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In plasma-assisted combustion, excited species, ions, radicals, and other active intermediates can be
produced by the excitation, ionization, and dissociation processes, which are conducive to steady
combustion under the conditions of low temperature and pressure. Positive ions are reported to play an
important role in electron impact ionization of fuels, but the associated kinetic processes are rarely
discussed owing to the lack of experimental data and uncertain reaction pathways in the model. As they
are the smallest geometric structures with primary, secondary, and tertiary hydrogen atoms, a study is
presented to discuss the hydrogen abstraction potential energy surfaces of isopentane molecules and
positive ions by hydrogen radicals at the DLPNO-CCSD(T)/aug-cc-pVTZ//B3LYP-D3(BJ)/6-311G(2df,2p)
and DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2x-D3/ma-def2-TZVP levels. The strengths of C—C and C-H
bonds were characterized by bond order analyses to predict changes in the active sites of isopentane
molecules and positive ions. Molecular orbitals were analyzed to identify simple feature patterns

Received 3rd March 2022, for establishing forming rules, showing consistency with the potential energy surface (PES) analysis. Structure

Accepted 24th August 2022 selectivity of different reactions was discussed based on the predicted rate constant calculations in the
DOI: 10.1039/d2cp01047] temperature range of 300-2000 K, and the mechanisms were compared based on the isopentane pyro-

lysis model constructed with the combination of Reaction Mechanism Generator (RMG) and updated
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1. Introduction

Ignition and combustion stability covering a wide range of
operating conditions has remained a hotspot issue in modern
energy systems. The optimization and improvement of energy-
conversion combustion systems still present great challenges,
especially under extreme conditions." The application of a
plasma-assisted approach seems promising to overcome the
limits of region of ultra-lean fuel-air mixtures in high speed
flows, low temperatures, low pressure of high-altitude flights®™
and so on.

In a plasma-assisted system, high-energy electrons, ions,
excited species, and radicals are generated through excitation,
ionization, and dissociation processes.® Therefore, it is a key
challenge to quantitatively examine the contributions of different
species to combustion enhancement at the fundamental response
level.” The crucial step is to detect the critical species during the
plasma-assisted combustion (PAC) kinetic process. In the air,
oxygen-containing species such as O, Os; and O('D) and
nitrogen-containing species, including N, NO, and NO,, as well
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rate constants determined in this work.

as excited states, ions, etc. have been identified.®° Mintoussov
et al.™® investigated the influence of a pulsed nanosecond
atmospheric pressure barrier discharge based on the OH, CH,
and C, emission profiles by using emission spectroscopy.
Ombrello et al. isolated ozone or trioxygen (Oz) produced by
dielectric barrier plasma discharge from C3;Hg/O,/N, laminar
lifted flames'! and O,(a'A,) produced in a microwave discharge
plasma from ethylene (C,H,)-lifted flames."” Quantitative
measurements were performed by using absorption spectro-
scopy, and the flame propagation speed was determined to be
increased by several percentage points. Wang et al.'® reported a
novel microwave PAC system with emission spectroscopy and
pulsed cavity ring-down spectroscopy (CRDS) and hypothesized
that OH(X) radicals play a more prominent role in flame
stabilization, but OH(A) radicals play a more dominant role
in the ignition enhancement. Although the dominant species
can be identified in experiment, the role of species produced by
a plasma discharge of the fuel has not been discussed in an
elementary reaction.

