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Abstract

The mechanisms of the reactions of C,Hs with C,,H,,.1OH (n = 1-4) have been investigated by
CCSD(T)//B3LYP/6-311++G(3df,2p) forn =1 -3 and CCSD(T)//B3LYP/6-311+G(d,p) for n = 4. Our
chemical quantum results show that the C,Hs + CH30H reaction can take place via H-abstraction or
substitution channels. The former is the major channel with barrier energies of 13.0 and 14.4 kcal/mol
while the latter has to pass over much higher barriers of 42.2 — 52.3 kcal/mol. Similarly, the C,Hs +
CnH5,+10H (n = 2 - 4) reactions can mainly occur via H-abstraction channels with barrier energies of 10.4
- 16.4 kcal/mol. The b-H abstraction channel has the lowest barrier energy (11.7 kcal/mol) for t-C,HyOH
while o/a-H abstraction channels have the lowest barrier energies (10.4 - 13.0 kcal/mol) for the others.
The rate constants and product branching ratios for individual channels as well as total rate constants
have been calculated for the temperature range 300-2500 K by TST theory with Eckart tunneling
corrections. The optimized geometries of the related species and predicted heats of reactions agree well
with available data.

1. Introduction

Alcohol fuels (C,H,,+10H, n = 1-4) are recognized as the most promising renewable energy resources [1-
9]. Methanol (CH;0H) can be used in an internal engine via combustion or in a fuel cell. Ethanol
(C,H50H) is widely used; a large amount of ethanol is used in gasoline engines as an engine fuel such as
E10 (i.e, a fuel blend of 10% C,H5;OH and 90% gasoline), E15 (15% C,Hs0H), E85 (85% C,Hs0H), etc. n-
Propanol (n-C3H,0H) and isopropanol (i-C3H,0H) are potential fuel additives. n-Propanol has a higher
heating value than ethanol; isopropanol can readily be used as a fuel for existing engines. Butanols
(n/i/s/t-C4HyOH) may be second-generation biofuel potential biofuels because they do not suffer from
the drawbacks as ethanol does. The favorable characteristics of C,H,,.10H (n = 1-4) have led to an
increasing number of studies investigating theirs use as a transportation fuel. Specifically, there are many
papers concerned C,H,,,.1OH (n = 1-4) such as determining the structure of the molecules, vibrational
frequencies, and heats of formation [10-12]; both experimental and theoretical papers concerning
thermal decompositions of C,H,,,,1OH (n = 1-4) at high-temperatures in the internal engines via
combustion [13-19], or their reactions with various atoms and radicals existed in combustion gas, such
as H, OH, CHg, etc [20-31]. The experimental studies by different techniques report their branching ratio
and total rate constants at some specific conditions while the theoretical studies proposed the
mechanisms and kinetics results at wide-range conditions, especially experimental difficulty in evaluating
the branching fractions mainly arises from the contributions of the secondary reactions. Theoretically, the
reactions can occur by various mechanisms including H- abstraction, insertion, and substitution
reactions. For example, in the reactions of C,HsOH with CH; radical, Lin et al. [21] proposed that the
methyl radical can abstract H atoms in the OH, CH,, and CH; groups and substitute OH, CH; groups in the
CnHsn+10H (n = 1-4) molecule. Using the quantum calculations at G2M level of theory, they concluded
that the H abstraction channels are more favored than the latter. Based on the predicted potential energy
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surface, they calculate rate constants and branching ratios for the H-abstraction reactions; their kinetics
results are close to the available experiment.

Besides, ethyl radical (C,Hs) is another important free radical in combustion and atmospheric and
environmental chemistry [32—-34]. Ethyl radical can be formed in the oxidation of natural gas which
composes mostly of methane and ethane; for example, ethane can react with O, giving C,H5 as [33]:
C,Hg + O, — CyHs5 + HO,. It can also be generated when a large hydrocarbon radical decomposes into
smaller radicals including ethyl and methyl radicals. C,Hs radical is considered as the simplest alkane
radicals which can show oxidation features of big alkane radicals [27]. Therefore, its reactions have been
attracted much interest, both experimental and theoretical such as reactions of C,Hs with O,, HO,, NCO,
etc. [34-38].

