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Abstract This paper presents an application of the reac-

tion class transition state theory (RC-TST) to predict

thermal rate constants for hydrogen abstraction reactions at

alkane by the �C2H5 radical on-the-fly. The linear energy

relationship (LER), developed for acyclic alkanes, was also

proven to hold for cyclic alkanes. We have derived all RC-

TST parameters from rate constants of 19 representative

reactions, coupling with LER and the barrier height

grouping (BHG) approach. Both the RC-TST/LER, where

only reaction energy is needed, and the RC-TST/BHG,

where no other information is needed, can predict rate

constants for any reaction in this reaction class with sat-

isfactory accuracy for combustion modeling. Our analysis

indicates that less than 50 % systematic errors on the

average exist in the predicted rate constants using either

the RC-TST/LER or RC-TST/BHG method, while in

comparison with explicit rate calculations, the differences

are within a factor of 2 on the average. The results also

show that the RC-TST method is not sensitive to the choice

of density functional theory used.

Keywords H abstraction � Thermal rate constants �
Ethyl � Combustion � Reaction class transition state theory

1 Introduction

Reactions involving hydrogen transfer between hydrocar-

bon fragments, like �CH3 ? RH ? �CH4 ? �R or �C2H5 ?

RH ? �C2H6 ? �R (where �R denotes an alkyl radical),

play a significant role in the combustion of hydrocarbons

[1–5]. For example, previous perfectly stirred reactor

(PSR) simulations [6] of the combustion of the hydrocar-

bons up to n-butane performed with the Lawrence Liver-

more National Laboratory (LLNL) mechanism [7] show

that reactions belonging to the title reaction class are sen-

sitive to the net production of C2H6. Furthermore, it is also

shown that the net production rates of the propyl and butyl

radicals are sensitive to the rate constants of the �C2H5 ?

RH ? �C2H6 ? �R reactions (e.g., more than 20 % change

if the abstraction reactions by �C2H5 are removed from the

mechanisms). Alkyl products of the processes investigated

in this study are key intermediates arising from the

decomposition of higher hydrocarbons in essentially all

flames that plays an important role in molecular weight

growth chemistry leading to the production of the first

aromatic rings, polycyclic aromatic hydrocarbons, and

eventually soot [2]. At high temperature, long alkyls

degrade rapidly into smaller fragments (normally through

b-scission), which can be the primary chain carriers in

thermal decomposition of hydrocarbons.
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Since research progress in alkyl radicals chemistry is

severely hampered by the complexity of the combustion

systems and the lack of molecular-level understanding of

fundamental processes taking place, rate coefficients for

reactions with many hydrocarbons, such as CnH2n?2, are

not known. Consequently, the fate of these radicals is not

well characterized and knowledge of theirs reaction

kinetics has been relatively scarce both experimentally and

theoretically. Moreover, most of the available data are

provided for a limited temperature range only, whereas for

modeling of the combustion of hydrocarbon fuels, kinetic

information for the wide temperature range is needed.

Thus, accurate kinetic data for different metathesis reac-

tions of a wide range of alky radicals are of importance. A

common approach used in nearly all kinetic models is to

employ systematic rate estimations for well-defined reac-

tion classes [8, 9]. The simplest way is to approximate all

reactions in a given class have the same rate (per reaction

site). Of the existing more accurate methodologies, the

reaction class transition state theory (RC-TST) [10]

extrapolates a known rate constant to that of any arbitrary

reaction in the same class using correlations, which are

constructed under the transition state theory (TST) frame-

work. The key idea of this application is that reactions in

the same class have the same reactive moiety whose

chemical bonding changes during the course of the reac-

tion, and thus, they are expected to have similarities in their

potential energy surfaces along the reaction pathways/val-

leys. The group additivity (GA) approach is mainly based

on the fact that reaction rates depend primarily on the

thermodynamic properties of the involved species, for

example, the reactants and the corresponding transition

state, and that thermal properties can be predicted on the

basis of the assumption of group additivity from ab initio

calculations. This approach was successfully applied

by Sumathi et al. [11, 12], Allen et al. [13], Sabbe et al.

[14–17], and Wang et al. [18, 19]. Another approach,

where rate rules are derived from a systematic investigation

of sets of reactions within a given reaction class using

electronic structure calculations performed at the CBS-

QB3 level of theory, was reported by Villano et al. [20, 21].

