(OLLSCOILNAGAILLIMHE

[JNIVERSITY oF GALWAY

Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the
published version when available.

Theoretical kinetics analysisfor atom addition to 1,3-
Title Butadiene and related reactions on the 4H7 potential energy
surface

Author(s) hién\;irj]g; Klippenstein, Stephen J.; Zhou, Chong-Wen; Curran,

Publication

Date 2017-09-08

Li, Yang, Klippenstein, Stephen J., Zhou, Chong-Wen, &
Curran, Henry J. (2017). Theoretical Kinetics Analysisfor
Publication | Atom Addition to 1,3-Butadiene and Related Reactions on the
Information | 4H7 Potential Energy Surface. The Journal of Physical
Chemistry A, 121(40), 7433-7445. doi:

10.1021/acs.jpca. 7b05996

Publisher | American Chemical Society

Link to
publisher's | https://dx.doi.org/10.1021/acs.jpca. 7b05996
version

Item record | http://hdl.handle.net/10379/14794

DOl http://dx.doi.org/10.1021/acs.jpca. 7b05996

Downloaded 2024-05-23T06:38:40Z

Some rights reserved. For more information, please see the item record link above.



https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/

Theoretical Kinetics Analysis for H Atom Addition to 1,3-Butadiene and
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33School of Energy and Power Engineering, Beihang University, Beijing 100191, P. R. China.

Abstract

The oxidation chemistry of the simplest conjugated hydrocarbon, 1,3-butadiene, can provide a first step in
understanding the role of poly-unsaturated hydrocarbons in combustion and, in particular, an understanding of
their contribution towards soot formation. Based on our previous work on propene and the butene isomers (1-,
2- and isobutene), it was found that the reaction Kinetics of H-atom addition to the C=C double bond plays a
significant role in fuel consumption kinetics and influences the predictions of high-temperature ignition delay
times, product species concentrations and flame speed measurements. In this study, the rate constants and
thermodynamic properties for H-atom addition to 1,3-butadiene and related reactions on the C4H- potential
energy surface have been calculated using two different series of quantum chemical methods and two different
kinetic codes. Excellent agreement is obtained between the two different kinetics codes. The calculated results
including zero point energies, single point energies, rate constants, barrier heights and thermochemistry are
systematically compared among the two quantum chemical methods. 1-methylallyl (CsH71-3) and 3-buten-1-
yl (C4H71-4) radicals and CoH4 + C,Hj3 are found to be the most important channels and reactivity promoting
products, respectively. We calculated that terminal addition is dominant (> 80%) compared to internal H-atom
addition at all temperatures in the range 298 — 2000 K. However, this dominance decreases with increasing
temperature. The calculated rate constants for the bimolecular reaction C4sHs + H — products and C,Ha + CoHs
— products are in excellent agreement with both experimental and theoretical results from the literature. For
selected C, species the calculated thermochemical values are also in good agreement with literature data. In
addition, the rate constants for H-atom abstraction by H atoms have also been calculated, and it is found that
abstraction from the central carbon atoms is the dominant channel (> 70%) at temperatures in the range 298 —
2000 K. Finally, by incorporating our calculated rate constants for both H-atom addition and abstraction into
our recently developed 1,3-butadiene model, we show that laminar flame speed predictions are significantly

improved, emphasizing the value of this study.
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1. Introduction

In our recent mechanism development studies for propene,*? 1-butene,® 2-butene,* isobutene,® and 1,3-
butadiene® oxidation, the reaction kinetics for H-atom addition to the C=C double bond was found to be
critical in predicting high-temperature ignition delay times, speciation and flame speeds. For the 1-methylallyl
(C4H71-3) radical, which is a key intermediate in 1,3-butadiene oxidation, isomerization, H-atom elimination
and B-scission reactions are the major consumption pathways at high temperatures (> 1100 K). Over the past
thirty years, there have been a number of modeling, theoretical and experimental studies of 1,3-butadiene
oxidation. For example, Laskin et al.” studied the kinetics of 1,3-butadiene oxidation over the 1035-1185 K
temperature regime using a detailed kinetic model. They found that the chemically activated reaction of H
atom with 1,3-butadiene to produce ethylene and vinyl radical is the most important channel at all of their
experimental conditions. These observations point to the importance of understanding the kinetics of reactions
on the C4H- potential energy surface (PES).

Reactions on the C4H; PES have been the subject of a number of prior theoretical studies. Miller et al.?
used the G3//B3LYP quantum chemical method to calculate the geometries, vibrational frequencies, and
energies of five C4H- radical isomers and transition states for the corresponding dissociation and isomerization
reactions on the C;H; PES. Miyoshi et al.® reported CBS-QB3 based ab initio Rice Ramsperger Kassel
Marcus (RRKM) and master equation (ME) calculations of the reaction kinetics for 3-butenyl and 3-
butenylperoxy radicals. Xu et al.'° performed a series of CBS-QB3 based quantum RRK/modified strong
collider analyses for the reactions on the CsH;, C4H;, and C4Hg potential energy surfaces in order to
characterize the radical addition reactions that lead to molecular weight growth. Most recently, Huang et al.!!
explored the complete C;H; PES at the CCSD(T)-F12/cc-pVTZ-F12//QCISD/6-311++G(2df,2p) level,
including both straight-chain and branched backbones. They also explored the kinetics with RRKM/ME
calculations covering the range from 800 to 2500 K and 0.01 to 100 atm. Their calculations indicate that the
transformation from i-CsH; to the straight-chain CsH; radical is kinetically unfavorable due to the high strain

energy of the 3-membered ring structure in the transition state.

