHg PES using the CBS-QB3 composite method. Pressure-dependent rate constants were
calculated using Quantum-Rice-Ramsperger-Kassel (QRRK) theory and k.. were calculated
from CBS-QB3 calculations or were estimated based on reaction rate rules. Al Rashidi and
co-workers®® studied the C-C and C-H pB-scission at the UCCSD(T)-F12b/cc-pVTZ-
F12//M06-2X/6-311++G(d,p) level of theory and calculated high-pressure limiting rate
constants. Awan and co-workers'? ¢ calculated the rate constants for cyCsHg decomposition
reactions using a combination of RRKM/ME calculations and the derived product ratio from
their shock tube experiment for cyCsHgy decomposition.

Gordon?’ measured the k(CD3 + cyCsHio — CDsH + cyCsHg)-k(cyCsHg — C2Ha + C3Hs-
a)/k(CDs + cyCsHg — CHs-cyCsHo) ratios by studying the photolysis of cyclopentane—
acetone mixtures between 580-680 K at pressures in the range 0.05-0.06 bar. The ratios were
derived from product yields and the pre-exponential factor (A) and the activation energy (Ea)
for cyCsHy — C3Hs-a + C2H4 were derived with reasonable A and Ea values for the other two
reactions obtained from the literature. Headford-Styring and Walker?® studied the oxidation
of cyclopentane by adding cyclopentane to H>—O2 mixtures in the temperature range 673—783
K at 500 Torr. The k(cyCsHy — 1,5-CsHg) was considered as the rate determining step for the
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production of CoHs + CsHs-a and was determined by the yields of ethylene. They also
reinterpreted Gordon’s data with new rate constants for CD3s + cyCsHio — CD3sH + cyCsHo
and CDs + cyCsHy — CHs-cyCsHg which are plotted as revised data in Figure 22(a).

The k- comparisons between this work and the literature data for cyCsHg decomposition
reactions are shown in Figure 22. For cyCsHy — cyCsHs + H large discrepancies are
observed among the different literature values (e.g. the difference between the rate constants
of Sirjean and Tsang is about a factor of 50 at 2000 K). These large discrepancies are mainly
due to three reasons: (1) different level of theories used in the quantum calculations; (2)
different software employed in rate constant calculations; (3) empirical adjustments for the
frequencies and energy barriers. At temperatures above 1200 K, the trend of k. for this
channel is: kx(Tsang) < kw(This work) < k.(Al Rashidi) < ko(Awan) < k.(Sirjean). The ks
calculated here agrees well with Al Rashidi’s high-level calculation, with both values being
within 40% of one another in the temperature range 700-2000 K. For pressure-dependent rate
constants, the values calculated here are compared with available experimental data as
presented in Figure 22(a). Headford-Styring and Walker?® carried out measurements at 0.67
atm and our results, calculated at 1.0 atm agrees very well with theirs. The revised Gordon’s
results also show good agreement with Headford-Styring and this work at low temperatures
where the rate constants show no obvious fall-off.

For cyCsHg — 1,5-CsHg shown in Figure 22(b), the largest discrepancy in the literature
data is a factor of 15 over the entire temperature range. The trend of k. at 1000-2000 K is: K
(Tsang) < ke (This work) = ks (Al Rashidi) < k. (Wang) < ks (Awan) < ks (Sirjean). The ks
of Sirjean are similar to those of Awan and are consistently over eight times faster than our
calculations. Wang and Sirjean both used the CBS-QB3 level of theory for optimizations and
energy calculations, the difference for k. calculated from these two studies is less than a
factor of two over the entire temperature range. Similar to cyCsHg = cyCsHs + H, the k. for
the ring-opening reaction in the present work agree very well with those presented by Al
Rashidi et al.,"® being within 20% of one another in the temperature range 700-2000 K. Al
Rashidi et al.'® simulated the combustion of cyCsH1o in a JSR and found that the better fits to
the concentration profiles of cyCsHio in the experiments were obtained using their rate
constants compared with the literature data. In addition, k(cyCsHg — 1,5-CsHg) measured in
Headford-Styring’s experiment agree very well with our results at 1 atm. Hence, we believe
that the high-pressure limiting rate constants for cyCsHs radical decomposition calculated in