The survey of the different rate estimation rules, together

with their applications, was recently reported by Carsten-

sen and Dean [22].

Successful applications of the RC-TST theory to a

number of different reaction classes contributed signifi-

cantly to progress toward better understanding of complex

reaction systems [23–25]. In this study, in an attempt to

provide a complete picture of the metathesis reactions with

alkyl radicals as H abstracting agents, we applied the RC-

TST methodology to derive all parameters for estimating

the rate constants of any reaction belonging to the �C2H5

?alkane ? �C2H6 ? alkyl reaction class. This is done by

first deriving the analytical correlation expressions for rate

constants of the reference reaction with those in a small

representative set of the class from explicit DFT calcula-

tions of rate constants for all reactions in this representative

set. The assumption is that these correlation expressions

can be extended to all reactions in the class. So far, this

assumption has been shown to be valid for different reac-

tion families [10, 23–29].

To develop RC-TST/linear energy relationship (LER)

parameters for the title reaction family, the representative

set consists of 19 reactions as shown below.

(R1)p Ethane ? ethyl ? Ethyl ? ethane

(R2)p Propane ? 1-propyl

(R3)s Propane ? 2-propyl

(R4)p Butane ? 1-butyl

(R5)s Butane ? 2-butyl

(R6)p 2-methylpropane ? 2-methyl-1-propyl

(R7)t 2-methylpropane ? 2-methyl-2-propyl

(R8)s Pentane ? 1-pentyl

(R9)p Pentane ? 2-pentyl

(R10)t Pentane ? 3-pentyl

(R11)s 2-methylbutane ? 2-methyl-1-butyl

(R12)p 2-methylbutane ? 2-methyl-2-butyl

(R13)s 2-methylbutane ? 3-methyl-2-butyl

(R14)s 2-methylbutane ? 3-methyl-1-butyl

(R15)p 2,2-dimethylpropane ? 2,2-dimethyl-1-propyl

(R16)t Hexane ? 1-hexyl

(R17)p Hexane ? 2-hexyl

(R18)t Hexane ? 3-hexyl

(R19)s 2-methylpentane ? 4-methyl-1-pentyl

R1 is the reference reaction. Among these, eight reac-

tions are at primary C atom (type p), seven others are at

secondary carbon (type s), and the four remaining are at

tertiary site (type t). Note that the training set does not

contain cyclic alkanes. The validity of the derived LER for

cyclic alkanes is used as a test on the extendibility of the

RC-TST methodology.

2 Methodology

2.1 Reaction class transition state theory

Because the details of the RC-TST method have been

presented elsewhere [30], we discuss only its main features

here. It is based on the realization that reactions in the same

class have the same reactive moiety; thus, the difference

between the rate constants of any two reactions is mainly
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due to differences in the interactions between the reactive

moiety and their different substituents. Within the RC-TST

framework, the rate constant of an arbitrary reaction

(denoted as ka) is proportional to that of a reference reac-

tion kr. Usually, one often would choose the reference

reaction to be the smallest reaction in the class, which is

referred to as the principal reaction. Any particular reaction

in the same class is obtained by extrapolating kr with a

temperature-dependent function f(T):

kaðTÞ ¼ f ðTÞ � krðTÞ ð1Þ

One often would choose the reference reaction to be the

smallest reaction in the class, since their rate constants can

be calculated accurately from first principles. The key idea

of the RC-TST method is to factor f(T) into different

components under the TST framework:

f ðTÞ ¼ fr � fjðTÞ � fQðTÞ � fVðTÞ � fHRðTÞ ð2Þ

where ftextr, fj, fQ, fV, and fHR are the symmetry number,

tunneling, partition function, potential energy, and

hindered rotations factors, respectively. These factors are

simply the ratios of the corresponding components in the

TST expression for the two reactions:

fr ¼
ra

rr

ð3Þ

fjðTÞ ¼
jaðTÞ
jrðTÞ

ð4Þ

fQðTÞ ¼
Q
6¼
a ðTÞ

UR
a ðTÞ

� �

Q
6¼
r ðTÞ

UR
r ðTÞ

� � ¼
Q
6¼
a ðTÞ

Q
6¼
r ðTÞ

� �

UR
a ðTÞ

UR
r ðTÞ

� � ð5Þ

fVðTÞ ¼ exp �ðDV 6¼a � DV 6¼r Þ
kBT

� �
¼ exp �DDV 6¼

kBT

� �
ð6Þ

fHRðTÞ ¼
cHR;aðTÞ
cHR;rðTÞ

ð7Þ

where j(T) is the transmission coefficient accounting for

the quantum mechanical tunneling effects; r is the reaction

symmetry number; Q= and UR are the total partition

functions (per unit volume) of the transition state and

reactants, respectively; DV= is the classical reaction barrier

height; cHR symbolizes the correction to the total partition

function due to the hindered rotation treatment; T is the

temperature in kelvin; kB and h are the Boltzmann and

Planck constants, respectively. Among these, only sym-

metry factor can be easily calculated from the molecular

topology of the reactant. Obtaining exact value of four

other factors requires structures, energies, and vibrational

frequencies of the reactant and transition state for the

reaction investigated. The potential energy factor can be

calculated using the reaction barrier heights of the arbitrary

reaction and the reference reaction. The RC-TST/LER

method uses the linear energy relationship (LER) similar to

the well-known Evans–Polanyi linear free-energy rela-

tionship between classical barrier heights and reaction

energies of reactions to estimate reaction barriers and

determines the pre-exponential factor (relative to a well-

characterized reference reaction) by performing a cost-

effective molecular mechanics or DFT calculation with

statistical analysis. RC-TST/LER rate constants are esti-

mated using only reaction energy and reactants topology

information; no transition state and frequency calculation

are needed. This feature makes RC-TST/LER method

applicable to the different automated mechanisms genera-

tion (ARMG) schemes [1, 31].

2.2 Computational details

All the electronic structure calculations were carried out

using the GAUSSIAN 09 suite of programs [32]. Previous

applications of RC-TST, hybrid non-local density func-

tional theory (DFT), particularly Becke’s half-and-half

(BH&H) non-local exchange, and Lee–Yang–Parr (LYP)

non-local correlation functional, have been found to be

sufficiently accurate for predicting the transition state

properties for different classes of reactions [24, 27–29].

Recently, there have been a number of new DFT functional

developments, such as the non-local M062X functional

[33], designed especially for the chemical kinetics pur-

poses. It would be of great interest to determine whether

RC-TST parameters are sensitive to the choice of DFT

functional. For this reason, in this study, we employ also

the M062X DFT functional in addition to the BH&HLYP

one. A discussion on the differences in the final results on

the choice of DFT functional is presented further in this

study in Sect. 3.4.4.

Geometries of reactants, transition states, and products

were thus optimized at the M062X level of theory with the

Dunning’s correlation-consistent polarized valence double-

zeta basis set [3s2p1d/2s1p] denoted as cc-pVDZ, which is

sufficient to capture the physical change along the reaction

coordinate for this type of reaction. All reported results for

stable molecules as well as transition states were obtained

for the lowest energy conformer of a given species. Normal

mode analysis was performed at each stationary point to

ensure its characteristics, that is, stable structure has zero

imaginary vibrational frequency, whereas transition state

(TS) structure has one imaginary vibrational frequency,

whose mode corresponds to the reaction coordinate of the

reaction being considered. Geometry, energy, and fre-

quency information were used to derive the RC-TST fac-

tors. The AM1 semiempirical method was also employed

to calculate the reaction energies of the reactions consid-

ered here. M062X/cc-pVDZ and AM1 reaction energies

were then used to derive the LER’s between the barrier
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heights and the reaction energies. Note that AM1 reaction

energy is only used to extract an accurate barrier height

from the LERs; it does not directly involve any rate cal-

culations. Minima were confirmed to have adequate con-

vergence and zero imaginary vibrational frequencies. The

TS structure was confirmed to have one imaginary vibra-

tional frequency and furthermore shown to be connected to

the desired reactant and product by displacement along the

normal coordinate for the imaginary vibrational frequency

in the positive and negative directions.

To derive the RC-TST correlation functions, TST/Eck-

art rate constants for all reactions in the above represen-

tative reaction set were calculated by employing the

TheRate program [34]. In these calculations, overall rota-

tions were treated classically, and vibrations were treated

quantum mechanically within the harmonic approximation

except for the modes corresponding to the internal rotations

of the –CH3 groups, which were treated as the hindered

rotations (HRs) using the method suggested by Ayala et al.