A validated kinetic model is required to understand the
PAC reaction at the microscopic level. However, even in homo-
geneous plasma reactors, current kinetic models are likely to
introduce large errors to predict time-dependent primary species
histories."* Zhang et al.'® coupled a dielectric barrier discharge
flow reactor with a molecular beam mass spectrometer for
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conducting detailed species diagnostics in a CH,/O,/Ar system
and detected hydrocarbons ranging between C, and Cs. The
uncertainty factor for quantification is estimated to be 20% for
major species and 50% for intermediates. Sun et al.*® performed
path flux analysis in the non-equilibrium plasma-assisted
methane (CH,) oxidation mechanism and proposed that the
fuel was dissociated primarily by H abstraction with OH, O, and
H or via collisions with an electron, Ar" and Ar* before further
oxidation. They predicted the formation of O and CH,O reason-
ably, overestimated the concentrations of CO, H,O, and H,, and
underestimated the concentration of CO,. In addition, several
studies on PCA have focused on small molecule fuels, such as
methane,"”2° which is the main component in natural gas and
has a simple structure both numerically and experimentally.
Compared with steady combustion, there has been relatively
little discussion of C,-Cs fuels and their structure selectivity in
PAC. On the other hand, many of the reactions are difficult to
study experimentally due to the relative complexity of separating
reactions and/or species and the sometimes very slow time scales
involved.?" Therefore, theoretical calculations would provide the
necessary useful tools for predicting reaction pathways and
estimating rate parameters.

Herein, as isopentane (i-CsH;,) being the smallest alkane
with primary, secondary, and tertiary hydrogen atoms, i-CsH;,
molecules (CsHj,), ions (CsHy,') and their hydrogen extraction
reactions by H atoms were evaluated and compared at DLPNO-
CCSD(T)/aug-cc-pVTZ//B3LYP-D3(BJ)/6-311G(2df,2p) and DLPNO-
CCSD(T)/aug-cc-pVTZ//M06-2x-D3/ma-def2-TZVP levels. Then
PESs were discussed at the same level with explanation by wave
function analysis. Finally, the structure selectivity of hydrogen
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extraction reactions by H atoms was discussed depending
on the combination of the isopentane pyrolysis model
constructed using RMG and calculated rate constants to com-
pare the kinetics and products between PAC and steady
combustion.

2. Method

The conformational space of isopentane (i-CsH;,) molecules and
ions was studied with the MM+ force field in the HyperChem>?
package. The Gaussian 16 program® was used to perform
ab initio calculations. The equilibrium geometries of the i-
CsH;, local minima were optimized at superfine grids for the
dispersion-corrected density functionals**"2® B3LYP-D3(B]J) with
Becke-Johnson damping®” with the triple-{ basis set 6-311G-
(2df,2p) and M06-2x-D3 with the minimally augmented polarized
triple zeta basis set ma-def2-TZVP.>*?° This methodology helped
to suppress the basis set superposition error (BSSE) to afford
a better description for weakly bonded complexes.***' The
potential energy surfaces of the i-CsH;, global minimum were
also explored. Vibrational characteristics with hindered internal
rotor correction of stationary points (isomers, reactants, and
product complexes, and transition states (TSs)) were determined
at B3LYP-D3(BJ)/6-311G(2df,2p) and MO06-2x-D3/ma-def2-TZVP
levels. The single point energies of PESs were refined using the
DLPNO-CCSD(T) method (default setting, TightPNO, TightSCF
and Grid = 6) with the aug-cc-pVTZ basis sets and ORCA*?
software which enabled this to approach the results of the
coupled-cluster CCSD(T) method within 1 kJ mol *.3%3*
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Fig. 1 Comparison of two conformers of isopentane molecules and ions. (al) C; conformer of CsHiy; (@2) Cs conformer of CsHa; (b1) C; conformer of CsHys™;
(b2) Cs conformer of CsHy,™; (c) molecular orbital diagram of CsHy, and CsHi,™; (d) conformation populations with temperature of CsHy, and CsHyo*.
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The rate constants were calculated based on the transition-
state theory (TST) for the abstraction processes in the temperature
range of 300-2000 K with the Mesmer program.*® The Eckart,*=”
Wigner®® and zero-curvature tunneling (ZCT)*° approximations
were applied with the Polyrate program.*® Wave function analyses
were performed using the Multiwfn program.*’ The chemical
kinetics mechanisms of i-CsH;, were constructed through the
combination of automated methods Reaction Mechanism
Generator (RMG)* and updated rate constants determined in
this work for analyses using CHEMKIN-PRO software.*’