Shestov et al.*? investigated the bimolecular reaction C,Hs + CoHs using the laser
photolysis/photoionization mass spectrometry technique in the temperature range 625 — 950 K and bath gas
(helium) densities of (6 — 12) x 10 atom cm. C4Hs and C4H were detected as the primary products, and the
thermal stability of the CsH; radical at 950 K indicated that it is a delocalized radical. The observed total

reaction rate constant was represented by the expression k; = 1071169044 exn(—2830 + 790 K/T) cm® molecule™

gt

Ismail et al.™® reported direct measurements of absolute rate coefficients for the C,Hs + C,H, reaction over
the temperature range 300 — 700 K and at 20 and 133 mbar. The measured results at a pressure of 20 mbar
were in good agreement with previous determinations for the C,Hs + CoH4 bimolecular reaction at higher
temperatures (600—750 K). At a pressure of 133 mbar, the observed rate constants were fit to a modified three-
parameter Arrhenius expression: k = (7 + 1) x 107 (T/298 K)? exp[-(1430 + 70) K/T] cm® molecule s



The objectives of the current study are to calculate the thermodynamic properties and rate coefficients for
H-atom addition to 1,3-butadiene and its related reactions on the C;H; PES using ab initio TST methods.
Moreover, comprehensive comparisons are carried out between (i) two different series of ab initio methods, (ii)
two different kinetic program codes, namely, Multiwell** and PAPR?® and (iii) calculated results and

experimental data in the literature.

2. Theoretical and Computational Approach

In this study, two different series of ab initio electronic structure methods have been applied using

Gaussian 09 as summarized in Table 1.

Table 1: Quantum chemical methods used for rate coefficient and thermochemistry calculations.

Method 1 Method 2

Geometry & Frequency | M06-2X/6-311++G(d,p) | wB97XD/aug-cc-pVTZ

Scan & IRC MO06-2X/6-311++G(d,p)

- CCSD(T)/aug-cc-pVTZ

Electronic Energy CCSD(T)/cc-pVTZ MP2/aug-cc-pVTZ
CCSD(T)/ccpVvVQZ MP2/aug-cc-pvVQZ
Zero Kelvin Energy CBS-APNO/G3/G4

In the first series of calculations, the M06-2X*" method with the 6-311++G(d,p)*®*° basis set was used for
the geometry optimizations, vibrational frequency calculations and also the hindered rotation treatments for
lower frequency modes. All vibrational frequencies and zero point vibrational energies (ZPVEs) were scaled
by 0.983 and 0.9698 respectively, which was recommended for the M06-2X functional by Zhao and Truhlar.Y
The electronic single point energies (SPEs) were calculated at the CCSD(T)/cc-pVXZ level of theory (where
X =T and Q),%2! and the resulting SPEs were extrapolated to the complete basis set (CBS) limit using the
following formula:?%23

Eces = Eccspemy/cc—pvaz + (Eccsp(my/cc—pvqz — Eccspemy/cc—pvrz) * 4%/ (5% — 4%)

In the second series, the geometry optimizations and frequency calculations were carried out at the
wB97XD/aug-cc-pVTZ?% |evel of theory. Meanwhile, single point energies were obtained from a
combination of CCSD(T)/aug-cc-pVTZ, MP2/aug-cc-pVTZ and MP2/aug-cc-pVQZ?' calculations:

ECBS = (EMPZ/aug—cc—pVQZ - EMPZ/aug—cc—pVTZ) + ECCSD(T)/aug—cc—pVTZ

In both quantum chemical methods, internal rotations that correspond to low frequency torsional modes
were scanned in 10 degree increments as a function of dihedral angle using the M06-2X/6-311++G(d,p)
method. This method was also used to perform intrinsic reaction coordinate (IRC) calculations?® on each

transition state (TS) to ensure it was connected to the desired reactants and products. The T; diagnostic? for



all reactant species is < 0.025, which indicates the reliability of single-reference methods for describing the
wave function. Ty values for all the TSs are < 0.044. Klippenstein et al. 3 mentioned that T, values of radical
species that greater than 0.03 become a cause for concern. On this CsH7 PES, only five of the twenty-three
complexes have T; values greater than 0.035. For those few cases, either multi-reference or higher-order

coupled cluster calculations would be recommended for higher accuracies.

For the Multiwell** program suite calculation, the Lamm module was used to calculate both external
rotational constants and reduced moment of inertia for the hindered internal rotations. The calculated results
were then fitted to truncated Fourier series, which were further used as 1-D hindered internal rotation input in
the Thermo module. The high-pressure limit (HPL) rate coefficients were finally calculated by the Thermo

module as a function of temperature (298.15 — 2000 K) based on canonical transition state theory (TST).3!

In the PAPR™ program suite calculation, the Master Equation System Solver (MESS) was used to calculate
temperature and pressure dependent rate coefficients for complex-forming reactions via solution of the one-
dimensional ME, with the chemical transformations described using RRKM theory.3?3¢ Rate coefficients for
the thermally and chemically activated reactions are obtained at temperatures ranging from 298.15 to 2000 K,
and at pressures ranging from 0.01 to 100 atm. The internal rotors corresponding to methyl and ethyl like
torsions were treated as 1-dimensional hindered rotors with hindrance potentials evaluated at the M06-2X/6-
311++G(d,p) level of theory. However, the reduced moment of inertia is calculated based on the structure of
the most stable species, the axis of rotation, and the identity of all the atoms on each side of the rotated bond.
Although an algorithm that properly treats the internal rotation variation of both the internal and external
rotational constants is available in MESS, for simplicity we assumed that the internal and external moments of
inertia are constant, i.e., not a function of the dihedral angle. Note that this assumption is justified by the fact
that the neglect of the coupling of external and internal rotation often counterbalances the neglect of the
dihedral angle variance of the internal rotor moment of inertia. For the collisional model used in the master
equation simulation, the interaction between the reactant and N, bath gas was modeled using the Lennard—
Jones (L-J) potential > The L—J parameters were calculated by the method described in.®® For Na, 6 = 3.6 A
and & = 68 cm™ were used, while for C4H7, 6 = 4.5 A and & = 1450 cm™ were used. The collisional energy
transfer function was represented by a single-parameter exponential down model with <AE>gown = 200 X

(T/300)°" cm™, which has served as a fairly good model for Cs, C4 hydrocarbons.® 3°-40

In both program suites, quantum mechanical tunneling was taken into account for an unsymmetrical Eckart
barrier model.** The calculated rate coefficients were fitted to a modified Arrhenius expression as a function

of temperature:
k = A(T/Tyef) exp(—E/RT)

Where A is the A-factor, T is the temperature in units of Kelvin, Trer =1 K, n is the temperature exponent at 1

K, and E is related to the activation energy (by Ea = E + nRT).