this work should be reliable.
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Al Rashidi and co-workers™® carried out the identification and quantification of species
generated during the oxidation of cyCsHio in a JSR. They conducted sensitivity and reaction
path analyses and found that the reactivity of cyCsHg was highly sensitive to the C—-C/C—H
scission branching ratio of cyCsHy radical decomposition. The high-pressure limiting
branching ratio for cyCsHg decomposition were compared with theoretical results from the
literature in the temperature range 900-1200 K. The branching ratios from Awan,*? this work,
Al Rashidi,® Tsang® and Sirjean® at 1000 K are 3.46, 1.22, 0.84, 0.78 and 0.39, respectively.
What stands out is that these high-pressure limiting branching ratios indicate the k. for the
ring-opening reaction (C—C B-scission) is similar or even slower than that for the C-H pB-
scission reaction excluding Awan’s result, which is 8.8 times larger than that of Sirjean. It is
noticeable that the deviations in branching ratios between this work and those of Al Rashidi
and Tsang are within 50%. The C—C/C—H high-pressure limiting branching ratio in Awan’s
work were derived from the experimental yields of CoHs and cyCsHs,? with slight
adjustments for low frequency vibrations in the TSs and small empirical changes in reaction
barriers to fit their experimental data. As suggested by Manion and Awan,'> 1 the
discrepancies in branching ratios between the experiments and theoretical calculations for
cyCsHg radical decomposition show the difficulties in precisely predicting branching ratios
when two competitive channels have similar rate constants. In addition, it is also possible that

the additives (species used as H source, radical scavenger), which are used in large amounts
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in the experiment, and their decomposition products may react with cyCsHio or with the
intermediates to influence the formation/consumption of cyCsHg. Hence, to obtain accurate
branching ratios for cyCsHg radical decomposition, more high-level theoretical calculations
and benchmarking experimental measurements are needed. The species profiles for Manion’s
cyCsHio + H experiments are simulated with our model and the chemistry is discussed in
detail in Section 3.4.2.
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2,4-CsHg

As shown in Figure 24(a), the total pressure-dependent rate constants of 2,4-CsHg — all
products are compared with the corresponding high-pressure limiting rate constants showing
significant fall-off with a largest fall-off of over two order of magnitude at 0.01 atm and 1500
K. At low temperatures (< 700 K) shown in Figure 24(b), over 90% of 2,4-CsHy radicals
undergo isomerisation to form 1,3-CsHg radicals, and as temperature increases, the
production of 1,3-C4Hs + CHs is preferred at low pressures and the production of 1,3-CsHg +
H is preferred at high pressures. The branching ratios of bimolecular products generated from
the decomposition of 2,4-CsHg radicals are temperature- and pressure-dependent which

should be considered in species profile simulations.

2,5-CsHg

The total pressure-dependent rate constants of 2,5-CsHg — all products are compared with
the corresponding high-pressure limiting rate constants in Figure 25(a). The rate constants for
dominant channel 2,5-CsHg — sec-ethyl-cyclopropane (W6, CHsCH-cyCsHs) become
undefinable at relatively low temperatures compared with other CsHy radicals, which
suggests the rate constant calculations for reactions related to 2,5-CsHo radical are more
difficult. The rate constants for this channel are extrapolated to intermediate and/or high
temperatures, then the total rate constants and branching ratios are calculated. Similar to the
other CsHy radicals, the total rate constants for the decomposition of 2,5-CsHg radical show
obvious fall-off at high temperatures, and the fall-off at 10 atm can reach up to an order of
magnitude.