3. Results and discussion
3.1 Geometric parameters of i-CsH;, and i-CsH,,"

As shown by the geometries and Fischer formula shown in
Fig. 1(a) and (b), two local minima with C; and Cy symmetry
were optimized at B3LYP-D3(BJ)/6-311G(2df,2p) and MO06-2x-
D3/ma-def2-TZVP levels after relaxed PES scan of the C1-C2-
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C3-C4 dihedral angles by 360 degrees in steps of 10 degrees at
the same level. C; symmetry was found to be a global minimum
(at both CCSD(T)/cc-pVIZ//M06-2x-D3/ma-def2-TZVP and CCSD(T)/
cc-pVTZ//B3LYP-D3(B])/6-311G(2df,2p) levels for CsH;, and CsHy, ")
because the steric hindrance effect caused by three-branched
methyl groups in Cs symmetry led to a larger dipole moment, as
marked by yellow arrows in the given figure. Ionization results in a
significant contraction in the electron cloud density of C,, C,, and
Cs, as the lighter color of C, and C; indicates the loss of an electron
of pentane (CsH;,) and CsH;," determined by the ADCH** popula-
tion. A compliance matrix*®> predicted that, when compared with
CsHy,, the strength of the C-C ([2]3]) bond in CsH,," decreased
distinctly, while the strength of other C-C ([1]2], [3]-[4] and [4]-[5])
bonds slightly increased in lower compliance constants. Fig. 1(c)
shows that the energies of the highest occupied molecular orbital
(Eromo) of the C; symmetry in both CsHy, and CsHy," were higher
than those of C; symmetry, while the energies of the lowest
unoccupied molecular orbital (Epymo) were lower in CsH;, and
CsHy,". Compared with CsH;,, CsH;," with larger dipole moments
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Fig. 2 Bond comparison of CsHi, and CsHy* C; conformers. (a) Composition of carbon and hydrogen atoms to valence electron density. (b) LBO, FBO,
WBO, and BDE of the C-C and C-H bonds of CsH;» showed a direct correlation at CBS-QB3 and CBS-APNO. (c) C-C and C—-H bonds of CsHi,"
characterized by LBO, FBO, and WBO at CBS-APNO.
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had more discrete but lower energy levels. Populations of two = e E/RT _ Oi(rel) @)
conformations®® at B3LYP-D3(B])/6-311G(2df,2p) and M06-2X- ' e AE/RT T Qra

D3/ma-def2-TZVP Gibbs free energies (AG) were calculated 7

using eqn (1) and (2).
Fig. 1(d) shows that the population difference between the two
conformations of CsH;," was smaller than that of CsHi,,
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Fig. 3 Optimized geometries of transition states and the corresponding products (marked with the same number): (a) CsHi, and (b) CsHi,™.
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studies in the field of combustion have paid less attention to
the effects of conformation, the following discussion only took
the global minimum, the C; symmetry, into consideration.
The strength of bonds was reported to be closely related to
the activity and selectivity.”” Laplacian bond order (LBO),*®
fuzzy bond order (FBO)," and Wiberg bond order (WBO),>
which revealed a direct correlation with the bond dissociation
energy (BDE) of CsH;, in Fig. 2(b), were listed to characterize
C-C and C-H bonds as shown in Fig. 2(a). Both bond order
analysis and BDE results showed that the C-C bond sequence
of CsH;, was: secondary-tertiary ([2]-[3]) < branched primary-
tertiary ([3]-[4] and [3]-[5]) < primary-secondary ([2]-[3]). The
sequence of C-H bond strength in CsH;, was: secondary ([2]) <
tertiary ([3]) < primary ([1]) ~ branched primary ([4]). The
green rectangles in Fig. 2(b) show that the differences between
CBS-QB3 and CBS-APNO were within 1 kcal mol™" and could
become larger with lower bond dissociation energies (BDEs).
Furthermore, FBO and WBO displayed better differentiation
between secondary and tertiary hydrogen atoms than LBO,
while CBS-APNO performed better than the CBS-QB3 method.
Bonds of CsH,," were predicted by the bond order analysis
using the CBS-APNO method. A significant decline in second-
ary-tertiary ([2]-[3]) and a slight increase in primary-tertiary
([3]-[4] and [3]-[5]) and primary-secondary ([2]-[3]) could be
noticed. Smaller differences could be observed in the C-H
bonds of CsH;," than those of CsH,,; these differences are
caused by atomic composition and electron density, as shown
in Fig. 1(a). An increase of C and H atom composition in
primary ([1]) and secondary ([2]) environments, and a decrease
of C and H in tertiary ([3]) and primary ([4] and [5]) environ-
ments tended to balance the effect of ionization on carbon
atoms, so hydrogen bonds became weaker but more average.