[35]. Thermal rate constants were calculated for the tem-

perature range of 300–3,000 K, which is sufficient for

many combustion applications.

3 Results and discussion

In the section below, we first report on the rate constants

for the reference reaction, and then we describe how the

RC-TST factors are derived using the training reaction set.

Subsequently, we perform three error analyses to provide

some estimates of the accuracy of the RC-TST method

applied to this reaction class. The first error analysis is the

direct comparison between the calculated rate constants

with those available in the literature. The second error

analysis is a comparison between rate constants calculated

by the RC-TST/LER approximation and those from

explicit full RC-TST calculations for the whole set. To

assess reliability and validity of the correlations, a set of

structurally different alkyl radicals, not present in the

training set, was also used for this analysis. Final analysis

is on the systematic errors from using fitted analytical

expressions for the RC-TST/LER correlation functions.

3.1 Reference reaction

The first task for using the RC-TST method is determina-

tion of thermal rate constants of the reference reaction. In

our previous studies [23, 26, 27], we suggested the use of

the smallest reaction, that is, the principal reaction (PR) of

the class, to be the reference reaction since its rate con-

stants can be calculated accurately from first principles or

are often known experimentally. However, we found that

the principal reaction is not always the best reference

reaction, and it is also true here. In fact, the hydrogen

abstraction by ethyl radical from ethane, C2H6 ? �C2H5 ?
�C2H5 ? C2H6, is a better reference reaction than the

principal CH4 ? �C2H5 ? �CH3 ? C2H6 reaction for the

following reasons. Although methane is the simplest

hydrocarbon, it is known to have unusual stability com-

pared to larger saturated hydrocarbons due to its symmetry

and its lack of a C–C bond. In fact, LER for the title

reaction class, presented in Sect. 3.2.1, confirms this

behavior by showing the barrier of the CH4 ? �C2H5 ?
�CH3 ? C2H6 (principal) reaction does not follow the LER

trend as other reactions. For this reason, further discussion

is based on the use of the reaction between ethyl and ethane

as the reference reaction.

3.1.1 Potential energy surface

The optimized geometrical parameters of the reactants and

the TS of the C2H6 ? �C2H5 ? �C2H5 ? C2H6 reaction at

the M062X/cc-pVDZ level of theory are shown in Fig. 1.

The TS was confirmed by normal mode analysis to have

only one imaginary frequency whose mode corresponds to

the transfer of the hydrogen atom between C2H6 and �C2H5

structures. For the sake of comparison, previously reported

values obtained at the MC-QCISD/3 level of theory are

also presented [36]. Results demonstrate that both the

simple M062X/cc-pVDZ and the rather high-level

MC-QCISD/3 methods predict similar geometries for the

transition state.

The zero point energy-corrected barrier heights with and

without zero point correction (ZPE), calculated at various

levels of theory, are listed in Table 1. Dybala-Defratyka

et al. [36] carried out a series of high-level calculations

Fig. 1 Optimized geometry (distances in angstroms and angles in

degrees) of the transition state of the C2H6 ? �C2H5 ? �C2H5 ?

C2H6 reaction at the M062X/cc-pVDZ level of theory (angles are

marked as italics). The numbers in parentheses are taken from ref

[36]
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and suggested the consensus value of 16.7 kcal/mol for

the classical barrier. The M062X/cc-pVDZ barrier of

16.3 kcal/mol is in good agreement with this value, while

the BH&HLYP/cc-pVDZ barrier of 18.2 kcal/mol is

noticeably higher. Using the larger basis set such as the

cc-pVTZ only improves the agreement for both functionals

slightly. The compound method CBS-QB3 is expected to

yield the most accurate ZPE-corrected barrier height, spe-

cifically 15.0 kcal/mol. The best agreement with the CBS-

QB3 value is M062X/cc-pVDZ value of 15.1 kcal/mol, and

the worst is BH&HLYP/cc-pVDZ value of 17.1 kcal/mol.

Consequently, M062X/cc-pVDZ is used to obtain the

energies and hessians along the minimum energy path

(MEP) of the reference reaction as well as all RC-TST

parameters, while BH&HLYP/cc-pVDZ is used to study

the sensitivity of RC-TST parameters on the choice of DFT

functional.