As to the quantum chemical methods for the thermodynamic properties calculation, the average

atomization formation enthalpies for all of the C4 species on the CsH; PES were carried out using a combined
4



compound method CBS-APNO/G3/G4,**44 which was found to yield results approaching “chemical accuracy”
(arbitrarily, =~ 4 kJ mol? or 1 kcal mol) when benchmarked against enthalpy of formation values in the
Active Thermochemical Tables (ATcT).*>*’ The thermochemical values of interest (enthalpy of formation,
entropy and heat capacity) were calculated as a function of temperature (298.15—-3000 K), and these resulting
values were fitted to NASA polynomials* using the Fitdat utility in ANSYS CHEMKIN-PRO.*

3. Results and Discussion
3.1. C4H; Potential Energy Surface

The results of the electronic structure calculations for the association, dissociation and isomerization
pathways are depicted in Fig. 1, which contains 19 species and 23 transition states. These relative energies
(with ZPE corrections included) were calculated using Method 1, as outlined in Table 1, and all isomerization
(red lines) and dissociation (blue lines) reaction pathways are highlighted. Note, for all the C4Hs and CsH-
species in this paper, we focus on the trans-structure, although the cis-structures are generally included
implicitly in the kinetic analysis through torsional treatments.
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Fig. 1. C4H; Potential Energy Surface.

For the reaction of H atoms with 1,3-butadiene, H atoms can add to either the terminal carbon atom to
form 1-methylallyl (CsH-1-3) radical or to the central carbon to form 3-buten-1-yl (C4H1-4) radical. The
barrier for terminal addition is 3.32 kcal mol~ lower than that for central addition, while the barrier for
isomerization between these two radicals lies between the two entrance barriers. Obviously, these two

entrance wells are found to be the most important wells on the CsH; PES. 1-methylallyl (CsH;1-3) radical has

5



the lowest energy among all of the wells. Meanwhile, 3-buten-1-yl (C4H71-4) radical is the most “reactivity

promoting” well, leading to the formation of ethylene and vinyl radicals via B-scission.

As shown in Fig. 1, the 1-methylallyl (C4H-1-3) and 3-buten-1-yl (C4H;1-4) radicals can isomerize to
form the other three straight-chain and two cyclic structural C4H isomers: 2-buten-2-yl (CsH72-2), 1-buten-2-
yl (C4H71-2), 1-buten-1-yl (CqH71-1), 2-methylcyclopropyl (CCYCSCC) and cyclo-propyl-methyl
(PCCYCCQC) radicals. All of these wells can then dissociate via -scission reactions. For the most part, the
isomerization barriers are significantly higher than those of dissociation reactions. In addition, the TSs for the
isomerization reactions are much tighter than those for the dissociations. Therefore, most of the isomerization

reactions are not competitive with the dissociation reactions.

The energies (relative to C4Hg + H) of all of the species and transition states (TSs) on the C4H; PES have
also been calculated using Method 2, and are compared to those from Method 1, from ATcT,**” and from
Huang et al.!* in Table 2 and Table 3. The calculated energies for the two present quantum chemistry methods
are all within 0.4 kcal mol-, demonstrating the internal consistency of the two methods. The CCSD(T)-
F12/cc-pVTZ-F12//QCISD/6-311++G(2df,2p) results of Huang et al. are also quite similar, although
differences of as much as 1.7 kcal/mol are observed.

Table 2: Comparison of the calculated relative energies (AHox) (kcal mol ) for all species on the CsH7 PES.

Method 1 Method 2 ATcT*4 Huang et al.
Reactants
CsHs + H 0.00 0.00 0.00 0.00
Wells
C4H71-3 -45.24 -44.93 - -45.1
CsH71-4 -28.81 -28.79 - -28.1
C4H72-2 -24.30 -24.19 - -
CqH71-2 -22.03 -21.99 - -21.7
CqH71-1 -18.61 -18.65 - -
CCYCscCC -15.06 -15.15 - -14.3
PCCYCCC -25.26 -25.26 - -24.8
Products
CisHe-12 +H 11.99 11.93 — 13.4
CoHs + CoH3 4.93 4.80 5.02 4.8
CsHe-2 +H 8.10 8.17 8.10 -
CsHs-p + CHs -0.13 -0.27 0.36 -
CsHe-1 + H 13.13 13.03 12.98 12.2
CsHs-a + CHz 0.78 0.66 1.44 1.2
CoHs + CoH2 4.49 4.26 4.46 -
CCYCCDC+H 33.95 33.78 - -
CCYCDCC+H 30.77 30.68 - -
CYCCDC + CHs 23.52 23.30 24.20 -
CDCYCCC+H 19.82 19.75 - -




Table 3: Comparison of the calculated relative energies (AtHox) (kcal mol™) for all TSs on the CsH7 PES.

Method 1

Method 2

Huang et al. 1

TSs for Isomerization Reactions

Cq4H71-3 > C4H71-4 3.91 4.02 3.9
Cy4H71-3 > C4H72-2 19.28 19.30 —
C4H71-3 <> CqH71-2 19.85 19.85 20.2
C4H71-3 & C4H71-1 19.45 19.57 —
CaH71-4 <> Cq4H71-2 17.93 17.95 17.8
C4H71-3 <> CCYCSCC 5.51 5.53 5.2
CsH71-4 <> PCCYCCC -16.89 -16.86 -16.8
TSs for Dissociation Reactions
C4H71-3 > C4Hg-12 + H 16.24 16.06 -
C4H71-3 <> CqHg + H 2.56 2.54 1.7
CaH71-4 < CoHg + CoHs3 9.72 9.69 8.8
C4H71-4 <> CaHg + H 5.88 5.85 5.1
C4H72-2 <> C4He-2 + H 12.27 12.10 -
C4H72-2 > C4He-12 + H 15.32 15.18 -
C4H72-2 > CaHa-p + CHs 10.19 9.91 -
C4H71-2 > C4He-1 + H 16.77 16.48 16.8
CsH71-2 <> CaHg-12 + H 16.20 16.04 17.8
C4H71-2 <> C3Ha-a + CHs 10.75 10.54 11.9
C4H71-1 <> CaHe-1 + H 18.30 17.96 -
CaH71-1 <> CoHp + CoHs 14.36 14.02 -
CCYCSCC «+» CCYCCDC +H 36.21 35.94 -
CCYCSCC «+» CCYCDCC + H 34.44 34.23 -
CCYCSCC «» CYCCDC + CHs 30.08 29.69 -
PCCYCCC «+> CDCYCCC + H 24.27 24.04 -