3.2 Mechanism of the abstraction reaction by the H atoms of
isopentane molecules and ions

In this study, four abstraction reaction paths for the H atoms of
CsHy, and eight CsH,," were obtained. Fig. 3 shows the transition
states (TS) and the corresponding products (PR). Each geometry in
the same reaction path was marked with the same double-digit,
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such as 01_ts. The first digit 0 represents the reactant isomer
CsHy, and 1 represents CsHy, . The second digit corresponds to
the reactive sites marked in pink, as shown in Fig. 2(a) (CHs),-
CHCH,CH, + H, (01_PR), (CH;),CHCH*CH; + H, (02_PR), CH;-
(CH,*)CHCH,CH; + H, (03_PR) and CH;(CH;)C*CH,CH; + H,
(04_PR) could be obtained when the H atom reacts with CsH;,. In
addition to the product H, by a H atom reacting with another
H atom at the reactive site of the reactant isomer Cs;H;,, the
reaction paths of CsH;," showed more abundant products. The
abstraction reactions of the H atom in the CsH;," ion can also be
combined with the cleavage of the C-C bond to perform alkyl
extraction, so small molecular structures of CH,, C,, and C; may
be found in the products.

Fig. 4 shows a pictorial representation of the calculated
potential energy surface at the DLPNO-CCSD(T)/aug-cc-pVTZ//
B3LYP-D3(BJ)/6-311G(2df,2p) (in parentheses) and DLPNO-
CCSD(T)/aug-cc-pVTZ//M06-2X-D3/ma-def2-TZVP levels, for some
possible abstraction reactions of CsHy, and CsH;," by H atoms.
Fig. 4(a) shows reaction paths 01 and 04, abstraction of primary H
by a H atom, showing higher strength of the C-H bond. The
energy barrier of the C-C bond in Fig. 2 is the highest, about 10
keal mol ™. Followed by reaction paths 02 and 03, the abstraction
of secondary H and tertiary H in CsHy, is about 7 kcal mol ™"
higher than the reactant isomer. So the sequence of reactivity may
be: 03 > 02 > 01 > 04. For the products of CsH;, + H, the
sequence of stability was 04 > 03 ~ 02 > 01.

Because bond strength dropped with the decrease of electron
cloud density after ionization, the abstraction reaction paths of
CsHy,' + H in Fig. 4(b) could be presented in two ways: the first
way was formed by breaking the C-H bond similar to that of
CsHj, + H as shown in Fig. 4(a); the second was formed by C-C
bond cleavage. For the first way (abstraction products), although
the overall energy barrier is lowered compared to CsH;, + H, the
sequence of reactivity seems to remain as 13 > 12 > 11 > 14.
As illustrated in Fig. 2(a), the apparent increase in the activity of
12 and 13 (abstraction products) might be due to the rise of
carbon and hydrogen atom composition to valence electron
density in secondary and tertiary carbon. For the products of
CsHy," + H (abstraction products), the sequence of stability was
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Fig. 4 Schematic diagrams of the potential energy surfaces refined at the DLPNO-CCSD(T)/aug-cc-pVTZ level and optimized at B3LYP-D3(BJ)/6-
311G(2df,2p) (in parentheses) and M06-2X-D3/ma-def2-TZVP levels: (a) CsHi, and (b) CsHio™.
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11 > 13 > 14 > 12. The improved product stability of the
primary reaction path (11 and 14) may be caused by the trend of
the electron density average of the three primary groups (CH;-).
For the second way of CsH;," + H (cleavage products), the
sequence of reactivity was 14 ~ 11 > 12 > 13, which seems
to be opposite in polarity to the first way (abstraction products),
depending on the strength of the nearby C-C bonds being
abstracted. For the products (cleavage products), the sequence
of stability was 14 > 11 > 12 > 13. The cleavage of the primary
groups (CH;) to form CH, seemed to possess lower energy
barriers and more stable products. Because the cleavage pro-
ducts, H, and CH,, were neutral molecules without charge, the
C, ions had a unit positive charge. The charged C, and C; were
complex and may be verified experimentally.