The classical the vibrationally adiabatic ground-state

potential curve Va
g , which is the sum of the two terms

VC ? ZPE, is illustrated in Fig. 2, relative to its reactant

values. As may be seen from Fig. 2, the ZPE correction

lowers the classical barrier height about 1.2 kcal/mol,

which corresponds to 7–8 %. The separation of the two

maxima of the VCðsÞ and Va
gðsÞ curves reflects the extent of

the variational effect for the calculation of rate constants.

Figure 2 shows they are nearly the same, thus implies that

the variational effects are small for the reference reaction.

The classical adiabatic ground-state potential VC curves for

reactions R1-R4 are given in the Supporting Info file

(Figure S1).

3.1.2 Rate constants

Thermal rate constants of the reference reaction were cal-

culated using the canonical variational transition state

theory (CVT) with small curvature tunneling (SCT) cor-

rections. In addition, to model vibrations transverse to the

reaction path, we used curvilinear coordinates based on

bond stretches, valence angle bends, and bond torsions as

implemented in the POLYRATE 2010a program [37].

Harmonic vibrational frequencies were calculated at 200

selected points (100 points in the reactant channel and 100

points in the product channel) along the MEP. However,

since the MEP is symmetric, actual calculations were only

done for 100 points on the reactant side. According to the

methodology detailed in Ref. [38], a reaction symmetry

number of 6 was used to account for the number of sym-

metrically equivalent reaction paths. The low-frequency

modes correspond to rotations of the –CH3 groups in the

reactants and transition states are treated as hindered rotors.

The final CVT/SCT/HR rate constants are plotted in Fig. 3

and fitted to an Arrhenius expression, given as:

krðTÞ ¼ ð2:34

� 10�24ÞT3:54 exp
�4564

T

� �
ðcm3 s�1 molecule�1Þ

ð8Þ

Note that the small difference between TST and CVT

results confirms the earlier expectation of small variational

effects in this reaction. Furthermore, differences in CVT

and CVT/SCT rate constants indicate a rather significant

tunneling contribution at low temperatures.

Although the reaction set is an important part of the

series of Lawrence Livermore National Laboratory

(LLNL) mechanisms [8, 9], the reference reaction is not

included in these models. To the best of our knowledge,

there have not been any reports on the rates of the reference

reaction.

3.2 Reaction class parameters

This section describes how the RC-TST factors were

derived using the representative reaction set.

Table 1 Calculated classical (VC) and zero point corrected (Va
g )

barriers height for the C2H6 ? �C2H5 ? �C2H5 ? C2H6 reaction

(numbers are in kcal/mol)

Level of theory Classical

barrier Vc

Zero point

corrected

barrier Va
g

BH&HLYP(CC-pVDZ) 18.2 17.1

BH&HLYP (CC-pVTZ) 17.9 16.8

B3LYP/cc-pVDZ 14.3 13.1

B3LYP/cc-pVTZ 16.3 15.1

B3LYP/6-31 ? G(d,p) [36] 15.8 –

M052X/cc-pVDZ 15.0 13.6

M052X/cc-pVTZ 16.5 15.2

M052X/CBSB7 16.0 14.8

M062X/cc-pVDZ 16.3 15.1

M062X/cc-pVTZ 17.2 16.1

CBS-QB3 16.1 15.0

CBS-Q//MP2/6-31G(d�) [36] 15.8 –

CCSD(T)/cc-pVDZ//M062X/cc-pVDZ 15.4 14.2

MP2/cc-pVDZ//M062X/cc-pVDZ 15.6 14.5

MP2/cc-pVTZ//M062X/cc-pVDZ 17.1 15.9

MP2/CBSB7//M062X/cc-pVDZ 16.9 15.8

MP4/cc-pVDZ//M062X/cc-pVDZ 15.4 14.3

MP4/cc-pVTZ//M062X/cc-pVDZ 16.4 15.2

MP4/CBSB7//M062X/cc-pVDZ 16.1 15.0

G3S//MP2(full)/6-31G(d) [36] 16.3 –

G3SX(MP3)//B3LYP/6-31G(2df,p) [36] 16.5 –

Consensus barrier heights [36] 16.7 –

Theor Chem Acc (2013) 132:1344 Page 5 of 17
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3.2.1 Potential energy factor