3.2. Barrier Height Comparison

Ibukl et al.>° obtained the threshold energy of 33.0 kcal mol for the 1,2-H atom shift from 3-buten-1-yI
(C4H71-4) radical to 1-methylallyl (C4H71-3) radical. Miller et al.** investigated the unimolecular reaction
dynamics of 1-buten-2-yl (C4H-1-2) radicals using a molecular beam scattering technique. They found that
with at least 30.7 + 2 kcal mol? of internal energy, this radical underwent C—-C fission to form allene and
methyl radicals, and with at least 36.7 + 4 kcal mol™ of internal energy it underwent C—H fission to form H
atoms and either 1-butyne or 1,2-butadiene. McCunn et al.®? studied the unimolecular dissociation of the 2-
buten-2-yl (C4H+2-2) radical using a crossed laser-molecular beam technique. They found that the lowest-
energy dissociation barrier of C—C bond fission was 31 + 2 kcal mol™, and that there was a 7.5 + 2 kcal mol™*
energy barrier for the reverse bimolecular reaction of methyl radicals with propyne.

In Table 4, the barrier heights calculated here are compared with the experimental data discussed above.
Firstly, the barriers calculated by the two quantum chemical methods are in good agreement, which are
consistently within 0.4 kcal mol? of one another. Secondly, the calculated results agree well with the
experimental data, which indicates the reliability of both methods in terms of energy calculations.

Table 4: Barrier heights for the dissociation reactions from 1-buten-1-yl (C4H;1-1), 1-buten-2-yl (C4H71-2)
and 2-buten-2-yl (C4H72-2) wells.

Reactions Experiment Method 1 Method 2
Ci4H71-4 <> C4H71-3 33.0 32.7 32.8
C4H71-2 <> C3Hg-a + CH3 <30.7%2 32.8 32.5
C4H71-2 & C4He-12 + H <36.7x4 38.8 38.5
C4H71-2 <> C4He-1 + H <36.7%4 38.2 38.0
C4H72-2 <> C3Ha-p + CHs <31.0%2 34.5 34.1
CsHa-p + CHz > C4H72-2 <75+2 10.3 10.2

3.3. Comparison of HPL Rate Constants between Two Different Quantum Chemical Methods and
Codes

The HPL rate constants calculated by the two different quantum chemical methods for the thermal
decomposition and isomerization reactions on the C4H; PES are illustrated in Fig. 2a — 2h. The different colors
used there correspond to different reactions from each well, while solid and dashed lines correspond to the
results calculated from the first and second methods, respectively. At combustion temperatures (600 — 2000
K), the rate constants calculated using the first quantum chemical method are consistently smaller than those
calculated using the second, however, the differences are within 50% of one another. This finding is consistent
with the slightly higher (0.1 — 0.5 kcal mol?) barrier heights predicted by the first method. The small
magnitude of the difference suggests that the computationally much cheaper second method still yields
reasonably accurate kinetic results. All of these HPL rate constants have been fitted in a modified Arrhenius

form, and are provided as Supplementary Material.
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Fig. 2. HPL rate constants for the isomerization and thermal decomposition reactions on the CsH; PES

calculated by two quantum chemical methods. Solid lines: Method 1; dash lines: Method 2.

In order to compare the performance of the two kinetic codes, the HPL rate constants for terminal and

central H-atom addition to 1,3-butadiene were calculated and their branching ratios compared over the



temperature range 600-2000 K, Table 5. Notably, for both terminal and central atom addition, the rate
constants calculated using MultiWell/Thermo and PAPR are in excellent agreement, being within 3% of one
another over the entire temperature range. Furthermore, the calculated branching ratio (terminal addition to
central addition) demonstrates that terminal addition dominates, with this dominance decreasing slightly with

increasing temperature.

Table 5: Comparison of the predicted HPL rate constants for terminal and central H atom addition reactions
calculated using two codes.

MultiwWell/Thermo PAPR
T/K Term_inal Cen_tr'al Brgnching Term_inal Cen_tr_al Brgnching
addition addition ratio addition addition ratio
600 8.96E+12 4.18E+11 9 :4 8.72E+12  4.09E+11 9 :4
800 1.99E+13 1.67E+12 92:8 1.94E+13 1.64E+12 92:8
1000 3.47E+13 4.13E+12 89:11 3.37E+13 4.05E+12 89:11
1100 4.34E+13 5.86E+12 88:12 4.22E+13 5.74E+12 88:12
1200 5.29E+13 7.91E+12 87:13 5.15E+13 7.76E+12 87:13
1300 6.32E+13 1.03E+13 86:14 6.15E+13 1.01E+13 86:14
1400 7.42E+13 1.30E+13 85:15 7.22E+13 1.28E+13 85:15
1500 8.59E+13 1.60E+13 84:16 8.36E+13 1.57E+13 84 :16
1600 9.84E+13 1.93E+13 84:16 9.57E+13 1.90E+13 83:17
1700 1.11E+14 2.29E+13 83:17 1.08E+14 2.26E+13 83:17
1800 1.25E+14 2.69E+13 82:18 1.22E+14 2.64E+13 82:18
1900 1.39E+14 3.10E+13 82:18 1.36E+14 3.06E+13 82:18
2000 1.54E+14 3.55E+13 81:19 1.50E+14 3.50E+13 81:19

3.4. Rate Constants Comparison Against Experimental and Theoretical Results in Literature

3.4.1. C4Hs + H Bimolecular Reaction

There have been a number of experimental investigations on the kinetics of the C4Hs + H bimolecular
reaction, Table 6. Most of these investigations are limited to low temperatures, pressure and are not product
specific. Fig. 3 provides a comparison of our calculation results with previously measured®*®! and computed™
rate coefficients for C4sHs + H — products. Our calculations are in excellent agreement with the experimental
measurements. Moreover, the high pressure limit (HPL), terminal addition, central addition, and chemically
activated reaction rate constants are also in good agreement with the theoretical results from Huang et al.t,
which ultimately suggests the reliability of the quantum chemical and kinetics methods applied in this study

and in that by Huang et al.
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Table 6: Literature experimental data for the C4Hs + H reaction rate constant.