The molecular orbital (MO) of TSs could be seen as a mixture
of the MO of potential products. The orbital interaction dia-
gram analyses shown in Fig. 5 were used to understand the
frontier MOs of TSs in CsH;, + H and CsH;," + H reaction
paths. Similarly, each geometry was marked with a double-
digit, with 0 indicating C5H;, + H and 1 representing CsH;," +
H. The second digit of CsH;," + H was used to classify reaction
types: 1 represents reaction paths that possessed H, as the
abstraction product and 2 represents reaction paths to obtain
the cleavage products. Fig. 6 shows that, for the reaction path
with the abstraction product H,, the HOMOs of TSs were all
mixed with those of two H atom (H atom as the reactant isomer
and H atom at the reactive site) fragments and hydrocarbon
fragments. The LUMOs of TSs in the CsHy," + H reaction path
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were mainly composed of LUMOs of two H atom fragments,
while those in the CsH;, + H reaction path were almost entirely
LUMOs of hydrocarbon fragments. This probably makes the
CsH,," + H reaction path much easier to generate H,. For the
CsH,," + H reaction path with cleavage products, the LUMOSs of
TSs were mixed by the HOMOs of two H atom fragments and
hydrocarbon fragments, which might predict the cleavage of C-
C and C-H bonds to form smaller fragments.

3.3 Kinetics of the abstraction reaction by the H atoms of
isopentane molecules and ions

For the PESs optimized at B3LYP-D3(B])/6-311G(2df,2p) (marked
as B3L) and M06-2X-D3/ma-def-TZVP (marked as M06) levels and
refined at the DLPNO-CCSD(T)/aug-cc-pVIZ level, the calculated
values of rate constants with the tunneling effect corrected by the
Eckart (E), Wigner (W) and zero-curvature tunneling (ZCT) meth-
ods for the hydrogen abstraction of CsH;, by the H atom were
compared with the literature values.” ™ Fig. 6 shows that the rate
constants calculated using the PESs optimized with the M06-2X
functional were generally higher than those calculated using the
B3LYP functional. Rate constants corrected by the Wigner and the
ZCT tunneling revealed a better agreement than those corrected
using the Eckart model. The results of M06/E were relatively close
to those obtained by Hong et al. at a temperature above 500 K
compared to the other methods in this study. Three-parameter
Arrhenius expressions for the high-pressure-limit rate constants
(em® mol ! s™*) from 500 K to 2000 K at the DLPNO-CCSD(T)/aug-
cc-pVIZ//M06-2X-D3/ma-def2-TZVP level were fitted as follows:

(CH;3),CHCH,CH,* + H, ko = 4.86 x 108379748 exp(—54.31/RT) (a)
2

(CH3),CHCH - CH; + Hy  ko» = 6.74 x 10137095 exp(—45.62/RT)  (b)