The potential energy factor can be calculated using Eq. 6,

where DV 6¼a and DV 6¼r are the barrier heights of the arbitrary

and reference reactions, respectively. It has been shown

previously that within a given class, there is a linear energy

relationship (LER) between the barrier height and the

reaction energy, similar to the well-known Evans–Polanyi

linear free-energy relationship. Thus, with a LER, accurate

barrier heights can be predicted from only the reaction

energies. In this study, the LER is determined, where the

reaction energy can be calculated by either the AM1 or the

M062X level of theory. The reaction energies and barrier

heights for all reactions in the representative set are given

explicitly in Table 2. The observed LER’s plotted against

the reaction energies calculated at the M062X/cc-pVDZ

and AM1 levels are shown in Fig. 4a, b. Note that as

mentioned earlier, the principal reaction CH4 ? �C2H5 ?
�CH3 ? C2H6 does not follow the same LER trend as other

reaction in this class as illustrated in Fig. 4a as data point

PR. Consequently, it is not included in the LER analysis.

The linear fits obtained with the least-squares fitting

method have the following expressions:

DV 6¼a ¼ 0:67� DEM062X þ 15:9 ðkcal/molÞ ð9aÞ

DV 6¼a ¼ 0:39� DEAM1 þ 15:8 ðkcal/molÞ ð9bÞ

The absolute deviations of reaction barrier heights

between the LERs and the direct DFT M062X/cc-pVDZ

calculations are smaller than 0.4 kcal/mol (see Table 2).

The mean absolute deviations of reaction barrier heights

predicted from M062X and AM1 reaction energies are 0.21

and 0.27 kcal/mol, respectively. These deviations are, in

fact, smaller than the systematic errors of the computed

reaction barriers from full electronic structure calculations

(see Table 1). This is certainly an acceptable level of

accuracy for kinetic modeling. Note that in the RC-TST/

LER methodology, only the relative barrier height is

needed. To compute these relative values, the barrier height

of the reference reaction R1 calculated at the same level of

theory, that is, M062X/cc-pVDZ, is needed and has the

value of 16.30 kcal/mol (see Table 2).

Alternatively, it is possible to approximate all reactions

at the same type of carbon atom site as having the same

barrier height, namely the average value. In previous

studies, this approximation was referred to as the barrier

height grouping (BHG) approximation. It was shown that

substitution of an alkyl group stabilizes the radical species,

thus lowering the barrier height. Thus, one can expect

hydrogen abstractions reactions from the tertiary carbon to

have lower barrier height than those from a secondary

carbon. The same relationship is expected to hold between

H abstractions from a secondary and primary carbon atom.

These expectations were confirmed in our DFT calcula-

tions, when the average barrier heights for H abstractions

from a primary, secondary, and tertiary carbon were 16.00,

13.85 and 12.37 kcal/mol, respectively. The averaged

deviations of reaction barrier heights estimated from

grouping are 0.35, 0.18 and 0.10 kcal/mol, respectively,

which correspond to 2.2, 1.3 and 0.8 % of the mean barrier

height. Therefore, this approach can also be used to esti-

mate the relative barrier height quickly with an acceptable,

that is, less than 3 %, deviation. The key advantage of this

approach is that it does not require any addition informa-

tion to estimate rate constants.

In conclusion, the barrier heights for any reaction in this

reaction class can be obtained by using either the LER or

BHG approach. The estimated barrier height is then used to

calculate the potential energy factor using Eq. (6). The

performance for such estimations on the whole represen-

tative reaction set is discussed in the error analyses below.
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3.2.2 Reaction symmetry number factor

The reaction symmetry number factors fr were calculated

simply from the ratio of reaction symmetry numbers of the

arbitrary and reference reactions using Eq. 3 and are listed

in Table 3. The reaction symmetry number of a reaction is

given by the number of symmetrically equivalent reaction

paths. For the title reaction class, this number is the product

of the number of H atoms connected to the hydrogen

abstraction site (three for primary carbons, two for sec-

ondary, and one for tertiary) and the number of equivalent

abstraction sites in the molecule. Since there are two

equivalent primary C atoms in all the n-alkanes molecules,

the reaction symmetry number is equal to 2 9 3 = 6. This

number may increase for branched alkanes, however. For

example, it is equal to 4 9 3 = 12 for reactions R3A and

R9A, where four equivalent methyl groups exist in the

reagent molecule. In any case, this value can be easily

calculated from the molecular topology of the reactant;

thus, the symmetry number factor can be calculated

exactly.