Temperature / K Pressure / Torr Reference
296.5 435 Jennings et al. 1961 3
296.5 501 Yang et al. 1962 %
298 - Woolley et al. 1969 %
298 - Cvetanovic et al. 1969 %¢
298 0.38 Kodaetal. 1971 %
298 1.26 Daby et al. 1971 %8
305 - Gordon et al. 1978 °
298 500 - 600 Ishikawa et al. 1979
298 50 Oka et al. 1979 &
1070 - 1120 10 Nametkin et al. 1975 ©?
1016 3 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
J Current study: ROCCSD(T)/CBS//M062X/6-311++G(d,p) ]
T Huang et al. 2017: CCSD(T)-F12/cc-pVTZ-F12//QCISD/6-311++G(2df,2p) 1
1014 _‘ -
1
L 1074
“.‘m -| Current study:
- E HPL_total
g 10" 4 —B—0.1 atm_total i
™ —@— 0.1 atm_terminal addition 1
LEJ 1 —A— 0.1 atm_central addition 1
= 10° 1 —W¥— 0.1 atm_C2H4 + C2H3 1
X E Huang et al. 2017: E
T HPL_total T
106 1 —@—0.1 atm_total ]
1 —@®— 0.1 atm_terminal addition 1
-i —A— 0.1 atm_central addition -|
10° E —W¥—0.1 atm_C2H4 + C2H3 3

200 . 4(I)0 . 6(I)0 . 8(I)0 . 1OI00 . 12I00 . 14IOO . 16I00 . 18I00 . 2000
T/K
Fig. 3. Theoretical and experimental rate coefficients for CsHs + H — products. (Experiments: Jennings et al.
53, Yang et al. 5%, Woolley et al. 55, Cvetanovic et al. 56, Koda et al. 57, Daby et al. 58, Gordon et al. 59,
Ishikawa et al. 60, Oka et al. 61, Nametkin et al. 62)

Fig. 4 illustrates the rate coefficients for the reactions associated with the C;Hs + H — products system
plotted as a function of temperature at 0.1, 1.0 and 10 atm. Rate coefficients for the three main reaction
pathways are illustrated: terminal H-atom addition forming 1-methylallyl (C4H-1-3) radicals, central H-atom
addition forming 3-buten-1-yl (C:H;1-4) radicals and the chemically activated reaction leading to the
formation of ethylene + vinyl radicals. Both the terminal and central addition reactions display a negative
temperature dependence at temperatures above about 1100 K, which is enhanced at lower pressure. Both 1-

methylallyl (C4H71-3) and 3-buten-1-yl (CsH;1-4) radicals become thermally unstable with increasing

11



temperature. On the other hand, the chemically activated reaction shows an obvious negative pressure
dependence and reaches its low-pressure limit at about 1700 K. This pathway dominates at higher
temperatures and at lower pressures since rapid decomposition due to the excess energy in the chemically
activated adduct reduces the yield of stabilized C;H7 radicals. In general, the reaction of 1,3-butadiene with H
atoms contributes to molecular growth at high pressures and tends to produce bimolecular products that

promote chain branching at low pressures.
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Fig. 4. Pressure dependent rate coefficients for C;Hs + H — products reactions at 0.1, 1.0 and 10 atm.

3.4.2. C;H4 + C2H3 Bimolecular Reaction
For the bimolecular reaction CoHs + C;Hs — products, three experimental measurements have been

carried out at low pressures from 298 — 1100 K, as shown in Table 7.

Table 7: Experimental kinetic data for C,H, + C,Hj3 reaction.

Temperature / K Pressure / mbar Reference
1023 - 1273 0.0013 -0.013 Fahr et al. 1988°
625 — 950 7-15 Shestov et al. 2005
298 — 700 20 and 133 Ismail et al. 2007

As shown in Fig. 5, dissimilar to the C4H; PES discussed above, ethylene can react with vinyl radicals via
a joint cis/trans transition state (B1) to form a joint CsH71-4 well (W1), followed by the isomerization and
dissociation pathways with joint-structure species (W2 and P2) and TSs (B2 — B4). Note, the energies on the

PES are the sums of ZPEs and SPEs, and torsional scans of all of the joint-structure species and TSs on the

12



PES have been performed. Here, we take joint transition state B1 as an example, Fig. 6 shows that trans-
structure TS1 and cis-structure TS2 are connected by an internal rotation of the CC-CC dihedral angle, and

TS2 is lower in energy than TS1.

o | i Joint TS
10 - (L, dointTs Joint IS ~ B3
© © 4 ! & » .
3.91 B1 e {: . « .&. ¥ J0|r:t TS B4
] 0.00 ’ 2 08L ‘ k g
CoH,4 + CoH3 o @ 3 : ©
-4.65
Pl Joint-C4Hg + H PZ
-10 - \/k'\
- Joint Product
<]
§ -20 -
1]
(S ]
i~
~
»
2 -30
I
<
-33.47
10 Joint-C4H;1-4
\J(,\
Joint Well
=0 Wl -50.28
Joint-C4H71-3 Wz
-60 \V/k,\

Joint Well
Fig. 5. Complete PES for bimolecular reaction C;H, + C,H; — products.
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Fig. 6. Internal rotor potential of the CC—CC dihedral angle for the joint transition state B1.
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Fig. 7 shows comparisons between theoretical and experimental rate constant calculations/measurements
for CoHs + C;Hz — products. The different line colors correspond to the computed rate constants from
different sources, with solid and dashed lines representing high-pressure limit rate constants and rate constants
at 0.1 atm, respectively. At temperatures in the range 600 — 1100 K, our calculations predict well the
experimental results. However, at lower temperature (298 — 600 K), our calculated rate constant is
approximately a fact of two smaller than the experimental measurements. Such under prediction reflects 0.5
kcal/mol over prediction of barrier height of the CoHs + C2Hs entrance channel, this probably indicates the
need for higher level of electronic structure calculations, with treatment of anharmonic ZPE, core-valence
corrections, etc.