CsH;, + H
CH3 C. CH2CH3 + H2 k03 =1.19 x 1014T0‘5125 exp(—3854 RT) (C
2

CH;(CH,*)CHGC,Hs + Hy  kog = 7.64 x 1014707124 exp(—55.71/RT) (d)
o 3 rumon TS o
@ 0 LUMO 100% LUMO 100%
> 3 79% \LUMO+1
= e S0
g -6 LUMO 78%
wog 299, /HOMONSY”?
S
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= 0l _ts 02_ts ekt
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o 0 LUMO 100% LUMO 100% \
3 3 69% \LUMO+1 84% \ L UMO+1
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Fig. 5 Orbital interaction diagram of TSs (marked in black lines) in CsHi» + H and CsHyx* + H abstraction reaction paths. The blue lines represent the
HOMO and LUMO of the fragments formed by the H atom as the reactant isomer and the H atom at the reactive site. The HOMO and LUMO composited
with other atoms in the system are marked with purple lines. The numbers marked beside the lines indicate the contribution (those smaller than 10% are

not highlighted) from the fragmental MO to the corresponding TSs.
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Fig. 6 The results of the calculated rate constants of CsHj, + H in this study (full lines in blue and purple) were compared to previous experimental data
(»-Baktwin et al.®%) and theoretical calculations (@-Truong et al.;>> A-Xin Hong et al”).

The sequence of the calculated rate constants was koz >
ko > kos > koi. In other words, the hydrogen abstraction
reactivity of different reactive sites was tertiary > secondary >
branched primary > primary, which was consistent with
the abovementioned results of energy barriers and bond
strengths.

The rate constants of CsH;," + H were calculated at B3L and
MO6 levels and corrected using the Wigner and ZCT tunneling
models, which showed good agreement with each other in the
above discussion. The results of two reaction paths (abstraction
products labeled 1 in blue lines and cleavage products labeled
2 in purple lines) are presented in Fig. 7. Tunneling appeared
to have a smaller effect on primary and branched primary
sites than on secondary and tertiary sites, and it deserved
more consideration when the M06 method was used below
1000 K.

The primary and branched primary sites are more prone to
abstraction products than to cleavage products, especially at
low temperatures <1000 K, because higher C-C bond strengths
make C-C bonds harder to be broken, and lower abstraction
energy barriers facilitate abstraction as discussed above. Sec-
ondary and tertiary sites with weaker C-C bonds had advan-
tages in formalizing cleavage products. High-pressure-limit rate
constants (cm® mol " s7') at the DLPNO-CCSD(T)/aug-cc-pVTZ

24530 | Phys. Chem. Chem. Phys., 2022, 24, 24524-24534

level//M06-2X-D3/ma-def2-TZVP level, as the highest accuracy
achieved in this study, were fitted to a three-parameter Arrhe-
nius expression over the temperature range from 500 K to
2000 K as follows:

11
12
-13
14
-15

-16
£ -10
o

11
12 ,
'13““““"&

14 i L-14 [

HsC

-1 1-B3L/W
1-B3L/ZCT

---1-M06/W
=A—__A -4 1-M06/ZCT

2-B3L/W

2-B3L/ZCT
- --2-M06/W
-4-2-M06/ZCT

3mol’1s’1)

logk (

CHj T

15 -
0.5 1 1.5 2 05 1

1000/Temperature (K'1)

1.5 2

Fig. 7 The results of the calculated rate constants of CsHy,™ + H in this
work. Those marked with blue lines stand for reaction paths with abstrac-
tion products.
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The sequence of the calculated rate constants <1000 K was
kz1 > ka1 > koo > kao > kin > k41 > ki1 > ksp. The hydrogen
abstraction reactivity to generate abstraction products was
tertiary > secondary > branched primary > primary, the same
as CsH;,; the sequence to generate cleavage products was
secondary > branched primary > primary > tertiary.