However, the reactions of C,Hs with C,H,,,,1OH (n = 1-4) in combustion gas and atmosphere have not
been elucidated yet in both mechanisms and kinetics. The present work aims are to elucidate the
mechanism for the title reaction through a comprehensive and accurate quantum chemical calculation
and to predict the kinetics of individual product channels employing transition state theory with
appropriate quantum-mechanical tunneling corrections for combustion applications.

2. Computation Methods

All structures involved the C,Hs + C,H,,,,1OH (n = 1 - 4) reactions have been fully optimized by the DFT-
B3LYP method [39, 40] excluding the transition state TS39 (see later) along with 6-311++G(3df,2p) and 6-
311+G(d,p) basis sets forn =1 -3 and n = 4, respectively. Vibrational frequencies predicted at the same
level of theory as the optimizations have been used for the rate constant calculations as well as zero-
point energy (ZPE) corrections. They have also been employed for the determination of the optimized
structures, in which the reactants (C,Hs and C,H,,,,1OH (n = 1 - 4)) and products possessed all positive
vibrational frequencies, whereas each transition state (TS1-TS39) has only one imaginary frequency. To
get more reliable energies for all the species, we performed higher-level single-point energy calculations
with the CCSD(T) method [41, 42] and the same basis sets based on the B3LYP optimized geometries.
The total energy of a species is the sum of the corresponding single-point energy by the CCSD(T) method
with the ZPE corrections. All the ab initio calculations have been performed using the Gaussian 09
collection of programs [43].

The rate constants for individual channels of the title reactions have been calculated using the transition
state theory (TST) [44] including Eckart tunneling effects [45] in the temperature range of 300 - 2500 K. In

the TST calculations, the kST for each channel has been estimated as follows:

1T JE O- exp _EI‘.‘ —E.s
h N,0,0; ‘I‘rBT
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Where E;g and E,, g are potential energies of the TS (transition state) and A+B (reactants); Q,, Qg, and Qg
are partition functions of the A, B, and TS; o, kg, T, h, and N, are symmetry number, Boltzmann's constant,
the temperature, the Planck’s constant, and Avogadro's number, respectively. All the kinetics calculations
have been performed with the Multiwell code [46]; the rate constants for individual channels as well as
total reactions have been used to fit a modified Arrhenius equation for and presented in Tables 2 and S1
in the electronic supporting information (ESI).

Table 2
Arrhenius parameters [k(T)= AT"e*/R7] for the C,Hs + C,H,,,,1OH (n = 1, 2) reactions.
Reactions A n E T - range
K)

CH40H

C,Hs + CHyOH — CH50 + CyH 237.10% 7.07 29151 300 - 600
C,Hs + CH30H — CH30 + C,H, 103.102%4 351  -5084.1 600 -2500
C,Hs + CHz0H — CH,0H + C,Hq 2 58.10% 1157 -1101.3 300 - 600
C,Hs + CHz0H — CH,0H + C,Hg 135.1025 397  -5503.5 600 -2500
C,Hs + CH30H — Products 131.10% 869  -2264.4  300-600
C,Hs + CH30H — Products 911.1025 394  -51058 600 -2500
C,HsOH

C,Hs + CoHsOH — CoHs0 + CoHq 133.10%% 644  -3182.3  300-600
C,Hs + C,HsOH — C,H:0 + C,Hy 133.102%8 331  -4987.8 600 -2500
C,Hs + C;HsOH — CHsCHOH + CoHs  400.10% 10.36  -1073.8  300-600
C,Hs + C;HsOH — CHsCHOH + CoHg  407.1024 3.50  -5151.5 600 - 2500
C,Hs + C,HsOH — CH,CH,OH + C,Hy  39g.1047 10.76 -28423 300 - 600
CoHs + C,HsOH — CH,CHOH + CoHg 1491024 3.69 69354 600 - 2500
C,Hs + CoH5OH — Products 415.1047 891  -1908.1 300-600
C,Hs + Co,H;OH — Products 6.52.1025 3.84 -4845.1 600 -250

3. Results And Discussion
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3.1. Potential energy surfaces and reaction mechanisms