10 3 1 v 1 v 1 v 1 v 1 1 v 1 v 1 v 1
i AramcoMech 1.3: analogy with C3H7
102 4 Current study: ROCCSD(T)/CBS//IM062X/6-311++G(d,p) .
§ Huang et al. 2017: CCSD(T)-F12/cc-pVTZ-F12//QCISD/6-311++G(2df,2p) 3
10111 ________ -
10
- 107 +
HU) 9
— 10 + E
o ] 3
S 8 ] AramcoMech 1.3: i
o_ 10 4 1
g HPL E
] C t study: ]
° 1071 urreLsLu y ]
X E
106 N 0.1 atm_total .
Huang et al. 2017: E
5 ] HPL
104 L 0.1 atm_total T
10*

300 400 500 600 700 800 900 1000 1100
T/K
Fig. 7. Comparison between theoretical and experimental rate coefficients for C;Hs + C2Hs — products.

(Experiments: Fahr et al. 63, Shestov et al. 12, Ismail et al. 13)
3.5. ZPEs and SPEs Evaluation

Zero Point Energies (ZPEs) have been calculated using four different quantum chemical methods for all of
the products and transition states associated with the important reaction channels highlighted in Fig. 1. These

are as follows:

e  Method 1: M06-2X/6-311++G(d,p)
e  Method 2: wB97XD/aug-cc-pVTZ
e  Method 3: B2PLYP-D3/cc-pVTZ
e  Method 4: CCSD(T)/cc-pVTZ

The calculated ZPEs are compared in Table 8, with all energies relative to the C4Hs + H reactants. The
first two methods are those used for all calculations throughout our study, and their values are within 0.2 kcal
mol~ of one another, which indicates the consistency of these two methods. The latter two methods were
recommended by Klippenstein et al.,** and the overall comparison of these four methods shows that there is

less than 0.7 kcal mol* difference among them. No value is reported for the 1-methlyallyl (C4H;1-3) radical at
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the CCSD(T)/cc-pVTZ level due to symmetry breaking problems that arise due to the resonance stabilization

in this radical.

Table 8: Relative ZPE comparison between four different quantum chemical methods.? (units: kcal mol™?).

Species & Transition States Method 1 Method 2 Method 3 Method 4
CiHs + H 0.00 0.00 0.00 0.00
CoHs + CoHs 1.60 1.48 1.68 1.70
CqH71-3 5.51 5.69 5.92 -
CqH71-4 4.86 5.00 5.28 5.55
TS: C4Hs + H — CqH71-3 0.67 0.60 1.06 0.73
TS: C4Hs + H — C4H71-4 0.94 0.85 1.26 1.03
TS: CoHs + CoHz — CqH71-4 2.72 2.77 3.00 3.06
TS: C4H71-3 — C4H71-4 2.75 2.78 2.97 2.94

& All are relative to that calculated for C4He¢ + H.

Single Point Energies (SPEs) were calculated using spin-restricted and spin-unrestricted approaches for

the open shell species and transition states of the important reaction channels presented in Fig. 1.

e  Method 1: CCSD(T)/cc-pVTZ, QZ/IM06-2X/6-311++G(d,p)
e  Method 2: CCSD(T) and MP2/aug-cc-pVTZ, QZ//wB97XD/aug-cc-pVTZ

The calculated SPEs are compared in Table 9, with all energies relative to the C4Hs + H reactants. Again,
for each approach there is less than 0.4 kcal mol difference observed for all species and transition states
listed when the same spin treatment is used. However, for each method, when comparing the SPEs calculated
using the two different spin treatments, 0.3 — 1.3 kcal mol* discrepancies are observed. The SPEs calculated

using the spin-restricted approach are lower than those using the spin-unrestricted approach.

Table 9: SPEs comparison between two different approaches. (units: kcal mol™).

Method 1 Method 2

Species & Transition States Spin Restricted ~ Spin Unrestricted ~ Spin Restricted ~ Spin Unrestricted

CiHe + H 0.00 0.00 0.00 0.00
CoHa + CoH3 3.05 3.34 2.82 3.32
C4H71-3 —51.14 -50.74 —51.22 -50.62
C4H71-4 —33.68 -33.67 -33.88 -33.79
TS: CiHe + H — C4H71-3 0.83 1.89 0.66 1.94
TS: CiHe + H — C4H71-4 3.96 4.94 3.74 5.00
TS: CoHa + CoHz — CsH71-4 6.37 7.00 5.95 6.92
TS: C4H71-3 — C4H/1-4 0.80 1.16 0.69 1.24
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Table 10 shows the forward and reverse barrier heights using the two different approaches and methods
(note, the energy values in this table include both ZPEs and SPES). The biggest discrepancies are generally for
reverse barrier heights in the dissociation reactions, where the spin-unrestricted approach gives about 0.4 — 1.3

kcal mol higher barrier than spin-restricted approach.

Table 10: Barrier height comparisons between two different approaches. (units: kcal mol?).