To further discuss the potential influence of fuel ions on the
reaction system, a basic model containing 204 species and 4682
reactions was built using RMG for the steam cracking of CsH;,.
Then the 12 calculated reaction rate constants were incorpo-
rated into the basic model. The updated model includes 210
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(al)

kia = 5.17 x 10°T%%36 exp(4.944/RT)  (a2)
kay = 1.76 x 10270917 exp(—5.07/RT)  (bl)
ky = 1.44 x 10°T* 7> exp(5.534/RT)  (b2)
k31 = 1.12 x 103T"9% exp(26.77/RT) (c1)
k3 = 4.86 x 10137072 exp(—5.246/RT) (c2)
kg1 = 6.58 x 100792 exp(—16.82/RT)  (d1)
kyy = 4.77 x 10°T*%3 exp(7.732/RT) ~ (d2)

species and 4690 reactions. Fig. 8 demonstrates the reaction
path for the dissociation of CsH;, and CsH;," at different
temperatures. The normalized contributions to destruction
were determined by rate-of-production (ROP) analysis with
CHEMKIN-PRO, marked along with the reaction path arrows
in Fig. 8. The final product showed a significant difference at
different temperatures. Both CsH;, and CsH;," tend to form
methane (CH,) at low temperature (~1000 K) and H, at high
temperature (~2000 K). The result indicates that the C-H bond
may dissociate at a higher temperature than the C-C bond,
which is in good agreement with the dissociation energy of the

CHy —83%— [CHu" — 3% —= CH, |=
} 62%
L 83% 12%
Ll cn, CH, |—50%— CH,
[ 3
2% s09% 9%
30%
30% CHy [+—44%— GCH;
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L w 8% C,H,
t 44%

=~ 99%— [CsHpp]" —99% — [CsHyl*

i
CH, =50%— GCH;, —50%—= CH;
T
20% | | | 20%
43% T 39%
47% 47% 23%
C,H; [CsHyJ* CH,

Fig. 8 Reaction path of (a) CsHi, at 1000 K; (b) CsHio* at 1000 K; (c) CsHip at 2000 K; and (d) CsHip* at 2000 K.
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(a) No. Type Sensitivity of CH, (1000 K 1 atm)

(b)

Type Sensitivity of H, (1000 K 1 atm)

1 abstraction CH;+CsH,, < CH,+CsH 1(2)
CHstC3Hy(1) < CsHyp

CHy+C,Hy < CsHy,

activation
activation
abstraction CH;+CsH;, <& CH,+CsH (1)
abstraction H+CsH,," & CH+C;H,,*

abstraction CH;+CsH,, <& CH,+CsH1(3)

® N N A WN

addition H+C,Hg & C;Hy

activation CH;+CH; & C,Hg
9 addition CH;+CHg(1) & CsHy(2)
10  isomerization C;Hy(1) & C;Hy(2)
11 addition CH;+C,Hg(2) ¢ CsHyy(4)

12 activation
13 addition
14 addition

CHy+C,Ho ¢ CsH,,
C,Hs+C3H < CsHyy(4)
H+C;H; © CH,

15  abstraction H+CsH,," &H,+CH;+C,Hg"

1 abstraction H+CsH,," & CH,+C,Hy"

activation C,Hs+C;H;(1) & CsHy,
H+CsH,," < Hy+CHy+C, Hy
CH;3+CsH,, ¢ CH+CsH (1)

H+C,H; ¢ C,H,
CH;+CsH,, < CH+CsH,,(3)

abstraction
abstraction
addition

abstraction

addition H+C,Hg & C;Hy

® N N A WN

abstraction H+C;Hg & H,+C;Hs(1)

9 abstraction H+C,Hg(1) & H,+C,H;

10  abstraction CH;+CsH,, & CH+CsH 3(2)

11 addition CHy+CyHy(2) < CsHyi(2)
12 activation CH;+CH; < C,Hs

13 addition CH;+C,H, & C3H,

14 addition CH;+C,Hg < CsHyy(5)