The BRs of dominant products generated from the decomposition of 2,5-CsHy radical are
shown in Figure 25(b). At low temperatures and high pressures, the ring-formation channel
forming sec-ethyl-cyclopropane (CHsCH-cyCsHs) radical with a low-energy barrier is
dominant. However, as illustrated in Part I, there are no subsequent reactions of sec-ethyl-
cyclopropane radicals which have energy barriers lower than the reverse reaction of its
formation. Meanwhile, at low pressures, the formation of 1,3-CsHy radical is also significant
with a maximum BR over 40% at 0.01 atm. 1,3-CsHy radical is formed via a chemically
activated reaction, which contributes to the formation of 1,3-CsHg + CHs via direct B-scission
reaction. As one might anticipate, the BRs of CHsCH-cyC3Hs radical increases as pressure
increases and the BR(1,3-CsHg) decreases as pressure increases due to their competition. The
BRs of 1,3-CsHs + CHs increases as temperature increases and decreases with increasing

pressure, and there are certain amounts of the other bimolecular products formed at high
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temperatures and high pressures. The obvious pressure-dependence of the BRs indicates the

importance of pressure-dependent rate constants on product predictions.
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Figure 25. (a) The comparisons of pressure-dependent rate constants and high-pressure
limiting rate constants for 2,5-CsHy — all products as a function of temperature. k(2,5-CsHg
— CH3CH-cyC3Hs) are extrapolated over a temperature range of 600-1000 K at 0.01 atm,
700-1200 K at 0.1 atm, 800-1500 K at 1 atm, 900-1900 K at 10 atm. (b) The branching
ratios for main products from decomposition of 2,5-CsHo radical at 0.01, 0.1, 1, 10 and 100

atm, with k(2,5-CsHy — CH3CH-cyCsHs) extrapolated where no available rate constants exist.

e Chemical kinetic modeling

The chemical kinetic model with pressure-dependent rate constants have been used for
homogenous batch reactor simulations and the species profiles for different wells and
products are compared with available experimental results to analyse and validate the
chemistry of CsHg radicals at different temperatures and pressures.

Awan et al.*?2 performed single-pulse shock tube experiments to study the thermal
decomposition of cyclopentyl radical in the temperature range 950-1116 K at pressures of
2.3-3.4 bar. Cyclopentyl radicals were generated by H-atom abstraction from cyclopentane
by H atoms, which were produced by the decomposition of hexamethylethane (HME). 1,3,5-
trimethylbenzene (T135MB) was used as both a rate reference for H atom reactions and as a
radical scavenger. The reverse Diels-Alder reaction of 4-vinylcyclohexene (VCH) which
produces 1,3-butadiene was used as a standard reaction, and the shock temperatures were
determined by following the progression of this reaction which had a known rate constant. In
2018, Manion and Awan studied H atom addition to cyclopentene in a single pulse shock
tube at 863-1167 K and 160-370 kPa.’* HME was used a H atom source and T135MB as a
radical scavenger for three mixtures at temperatures above 1000 K.
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To simulate their experiments, the rate constants for reactions related to these additives
and the thermochemistry for them and their related species are included in our model which
is described in detail in Section 2.2 below. The closed homogeneous batch reactor model in
Chemkin-Pro is used to predict the mole fractions of different products generated from
cyclopentane + H and cyclopentene + H. Five mixtures in total (two for cyCsHio + H and
three for cyCsHg + H) containing HME and 135TMB fuels are simulated at experimental
conditions and the comparison results are shown in Figures. 26-28. For each experiment,
Mixture A has been measured over a wide temperature range, while there are only a few data
points measured for Mixtures B and C. To simplify the plots, the experimental data points for
Mixtures B and C are plotted as open/crossed symbols, and their corresponding simulated

concentrations are plotted together with Mixture A as outstanding points.

Cyclopentane + H — different products

For the cyclopentane + H experiments, no concentration profiles of the reactants are
provided in Manion’s paper.'® Hence, only the concentration profiles for different products
generated from the reactions of cyCsHio, HME, T135MB and VCH are simulated and
analysed. For mixtures A and B used in the experiments, the main difference is the use of
T135MB as a radical scavenger in Mixture A and not in Mixture B.