Method 1 Method 2

Spin Restricted Spin Unrestricted Spin Restricted Spin Unrestricted

Reactions Forward Reverse Forward Reverse Forward Reverse Forward Reverse
CsH71-3 <> C4Hg + H 47.13 1.49 47.80 2.56 46.79 1.26 47.47 2.54
C4H71-3 > C4H71-4 49.19 32.38 49.15 32.72 49.00 32.36 48.95 32.81
C4H71-4 > C4Hg + H 33.72 4.90 34.69 5.88 33.48 4.59 34.64 5.85

CsH71-4 & CoHs+ CoHs - 37.91 4.44 38.53 4.79 37.60 441 38.48 4.89

The C4Hs + H <> products bimolecular reaction has been selected to illustrate the effect of the variation in
the SPEs from the two approaches (restricted and unrestricted) on the predicted rate constants. In Fig. 8 black
and red lines are the rate constants calculated using the spin-restricted and spin-unrestricted SPE approaches
respectively, while solid and dashed lines are the HPL and total rate constants at 0.1 atm, respectively. The
spin-unrestricted SPEs approach consistently under-predicts rate constants, particularly at lower temperatures.
This can be explained by the predicted higher barriers as mentioned above. Our comparison indicates that the

results from the spin-restricted approach agree better with experimental data than the spin-unrestricted

calculations.
1E15 E T T T T T T T T T
] Theory: CCSD(T)/CBS//M062X/6-311++G(d,p)
1E14 - .
6 ]
e ! ) . )
mE 1E12 ¢ Spin Restricted SPE:
S 3 —— HPL_total 3
> P PP 0.1 atm_total
1 Spin Unrestricted SPE:
1E124 HPL_total E
] ——0.1 atm_total ]
11 e —
200 400 600 800 1000 1200 1400 1600 1800 2000

T/K

Fig. 8. Spin-restricted and unrestricted SPEs effect on the rate constant calculated for C;Hg + H — products.
(Experiments: Jennings et al. 53, Yang et al. 54, Woolley et al. 55, Cvetanovic et al. 56, Koda et al. 57, Daby et al.
58 Gordon et al. 59, Ishikawa et al. 69, Oka et al. 61, NametKin et al. 62)
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3.6. Thermochemistry Comparison between Two Different Quantum Chemical Methods and Codes

The thermochemistry of all C4 species (CsHs and C4Hy isomers) on the PES have been calculated using
the two different quantum chemical methods and codes. In order to compare the values calculated, 1,3-
butadiene (CsHs) and 1-butyne (CsHs-1) have been selected as representatives species for which data is also
available from two other reliable sources, namely the Active Thermochemical Tables (ATcT)**” and from the
bond additivity corrected QCISD(T)/CBS calculations of Goldsmith et al.®® Table 11 compares the 298 K
enthalpies of formation and entropies of 1,3-butadiene (CsHs) and 1-butyne (CsHe-1) calculated here from our
two different quantum chemical methods and the values from the literature.

e Method 1: CBS-APNO/G3/G4//M06-2X/6-311++G(d,p)

e  Method 2: CBS-APNO/G3/G4//wB97XD/aug-cc-pVTZ

e  ATCT: Refs. %4

e  Goldsmith: RQCISD(T)/cc-pVT,QZ//B3LYP/6-311++G(d,p), with bond additivity correction

Table 11: Comparison of thermochemical values* from two different quantum chemical methods and from
literature data.

) ArH298 k Sags k
Species
Method 1 Method 2 ATcT Goldsmith | Method 1 Method 2 ATcT Goldsmith
CsHe 26.68 26.64 26.43+0.1 26.50 66.60 66.38 - 65.80
C4He-1 39.79 39.77 39.62+0.2 40.10 69.09 68.98 - 69.20

*Units: kcal mol for heat of formation, cal K™* mol for entropy.

Excellent agreement was obtained for the values from four different sources, with less than 0.5 kcal mol™
and 0.8 cal K-t mol* differences in the heats of formation and entropy values, respectively. Such agreement
once again confirms the consistency and accuracy of the two methods used in this study. Moreover, from the

calculation expense viewpoint, significantly “cheaper” methods can still produce accurate results.

In order to compare thermochemical values calculated by two different codes, the most important C,4
radicals: 1-methylallyl (C4H-1-3) and 3-buten-1-yl (CsH;1-4) radicals have been selected as representatives.
Table 12 compares the 298 K enthalpies of formation, entropies and heat capacity as a function of temperature
calculated using the two different codes. Again, excellent agreement is obtained over the entire temperature
range, with less than 0.02 kcal mol, 0.03 cal K* mol* and 0.09 cal K'* mol* differences in the heats of

formation, entropy and heat capacity values, respectively.

Table 12: Thermochemical values* comparison between two different codes.

Species CqH71-3 CqH71-4
MultiWell/Thermo PAPR MultiWell/Thermo PAPR
AiH298K 31.71 31.71 48.94 48.92
Sae8k 72.02 72.03 77.23 77.20
Cpaook 19.93 19.90 20.11 20.20
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Cpaook 24.92 24.90 24.93 24.98

Cpsook 29.41 29.40 29.23 29.26
Cpsook 33.21 33.20 32.85 32.87
Cpsook 39.17 39.16 38.57 38.58
Cp1oook 43.61 43.60 42.87 42.87
Cpasook 50.61 50.60 49.72 49.72

*Units: kcal mol for heat of formation, cal K mol™ for entropy and heat capacity.

3.7. Rate Constants Comparison of H-atom Abstraction by H-Atom
A sensitivity analysis with our recently developed 1,3-butadiene® oxidation mechanism indicates that the

branching ratio between H-atom addition and abstraction is critical to predicting flame speeds, Fig. 9.

02+H<=>0+0OH
CO+OH<=>CO2+H
HCO+M<=>H+CO+M

[ caH6+H<=>C2H4+C2H3)

—
Increase Reactivity

C2H3+02<=>CH2CHO+0O
HCO+02<=>CO+HO2
Decrease Reactivity [C4H6+H<:>C4H5-I+H2]

-+ H+OH+M<=>H20+M
HCO+H<=>CO+H2
C2H3+H<=>C2H2+H2

-03 -02 -01 0.0 0.1 0.2 0.3
Sensitivity Coefficient

Fig. 9. Flame speed sensitivity analysis of CsHs/air laminar flame at ¢ = 1.1, T, =298 K, p = 1 atm.
Thus, the rate constants for H-atom abstraction by H atoms were calculated with ab initio TST using the

two different quantum chemical methods and codes discussed above. The predictions are illustrated in Fig. 10,
where black and red lines represent rate constants for abstraction of central and terminal H-atoms, respectively,
and solid and dashed lines correspond to the values calculated using the two different quantum chemical
methods. Throughout the temperature range of 600-2000 K, there is less than 40% difference observed
between the results. The branching ratio for abstraction from central and terminal carbon atoms are compared
at three selected temperatures: 600, 1300 and 2000 K. Central abstraction dominates over terminal abstraction,
which is consistent with the calculated bond dissociation energy (BDE) difference between secondary allylic-

vinylic (101.5 kcal mol) and primary vinylic (110.53 kcal mol*) C-H bonds in the 1,3-butadiene molecule.
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Fig. 10. Rate constants for H-atom abstraction by H atoms.