The geometries of the reactants and products for the C,Hs and n-C,H,,,,1OH (n = 1 - 4) reactions are
shown in Figs. 1 (forn =1, 2) and S1 (for n = 3, 4) in the ESI; those of the transition states are in Figs. 2
(forn=1,2) and S2 (for n = 3, 4). The potential energy surfaces for the title reactions are shown in Figs. 3
(forn=1,2) and S3 (for n = 3, 4) in the ESI, and heats of reaction for the C,Hs + C,H,,,,1OH (n =1, 2)

reactions are shown in Table 1.
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Table 1

Comparison of Heats of reaction for the C,H5 + C;H,,,1OH (n = 1, 2) reactions calculated at the
CCSD(T)//B3LYP /6-311++G(3df,2p) level of theory with available data [54—58].

Reactions AHy (kcal/mol) A H59g (kcal/mol)
Predicted Literature* Predicted Literature*

CH30H + C,H5

PR1 (CH30 + C,Hg) 3.2 44111 2.7 4111

PR2 (CH,0OH + C,Hg) -4.6 -5.0+0.8 -4.9 -5010.8

PR3 (CH30C,Hs + H) 17.7 19.3+0.6 17.4 19.5+0.6

PR4 (C,HsOH + CHy) 2.4 21407 2.4 -1.9+0.7

PR5 (C3Hg + OH) 3.1 3.1+0.7 2.8 3.1+0.7

PR6 (n-C3H,0H + H) 9.8 10.3+0.6 9.6 10.3+0.6

C,Hs50H + CyH;

PR7 (C,H50 + CyHg) 3.0 4021 2.8 39+2.1

PR8 (CH3CHOH + C,Hg) -5.8 -6.1 -

PR9 (CH,CH,0H + C,Hg) 1.5 1.5 -

PR10 (C,H50C,Hs + H) 17.3 18.6 % 1.1 17.3 19.4% 1.1

PR11 (C,H50H + C,Hs) 0.0 0.0 0.0 0.0

PR12 (n-C4H4o + OH) 5.8 57+1.3 5.7 6.1+1.3

PR13 (s-C4HqOH + H) 8.0 7.9 —

PR14 (n-C4HgOH + H) 12.5 12.5 -

PR15 (CgHg + CH,0H) -1.6 -19+1.3 -1.9 -1.9+1.3

PR16 (n-C3H;OH + CHs) 0.6 1.0+£1.1 0.8 1.3+1.1

*The experimental values employed in the calculations are obtained based on the heats of formation

at 0K and 298K for the corresponding species from the literature [54—58].

The reaction of C , H 5 + CH30H:
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The PES in Figure 1a reveals that the C,Hs radical can abstract H atoms in the OH and CH; groups giving
PR1 (CH;0 + C,Hg) and PR2 (CH,0H + C,Hg), or substitute atoms and groups such as H, OH, CHz in the
CH;0H molecule giving PR3 (CH30C,Hs + H) — PR6 (n-C3H,0H + H). The substitution channels should be
very minor because of having significantly higher barrier energies of ~ 30 kcal/mol.

Formation of PR1 (CH 30 +C ,H ;) and PR2 (CH ,OH + C ,H 4):