As shown in Figure 26, the concentration profiles of isobutene, which is generated via
HME — 2CsHg-I — 2C4Hs-1 + 2H, is very well predicted by our model, indicating the
accurate prediction of the generation of H atoms. Meanwhile, the prediction of [C2H4] agrees
very well with the experiment, which are mostly produced together with allyl radicals via the
decomposition of 1,5-CsHg radicals and also via chemically activated reactions from cyCsHg
radicals. cyCsHy radicals are generated by H-atom abstraction reactions from cyCsHio by H
atoms produced from HME decomposition, and also by other radicals such as CHs, C2Hs,
CsHs-a, etc. The predicted concentrations of cyCsHs for Mixture A are about 3.2-2.1 times
larger than the experimental results in the temperature range 950-1012 K and are 2.0-1.7
times larger at temperatures above 1012 K. However, the predicted concentrations of cyCsHs
for Mixture B, which doesn’t contain T135MB as a radical scavenger, are within 50% of the
experimental results Therefore, we suggest the T135MB chemistry sub-mechanism can
influence the prediction of cyCsHg in the cyCsHio/HME/VVCH experiments. Due to the
complexity of the decomposition mechanism of T135MB, the detailed chemistry of the
influence of T135MB on the production of cyCsHzg is still unclear.
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Using the current model, we are able to predict [1,3-dimethylbenzene (D13MB)], [1-ethyl-
3,5-dimethylbenzene (D35MBC2Hs)] very well, and within a factor of two when [1-butenyl-
3,5-dimethylbenzene (D35MBC4Hy7)] are larger than 1 uL/L. D35MBC2Hs and D35MBCsH7
are the recombination products of 1-methylene-3,5-dimethylbenzene (D35MBCH>) radicals
with methyl and allyl radicals, respectively. In addition, the other important products in order
of decreasing concentration are 1,5-hexadiene, methane and propene, and there are also small
amounts (< 5 pL/L) of ethane, allene, cyclopropane, cyclopentadiene (CsHs) and 1-pentene
formed, for which the current model can provide good predictions.
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Figure 26. Experimental (symbols)'? and modelled (lines) concentration profiles for products
generated from H atoms addition to cyclopentane at temperatures over 9501116 K and
pressures of 2.3-3.4. The solid symbols represent product concentration profiles for Mixture
A which contains 110 pLL/L HME, 20700 pL/L cyCsHio, 100 pL/L VCH and 6500 pL/L
T135MB in Argon. The results shown as open symbols are for Mixture B which contains 110
uL/L HME, 23000 pL/L cyCsHio and 100 pl/L VCH in Argon. Experiments were
configured to have reaction times of 500+50 ps and the concentration profiles are simulated
with same reaction times.
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Cyclopentene + H — different products

To validate the reliability of our calculations, the same chemical kinetic model has been
used to simulate the species profiles of the cyCsHs + H experiments. For the sing-pulse shock
tube experiments the product concentrations were based on FID analyses, with MS used to
identify the products. Including possible systematic errors, the analytical uncertainty (1o) for
the main products was estimated to be about 3%. Since large amounts of cyCsHs and
T135MB are used in this experiment and small amounts of HME used as the H atom source,
the consumptions of cyCsHg and T135MB are relatively small compared with their initial
concentrations. Hence, the absolute analytical uncertainties for the measurements of [cyCsHzg]
and [T135MB] can be up to ~500 uL/L based on their large concentrations. As a result, the
measured concentrations of cyCsHg and T135MB can sometimes be larger than their initial
concentrations, as shown in Figure 27. We also see that our model is able to reproduce the
consumption of the three reactants used in the experiments, especially the [HME] which has a