It is worth discussing the C4Hs-I free radical formed as a result of abstraction of a H-atom from a central
carbon atom. This radical is resonantly stabilized due to the presence of vinylic and allenic structures, Fig. 11.
Table 13 shows the enthalpy of formation at 298 K and distribution x; of these two structures, which is

determined from Boltzmann distribution, taking due account of Gibbs free energies 4G© and degeneracies o:

x; = 01exp(~AGR(D/RT) ) [0:xp(~AGR(D)/RT)]

This shows that the allenic structure is about 8.5 kcal mol* more stable than the vinylic one, and thus the
allenic structure dominates. In addition, a CASPT2(5e,50)/cc-pVTZ analysis (with all pi and radical orbitals
active) shows that the electronic barrier from the vinylic to the allenic structure is only 0.03 kcal mol, and
ZPE corrections actually make this value negative. Therefore, we believe that the C4Hs-I radical will always

exist in the allenic form, and the subsequent reaction pathways should be represented accordingly.

. .

« &-
. e — " o

. ¢
(a) Vinylic Structure (b) Allenic Structure

Fig. 11. Vinylic and allenic resonance structures of the C4Hs-I radical.

Table 13 Energies and distribution of vinylic and allenic structured C4Hs-I radical.

Name Vinylic Structure Allenic Structure
AiHo08k (kcal m0|71) 83.50 75.08
Distribution (298 — 2000 K) <25% >75%
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3.8. Application in Kinetic Model Development

The calculated pressure-dependent rate coefficients of the reactions on the Cs;H; PES and H-atom
abstraction rate coefficients have been incorporated into our recently developed 1,3-butadiene® oxidation
mechanism. Laminar flame speed measurements have been selected as the representative target as these are
particularly sensitive to H atom chemistry, Fig. 12. Herein, the solid lines are the model predictions
incorporating the rate coefficients calculated in the current study and the dashed lines represent those using the
rate coefficients from AramcoMech2.0.* It is clear that using the rate coefficients from the current study leads
to improved flame speed predictions. Such improvement reflects on the accurate prediction of the H-atom
addition and abstraction branching ratio shown in Fig. 9. A further detailed discussion of its effects on model

prediction is beyond the scope of this paper and is provided in Ref. 6.
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Fig. 12. 1,3-Butadiene laminar flame speed. Solid line: Model prediction incorporating the rate coefficients
calculated in the current study; Dashed line: Model prediction with original rate coefficients in
AramcoMech2.0.

4. Conclusions

This study provides a wide-ranging theoretical treatment of the kinetics associated with the C4H; PES.
The pressure-dependent rate coefficients for isomerization, decomposition and chemical activation reactions
were investigated using RRKM/ME analyses. The thermodynamic properties of all C4 species were also
evaluated. Two entrance channels: 1-methylallyl (C4H71-3) and 3-buten-1-yl (CsH-1-4) were found to be the
most important wells, and production of CoHs + C2Hs, which tends to promote reactivity, was found to be the
most important bimolecular reaction. Systematic comparisons were made among different quantum chemical
methods, approaches, codes and literature data for the various results generated in this study including ZPEs,

SPEs, rate constants, barrier heights and thermochemistry.

e ZPEs were compared between four different quantum chemical methods: M06-2X/6-311++G(d,p),
wB97XD/aug-cc-pVTZ, B2PLYP-D3/cc-pVTZ and CCSD(T)/cc-pVTZ.
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e  SPEs were compared between spin-restricted and -unrestricted approaches.

e HPL rate constants and thermochemistry were compared between two different codes:
MultiWell/Thermo and PAPR.

e HPL rate constants, barrier heights and thermochemistry were compared between two different
guantum chemical methods: CCSD(T)/CBS//M06-2X/6-311++G(d,p) and
CCSD(T)&MP2/CBS/IwB97XD/aug-cc-pVTZ.

e  Pressure-dependent rate constants, barrier heights and thermochemistry were compared against both

experimental and theoretical results in literature.

Considering all of the above comparisons, reasonably good agreement was obtained between two different
quantum chemical methods and two different codes. Excellent agreement was observed between the
theoretical and experimental results available over a wide range of conditions. In addition, the comparison
between the two different quantum chemical methods demonstrates that the second method (CCSD(T) and
MP2/CBS//wB97XD/aug-cc-pVTZ) is able to approximate a “higher-level” answer at a lower computational
cost, hence this method is recommended for the calculation of the pentene + H and pentadiene + H reaction
systems in the future. Regarding the comparison between spin-restricted and spin-unrestricted approaches for
SPEs calculation, it was found that the spin-unrestricted approach tends to over-predict the barrier heights of
bimolecular reactions, which results in the under-prediction of rate constants especially at lower temperatures
(298 — 1000 K).

Furthermore, the calculated H-atom addition and abstraction rate coefficients were incorporated into a
recently developed 1,3-butadiene model. The laminar flame speed simulations clearly demonstrate a

significant improvement in model predictions, emphasizing the value of this study.

Supplementary Material

Rate coefficients (for an N bath) have been fitted to the PLOG* format, and are provided as a function of
temperature by the sum of two modified Arrhenius functions at various pressures. Thermochemical values for
all C,4 species are provided at selected temperatures and fitted to ChemKin style NASA polynomials*® format.
In addition, the input files for both MultiWell/Thermo and PAPR codes are also provided.
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