These channels can occur from CH;0H when the C,H5 radical abstracts H atoms in the OH, and CH,
groups via TS1 (C,Hs...H...OCH3) and TS2 (C,Hs...H...CH,0H) giving PR1 (CH;0 + C,H¢) and PR2 (CH,OH
+ C,Hg), respectively, as clearly shown in Fig. 1. The geometries of CH30H, C,H¢, and CH50 optimized at
the B3LYP/6-311++G(3df,2p) level agree well with the experimental values (see Fig. 1). For example, the
O-H, C-0, and C-H bond lengths of CH3;0H computed in this work are 0.960, 1.421, and 1.088 A, which is in
good agreement with the experimental value of 0.956, 1.427, and 1.096 A, respectively [10]. For the
transition states TS1 and TS2, there are no experimental results but their geometries agree well with the
previous theoretical studies. For example, the length of the broken O..H bond in TS1 calculated in this
work, 1.253 A, is close to 1.2479 A for the CH; + CH;0H reaction by Jodkowski et al.[25] The imaginary
frequencies are 1524icm™" for TS1 and 1715/cm™ for TS2 computed at the B3LYP/6-311++G(3df,2p)
level corresponding migrations of the H atoms from O and C of the CH30H molecule to the C,H;5 radical.
The relative energies for TS1 and TS2 predicted at the CCSD(T)//B3LYP/6-311++G(3df,2p) level of theory
in this work are 13.0 and 14.4 kcal/mol which are in good agreement with 13.6 and 14.0 kcal/mol,
respectively, corresponding to the barrier energies for H-abstractions of the CH; + CH;0H reaction
calculated at the G2 level of theory reported by Jodkowski et al. [25]. In addition, we have also compared
the predicted heats of reaction (A.+) for the channels with available experimental data at both 0 and 298
K (see Table 1). The heat of formation for each channel is evaluated with the heats of formation of
CH30H (190,12 £ 0,6 kJ/mol), C,Hs, CH30 (28,4 + 2,1 kdJ/mol), CH,0H (-10,7 + 0,7 kJ/mol) and C,Hg
(-68,38 + 0,4 kJ/mol) species from the available experimental data [54-57]. The heats of reaction for
channels giving the PR1 and PR2 predicted at the CCSD(T)//B3LYP/6-311++G(3df,2p) level to be 3.2 and
-4.6 kcal/mol at 0 K; 2.7 and -4.9 kcal/mol at 298 K, respectively. These values are in good agreement
with the experimental values of 4.4 + 1.1 and -5.0 + 0.8 kcal/mol at0 Kand 4.1 £+ 1.1 and-5.0 £ 0.8
kcal/mol at 298 K, respectively.

Formation of PR3 (CH 3 OC , H 5+ H), PR4 (C,H;0H + CH), PR5 (C3Hg + OH), and PR6 (n-C3H,OH + H):

The products can be formed when the C,H5 radical substitutes the H atoms, OH, and CH; groups in the
CH30H molecule via TS3, TS4, TS5, and TS6, respectively (see Fig. 1a). The geometries of these
transition states are also close to those in the previous studies. For example, the length of the breaking
(C,Hs...0) and forming (CHs...0) bond lengths of TS4 in this work, 1.845 and 1.860 A, are close to 1.847
and 1.862 A for the CH; + C,H-OH by Lin et al. [21]. Our predicted heats of reaction for channels giving
the PR3, PR4, PR5 and PR6,17.7,-2.4, 3.1 and 9.8 kcal/mol at 0 K; 17.4,-2.4, 2.8 and 9.6 kcal/mol at 298
K, respectively, are reasonable agreement with the experimental values of 19.3 +0.6,-2.1+0.7,3.1+ 0.7
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and 10.3 + 0.6 kcal/mol at 0 K;19.5+0.6,-1.9+ 0.7,3.1 £+ 0.7 and 10.3 + 0.6 kcal/mol at 298 K,
respectively (see Table 1). It is noticed that these barrier energies (TS3 — TS6) are much higher (> 27
kcal/mol) than those for the H-abstractions (TS1 and TS2); this picture agrees with the results for the CH,

+ C,H5OH reaction by Lin et al. [21]. It is obvious that the channels giving PR3 — PR6 should be kinetically
unimportant because of having very high barrier energies at TS3 — TS6.

The reaction of C , H 5 + C,Hs0H:

Figure 1b reveals that the C,Hs radical can abstract H atoms in the OH, CH,, and CH5 groups giving PR7
(C,H50 + CyHg, 3.0 keal/mol), PR8 (CH3;CHOH + C,Hg, -5.5 kcal/mol), and PR9 (CH,CH,0H + C,Hg, 1.5
kcal/mol) via transition states at TS7, TS8, and TS9, respectively. The geometries of the ethanol molecule
and transition states predicted at the B3LYP/6-311++G(3df,2p) level of theory agree well with the previous
studies (see Figures 1 and 2). For example, in the TS7 — TS9, the broken O...H, C...H (in CH, group), and