smaller absolute analytical uncertainty.
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Figure 27. Experimental (symbols)® and modelled (lines) concentration profiles for reactants
used in experimental studies for H atom addition to cyclopentene at temperatures over 997—
1167 K and pressures at 2.6-3.7 bar. The solid lines represent the predictions by our model

for three mixtures. The initial compositions for three mixtures are: (A) 68 uL/L HME, 7972
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uL/L cyCsHs, 16659 pL/L T135MB; (B) 72 uL/L HME, 8098 pL/L cyCsHs, 16957 uL/L
T135MB; (C) 119 pL/L HME, 8507 pL/L cyCsHs, 16834 uL/L T135MB, in Argon. The
concentration profiles in experiments and simulations are configured to have reaction times
of 500+50 ps.

The concentration profiles for the products generated in the cyCsHgs + H experiments are
shown in Figure 28. What stands out in this figure is the existence of outlier data points for
several species. For instance, the initial concentration of HME of Mixture C is higher than
that of Mixture A and there are enough cyCsHs in both systems, resulting in more H atoms
generated which should increase the reaction reactivity and intermediates formation, such as
allyl radicals. The concentrations of 1,5-CeH1o predicted for Mixture C (which can be formed
by allyl radical recombination) are shown to be higher than concentrations measured for
Mixture A at similar temperatures, excluding one point at 1140 K which is ~a factor of two
smaller than that for Mixture A at 1141 K. A similar phenomenon is found for [1-CsHsg] of
Mixture C at 1098 K and 1140 K. These outliers are neglected in deviation discussion below
to reasonably validate the performance of the model.

Similar to the cyCsHio + H experiment, HME decomposition and the formation of
isobutene indicate the production of H atoms in the system, which can be quantitatively
predicted by our model. In addition, the quantity of ethylene, as the most important product
produced from cyCsHgs + H, is well predicted with the deviations being within 50%. The
accurate prediction of [C2H4] in Figure 28(a) suggests the chemistry in our model including
cyCsHs + H — cyCsHg — 1,5-CsHo, the following B-scission reactions of 1,5-CsHy radicals,
and also the chemically activated reactions from the intermediates on CsHy PES to produce
CoHs + CsHs-a are reasonable. The current model can also predict the formation and
consumption of different intermediates: (1) CHs radicals, which are mainly formed through
T135MB + H — D13MB + CHs, and about 10% are formed via decomposition reactions of
iso-butyl/tert-butyl radicals to produce CsHg + CHs. The dominant product from CHj3 radicals
is CHs4 produced via H-atom abstraction reactions from T135MB by CHs, whose
concentrations are predicted with deviations within 50%. There is also a small amount of
C2Hs (< 0.4 uL/L) formed through the self-recombination of CHs radicals, and the predicted
concentrations agree with the measurements within a factor of two. (2) iso-butyl/tert-butyl
radicals, the consumption of butyl radicals can be validated based on the good predictions of
[C4Hs-1], [C3Hs] and [CHa4]. (3) 1,3-pentadien-5-yl radicals (the dominant products of H-atom

abstraction reactions of 1,3- and 1,4-pentadiene), [C2H:] can be predicted with deviations
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within a factor of two indicating the formation of 1,3-pentadien-5-yl radicals and the
decomposition pathway to form CsHs-a + C2H2 are well described in our model. (4) allyl
radicals are the key intermediates for the formations of allene, 1-butene, 1,5-hexadiene and
D35MBC4H7 (recombination products of allyl and D35SMBCH; radicals). [CsHs-a] formed
via the decomposition of allyl radicals are predicted within 50% when [C3Hs-a] > 0.5 uL/L.
[C4Hg-1] formed via the recombination of allyl and methyl radicals can be relatively well
predicted at temperatures below 1130 K and is less than 87% under-predicted at higher
temperatures. 1,5-CeH10, which is mainly formed through the recombination of allyl radicals,

can be predicted by the current model, with a largest deviation of a factor of two.
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Figure 28. Experimental (symbols)*® and modelled (lines) concentration profiles for products
generated from H atom addition to cyclopentene at temperatures over 997-1167 K and
pressures at 2.6-3.7 bar. The solid symbols represent results for Mixture A, with open

symbols and crossed symbols representing those for Mixture B and Mixture C, respectively.