15  addition H+C;Hs & C3H,

(©) ~

(D)~

Type Sensitivity of CH,(2000 K 1 atm) Type Sensitivity of H, (2000 K 1 atm)
1 activation H+CH; & CH, 1 abstraction H+CsH,,* < H,+CsHy,*
2 activation CH;+CyH, (1) & CsH), 2 activation C,Hs+C;Hy(1) < CsHy,
3 abstraction H+CsH,," & H,+CsH,,* 3 activation CH;+CH, < CsH),
4 activation CH;+C4H, (2) & CsHy, 4 abstraction H+C;Hy & Hy+C3Hs(1)
5 addition CH;+C;Hg < C3H; S activation H+CH; < CH,
6 activation C,Hs+C3H,(1) < CsHy, 6  addition CH;+C;Hg < CyHy
7 activation CH;+CH; < CH, 7 isomerization C;Hy(1) & C3Hy(2)
8 addition H+C;Hy4 & C3H, 8 addition H+C;Hy & C;H;
9 addition H+C;Hy & Hy+C;Hy(1) 9 addition H+C,H, & C,H;
10 addition H+C,H; & C/Hy 10 addition H+C,Hg & C4Hy
11 abstraction CH;+CsH;, < CH,+CsH 1(2) 11 abstraction H+C;Hy & H,+C;Hs(2)
12 addition H+C,H, & C,H; 12 activation CH;+CyHy < CsH),
13 addition H+C,Hg & C;H, 13 addition H+CHg & C;Hy
14 addition CH;+C,H, & C;H; 14 abstraction H+C;Hs & H,+C;5Hs(3)
15  abstraction H+CH, < H,+CHj; 15 addition CH;+C,H, & C;H;

Fig. 9 Sensitivity of (a) CH,4 at 1000 K; (b) H, at 1000 K; (c) CH,4 at 2000 K; and (d) H, at 2000 K in top 15 most related reactions.

C-C and C-H bonds shown in Fig. 2. To compare the reaction
path of CsH,, and CsH,,", the dissociation intermediates differ in
the number of carbon atoms. CsH;, tends to dissociate into large
molecules, and CsH;," dissociates more into small molecules,
indicating that ionization improves the bond dissociation and
makes the reaction easier.

Fig. 9 shows the sensitivity of CH, and H, in the top 15 related
reactions. The reaction type means the role of the reaction in the
reaction path, including direct reactions, ie., abstraction, and
indirect reactions, such as activation, addition, or isomerization
of other reactants involved in abstraction reactions. The same
reactants followed by different numbers indicate different activa-
tion sites or conformations. The same reaction shows a greater
sensitivity of H, at 2000 K and a higher sensitivity of CH, at
1000 K, which matches the trend of final product formation in the
reaction path.

4. Conclusions

In conclusion, the minimum energy paths on the PESs for
hydrogen abstraction of i-CsH;, molecules and positive ions
(CsHy, and CsHy, ") were optimized using DFT methods (B3LYP-
D3(BJ)/6-311G(2df,2p) and MO06-2X-D3/ma-def2-TZVP) and
refined at the DLPNO-CCSD(T)/aug-cc-pVTZ level. Bond order

24532 | Phys. Chem. Chem. Phys., 2022, 24, 24524-24534

analysis showed good agreement with the BDE results of CsH;,
at CBS-QB3 and CBS-APNO levels and revealed that the bond
strength sequence did not change after ionization. The C-C bond
sequence was secondary-tertiary < branched primary-tertiary <
primary-secondary, and the C-H bond strength was secondary <
tertiary < primary &~ branched primary. The sequence of struc-
ture selectivity of H abstraction of both CsHy, + H and CsHy," + H
to generate the abstraction product H, was tertiary > secondary >
branched primary > primary. For the decline in bond strengths
caused by the decrease of electron density after ionization, CsHy,"
+ H possessed another way of abstraction reaction by cleavage of
C-C bonds to generate small molecules such as CHy, C,, and C;
products, which showed activity towards the formation of final
products, such as H, at high temperature and CH, at low
temperature. The dominant cleavage products of CsH;, + H and
CsHy," + H reactions were obtained based on the pyrolysis model
constructed using RMG and explained by the different compo-
nents of their TS molecular orbitals using frontier orbital theory.
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