C...H (in CH5 group) are elongated by 31%, 21%, and 25% while the corresponding values for the CH; +
C,H5OH reaction are 26%, 17%, and 22%, respectively by Lin et al. [21]. The relative energies of TS7 (13.0

kcal/mol), TS8 (12.6 kcal/mol), and TS8 (16.7 kcal/mol) are close to the corresponding values of 13.2,
12.0, and 16.0 kcal/mol for the CH; + C,Hs0H reaction predicted at the G2M(RCC2) level of theory. It is

noticed that among H- abstractions of the o-H (OH group), a-H (CH, group), and B-H (CH; group), the last
channel has higher barrier energy of about 3.7 kcal/mol suggesting that this channel has a small
contribution at the normal temperature. This picture is also in reasonable agreement with the result of Lin
et al for the CH; + C,H50H reaction [21]. In addition, the C,H5 radical can substitute H atom and OH, CHg,
and C,Hs groups in the C,Hs;OH molecule via transition states at TS10 — TS16 giving PR10 (C,H50C,H5
+H) - PR16 (n-C4HqOH + CH5). However, these substitution channels are unfavorable on account of the
high barriers at the TS10 — TS16 (41.5 — 57.0 kcal/mol) (see Figure 3b).

The reaction of C , H 5 + n/i-C3H,OH:

For the C,H5 + n-C3H-50OH system, there are four reaction channels as clearly shown in Figure S2a: the
C,Hs radical can abstract o-H (in the OH group), a-H (in the CH, group), B-H (in the CH, group) or y-H (in
the CH5 group) giving PR17 (n-C3H,0 + C,Hg, 3.0 kcal/mol), PR18 (CH3;CH,CHOH + C,Hg, -5.4 kcal/mol),
PR19 (CH3CHCH,0H + C,Hg, -1.2 kcal/mol), and PR20 (CH,CH,CH,0H + C,Hg, 0.4 kcal/mol) via
transition states TS17, TS18, TS19, and TS20, respectively. Figure S2a also shows that among the energy
barriers, the value of TS18 corresponding to the a-H abstraction is lowest with an activation energy of
12.1 kcal/mol compared to 12.9 kcal/mol at TS18 (for o-H abstraction), 14.0 kcal/mol at TS19 (for y-H
abstraction) and 15.8 kcal/mol at TS20 (for 6-H abstraction) suggesting the a-H abstraction is the major
channel for the C,Hs + n-C3H;0H reaction. For C,Hs + i-C3H,0H reaction, the C,H; radical can abstract o-
H (in the OH group), a-H (in the CH group), B-H (in the CH5 groups) giving PR21 (i-C3H;0 + C,Hg, 4.8
kcal/mol), PR22 (CH;C(CH3)OH + C,Hg, -6.6 kcal/mol) and PR23 (CH,CH(CH3)OH + C,Hg, 1.9 kcal/mol)
via TS21, TS22, and TS23, respectively (see Figure S2b). It is noticed that the energy barrier for the a-H
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abstraction (TS21) is only 10.4 kcal/mol which is the lowest energy barrier among the C,Hs + C,H,,.1OH
(n =1 -4) reactions because of the effect of the two CH; groups and OH group in i-CgH,0H molecule.

This barrier is also lower ~ 2 = 6 kcal/mol than the others at TS22 (12.7 kcal/mol) and TS23 (16.4
kcal/mol) suggesting that the a-H abstraction channel should be the major channel in the C,Hg + i-

C3H,0H reaction.
The reaction of C , H 5+ n/i/s/t-C4HqOH:

For the C,Hs + n/i/s/t-C4HyOH systems, we calculate with a smaller basic set at the CCSD(T)//B3LYP/6-
311+G(d,p) level of theory because of their large systems. For the C,Hs + t-C,HyOH reaction, Figure S2
shows that there are two channels including o-H and B-H abstractions in which the former has lower
barrier energy of 12.8 (TS38) than that of 15.4 kcal/mol (TS39) for the latter. The barrier energy for o-H
abstraction channel (12.8 kcal/mol) for the C,H5 + t-C4,HqOH reaction predicted at the
CCSD(T)//B3LYP/6-311+G(d,p) level of theory agree well with those of 12.9 and 13.0 kcal/mol for the
C,Hs + C,H,,,,1OH (n = 2,3) reactions, respectively, predicted at the CCSD(T)//B3LYP/6-311++G (3df,2p)
level of theory. The barrier energy of the H abstraction from the CH; group for the t-C,HgOH (TS39, 15.4
kcal/mol) also agrees well with those for n/i/s-C4HgOH with the values of 15.6-16.0 kcal/mol (see Fig. 3S
in the ESI). It is noticed that TS39 is the unique species in the title reactions optimized at the
BHandHLYP/6-311+G(d,p) level because we cannot find it at the B3LYP/6-311+G(d,p) level of theory. Its
relative energy, therefore, is calculated from energies of TS39, t-C4HqOH, and C,H5 species at the
CCSD(T)//BHandHLYP/6-311+G(d,p) level. The C,Hs + i-C4HgOH reaction has four channels including o-