In addition, the concentration profiles of CsHs (formed via H-atom abstraction reactions of
cyCsHs by H atoms), D13MB (formed via T135MB + H — DI13MB + CH3), 1,4-CsHs
(formed via isomerization of cyCsHg) are also accurately predicted by our model. The largest
deviation between the model and experimental data are observed for 1,3-CsHs (up to a factor

of five). The known pathways in our model relating to the formation and consumption of 1,3-
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C4He tend to under-predict [1,3-CsHs] and this was also noted in Manion and Awan’s studies.
Although 1,3-Cs4Hg isn’t the main product for cyclopentene + H, the chemistry related to its
formation and consumption may be important for the other fuels and more studies about its
chemistry will be useful for model development. In general, the chemical kinetic model
developed in this work can qualitatively and quantitatively predict the concentration profiles
of the reactants and important products involved in cyCsHio/cyCsHs + H systems, which
indicates the reliability of our thermochemistry and kinetic calculation results for species and

reactions on CsHg PES.

B Conclusions

Based on the comprehensive study of the CsHg PES in Part | of this study, the calculated
high-pressure limiting rate constants, together with the unimolecular decomposition reactions
of 1,3-pentadiene, H-atom abstraction reactions of 1,3-, 1,4-CsHs, cyCsHs by H atoms, and
H-atom abstraction reactions of propene by vinyl radicals, are used to identify the dominant
reaction pathways for four systems: 1,3-pentadiene + H, 1,4-pentadiene + H, cyclopentene +
H, and vinyl + propene. Based on the important pathways identified from the reaction
pathway analysis, a simplified CsHg PES is generated including 18 species and 25 TSs. The
SPEs for radicals and TSs on the simplified PES are recalculated at the ROCCSD(T)/aug-cc-
pVTZ level of theory with basis set corrections using MP2/aug-cc-pVXZ (where X = T and
Q).

Pressure-dependent rate constants are calculated in the temperature range 300-2000 K
and at pressures in the range 0.01-100 atm using MESS, with spin-restricted energies used
for important species on the simplified CsHg PES and spin-unrestricted energies used for the
other species. The reactions on the CsHy PES are classified into unimolecular and
bimolecular reactions. For bimolecular reactions (1,3-/1,4-/cyCsHs + H, CsHs-a + C2Ha, C3He
+ C2H3), the pressure-dependency of the total addition rate constants and product branching
ratios are discussed. The rate constants for H-atom abstraction of these bimolecular reactions
are compared with the total addition rate constants. Similarly, the pressure-dependency of the
total addition rate constants and product branching ratios are also discussed for important
unimolecular reactions. The high-pressure limiting and pressure-dependent rate constants are
compared with available literature data with good agreement observed.

A chemical kinetic model is developed in this work with pressure-dependent rate
constants for reactions on the CsHg PES using thermochemistry for Cs species based on

AramcoMech 3.0. Secondary chemistry for radical initiators and scavengers used in the
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experiment and thermochemistry and kinetic parameters for these species are added to the
mechanism to appropriately simulate the literature experiments. This model is used to predict
the mole fractions of different products generated for H atom addition to cyclopentane and
cyclopentene. The comparisons show that our model is able to reproduce the consumption of
the reactants and formation of the main products and can qualitatively and quantitatively
predict the concentration profiles measured in the experiments.

Considering the limited literature data for thermochemistry (especially entropy and heat
capacities) of CsHg and CsHyg species, and the pressure-dependent rate constants for reactions
on the CsHg PES, this work is complementary for the development of a comprehensive
pyrolysis and oxidation mechanism for C:—Cs hydrocarbons and oxygenated fuels, and higher

order alkanes and alkenes for which dienes and aromatics are important intermediates.
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