H, a-H, B-H, and y-H abstractions in which the lowest energy barrier is the B-H abstraction (TS31, 11.7
kcal/mol) because of the effect of the two CH; groups in the i-C4HqOH molecule. Energy barriers for the o-
H, a-H, and y-H abstraction channels in the C,H5 + i-C4HqOH reaction, 12.6, 12.3, and 15.6 kcal/mol at
TS29, TS30, and TS32, respectively, also agree well with the corresponding values at 12.9, 12.1, and 15.8
kcal/mol for n-C3H,0H + C,H; reaction as discussed above. For the reactions of the C,Hj5 radical with
n/s-C4HqOH, Figure S2 shows that there are five channels in which the o-H and a-H abstraction channels
have lowest the barrier energies. The o-H abstractions occur via TS24 and TS33 lying 12.6 above the
reactants for both n-C,HgOH and s-C4HqOH, respectively. The a-H abstractions are slightly lower than
those for o-H abstractions with relative energies of 11.9 and 11.0 kcal/mol for n-C4HqOH and s-C,H,OH,

respectively while the values for the other channels are 13.8 — 16.0 kcal/mol. It is clear that the difference
between the barrier energies is small suggesting that all of the channels can contribute at high
temperatures.

3.2. Rate constant calculations

Based on the PES and molecular parameters of all the related species in the C,Hs + C H,,.1OH (n = 1-4)

reactions calculated by both the CCSD(T) and B3LYP methods as discussed above, we calculated the
individual and total rate constants with TST considering Eckart tunneling effect in the temperature range
of 300 — 2500 K; the results are presented in Fig. 4 for the C,Hs + C,H,,,,1OH (n = 1, 2) reactions and in
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Fig. S4 in the ESI for the C,Hs + C,H,,,,1OH (n = 3, 4) reactions. The branching ratios calculated from the

individual and total rate constants for each channel are presented in Figs. 5 and S5 for the reactions of
C,Hs with CH,,,1OH (n =1, 2) and CH,,,1OH (n = 3, 4), respectively.

It can be seen in Fig. 4 and S4 that all the rate constants have positive temperature dependence reflecting
the fact that each channel has prominent and distinct barrier energy. For the C,Hs + CH;0H reaction, the

rate constants for the substitution reactions via TS3 — TS6 is very much smaller than those for H-
abstraction via TS1 and TS2 for all the considered temperatures (see Figure 5a). For example, the values
for the channels via TS1 and TS3 are 4.06 - 107 "% and 1.70 - 10724 (cm® molecule™ s77) at 1000 K,
respectively. Therefore, the branching ratios for the channels via TS3 — TS6 are very small with the
highest value is only ~4 - 1073 for the channel via TS4 at 2500 K. This is because the barrier energies for
these channels are much higher (> 27 kcal/mol) than those for the H-abstraction channels as discussed
above. As a result, the H-abstraction channels giving PR1 (CH30 + C,H¢) and PR2 (CH,0H + C,Hg) should
be the major channels while the substitution channels giving PR3 — PR6 should be ignored in the C,Hs +
CH53OH reaction. Our kinetics results show that the branching ratios for PR1 and PR2 channels are not
much different in the considered temperatures; the values for PR1 are from 0.62 at 300 K to 0.32 at 2500
K. The temperature dependence of the total rate constant for the C,Hs + CH3;0H reaction can be

expressed, in terms of three-parameters fits of the form AT" exp(-E/T), as follows:
K(T) = 1.31 x 1040 T8:% exp(-2264.4 K/T) (T = 300 — 600 K)
K(T) =2.11 x 10%° T3-%4 exp(-5105.8 K/T) (T = 600 — 2500 K)

For the C,Hs + C,H,,,+1OH (n = 2 - 4) reactions, we did not calculate the rate constants for the substitution
channels because of high barrier energies as discussed above. For the reaction of C,H;0H, the 3-H
abstraction channel via TS9 are about 2 orders lower than those for a-H and o-H abstraction channels via
TS7 and TS8 at 300 K agreeing with the fact that the barrier energy at TS9 (16.7 kcal/mol) is higher than
those at TS7 (13.0 kcal/mol) and TS8 (12.6 kcal/mol). However, the branching ratios for the three pair
products PR7 (C,Hs0 + C,Hg), PR8 (CH3CHOH + C,Hg), and PR9 (CH,CH,0H + C,Hg, 1.5 kcal/mol) via
TS7,TS8, and TS9 are almost the same at high temperatures; at 2500 K, the values for PR7, PR8, and
PR9 are 0.31, 0.39, and 0.30, respectively. For the reactions of n/i-C3H;,0H and n/s-C4HqOH, one can see
that the a-H abstraction channels are dominant at 300 K due to the low barrier energies as discussed
above. But their branching ratios decrease when temperature increases; all the products via H-abstraction
channels, therefore, become competitive. For example, at 2500 K, for the reaction of n-C3H-0H, the
branching ratios of o-H, a-H, B-H, and y-H abstraction channels are 0.19, 0.36, 0.27, and 0.18, respectively.
For the reaction of i-C4HyqOH, Fig. 5S show that the B-H abstraction channel is dominated at all the
considered temperature range of 300-2500K due to its lowest barrier energy. Its branching ratio also
decreases when temperature increases but it is still highest at 2500K with the value of 0.431. For the
reactions of t-C,HqOH, there are two H abstraction channels at o-H and B-H; the first channel is dominated
at 300K with the branching ratio value of 0.761 but decreases to 0.297 at 2500K.
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For convenient modeling applications, the temperature dependence of the individual reaction rate

constants for the title reactions given in terms of three parameters fits the form AT"exp(-E/T) expressions
in the temperature range of 300 - 1000 K are summarized in Table Il.

4. Conclusions

Mechanism and kinetics for the reactions of C,Hs + C,H,,,1OH (n = 1 - 4) have been investigated for the
first time by both quantum-chemical and TST calculations. The quantum-chemical results show that the
tile reactions can mainly undergo H-abstraction with barrier energies of 10.4 - 16.4 kcal/mol. The rate
constants and product branching ratios have been calculated for the temperature range of 300-2500 K.
The predicted rate constants and branching ratios for the H-abstraction reactions have been calculated
using the transition state theory with quantum-mechanical tunneling corrections for the temperature
range. The kinetics results show that all the rate constants increase when temperature increases. For the
C,Hs +i-C4HqOH reaction, the B-H abstraction channels via barrier energy of 11.7 kcal/mol giving
(CH3),CCH,0H + C,H¢ are dominated at all the considered temperatures. For the C,Hs + t-C,HqOH
reaction, there are two channels including o-H and B-H abstractions via barrier energy of 12.8 and 15.4
kcal/mol, respectively, in which the latter is more favor at high temperatures (> 1500K). For others, the a-H
abstraction channels are dominated at temperatures below 500K but all of the products via H abstraction
channels can contribute at a high-temperature range of 2000—-2500K. The temperature dependence of the
individual reaction rate constants for the title reactions is provided for further modeling applications. Our
geometries and heats of reaction are in good agreement with available experimental data.
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Figure 1

Geometries of the reactants and products related to the C,Hs + CH,,,1OH (n = 1, 2) reactions. #IThe
values in the parenthesis are from the literature. [10,36,47-53]
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Geometries of the transition states related to the C,Hs + C,H,,,1OH (n = 1, 2) reactions.
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Arrhenius plots of bimolecular reactions of the C,Hs + C,H,,,.1OH (n = 1, 2) reactions.
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