3.2.3 Tunneling factor

It is well known that tunneling is of great importance for

the light particles transfer [28, 39–48]. As may be seen

from Fig. 3, it is also important for the reference reaction

of the title reaction class. The tunneling factor fj, which

captures the changes of the tunneling magnitude from

reference reaction to other processes within the reaction

family, is defined as a ratio of the transmission coefficient

of reaction Ra to that of the reference reaction Rr

Table 2 Classical reaction energies, barrier heights, and absolute deviations between calculated barrier heights from DFT and semiempirical

calculations and those from LER expressions and BHG approach

Reaction DE DV=

DV 6¼ � DV 6¼estimated

���
���f

DFTa AM1b DFTa DFTc AM1d BHGe DFTc AM1d BHGe

R1 0.00 0.00 16.30 15.91 15.82 16.00 0.38 0.48 0.29

R2 0.48 1.02 16.38 16.23 16.21 16.00 0.14 0.16 0.37

R3 -3.26 -5.26 14.11 13.74 13.75 13.85 0.36 0.36 0.26

R4 0.20 0.12 15.74 16.04 15.86 16.00 0.30 0.12 0.26

R5 -2.99 -5.03 13.75 13.92 13.84 13.85 0.18 0.09 0.10

R6 0.72 0.69 16.34 16.39 16.09 16.00 0.05 0.26 0.34

R7 -5.62 -9.67 12.56 12.17 12.02 12.37 0.39 0.54 0.19

R8 -3.05 -5.06 13.67 13.88 13.83 13.85 0.21 0.16 0.18

R9 0.62 0.71 15.97 16.32 16.09 16.00 0.35 0.13 0.04

R10 -5.26 -9.46 12.31 12.41 12.10 12.37 0.10 0.21 0.06

R11 -3.11 -4.63 13.62 13.84 14.00 13.85 0.23 0.38 0.23

R12 -0.65 -0.08 15.36 15.48 15.78 16.00 0.12 0.43 0.65

R13 -3.05 -5.05 14.02 13.88 13.83 13.85 0.14 0.19 0.18

R14 -2.84 -4.70 13.72 14.02 13.97 13.85 0.30 0.25 0.13

R15 0.42 0.12 16.40 16.19 15.86 16.00 0.20 0.53 0.39

R16 -5.32 -8.49 12.33 12.37 12.48 12.37 0.04 0.15 0.04

R17 -1.09 0.48 15.54 15.19 16.01 16.00 0.35 0.47 0.46

R18 -5.08 -9.32 12.29 12.53 12.16 12.37 0.24 0.14 0.08

R19 -3.01 -5.05 14.04 13.91 13.83 13.85 0.14 0.21 0.20

MADg 0.20 0.27 0.23

Zero point energy correction is not included. Energies are in kcal/mol
a Calculated at M062X/cc-pVDZ level of theory
b Calculated at AM1 level of theory
c Calculated from the LER using reaction energies calculated at M062X/cc-pVDZ level of theory: Eq. (9a)
d Calculated from the LER using reaction energies calculated at AM1 level of theory: Eq. (9b)
e Estimated from barrier height grouping

f DV 6¼ from M062X/cc-pVDZ calculations; DV
6¼
estimated from the linear energy relationship using M062X/cc-pVDZ and AM1 reaction energies

or from barrier height grouping
g Medium absolute deviations (MAD) for reactions R2–R19
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(see Eq. 4). It is important to point out that factor fj is the

scaling factor for scaling the tunneling coefficient which

can be calculated with an accurate multi-dimensional tun-

neling method or is implicit from experimental data of the

reference reaction to that of the reaction of interest. This

scaling factor can be estimated using the one-dimension

Eckart method. The validity of such an approximation for

the hydrogen transfer processes was examined in our pre-

viously study [30], where fj was calculated from explicit

multidimensional tunneling calculations and compared to

those from Eckart calculations. The resulting differences

were found to be less than 34 % at the room temperature

for the entire test cases where tunneling was known to be

significant. The differences are smaller at larger tempera-

tures. This is due to the cancelation of errors by using the

Eckart model in calculations of the tunneling factors. Since

our interest is in providing kinetic data for combustion

modeling where the lower temperature limit is at the room

temperature, thus the use of Eckart model for obtaining the

tunneling factor is sufficient.

Calculated results for the representative reaction set are

fitted to an analytical expression. It is known that the

tunneling coefficient depends on the barrier height. We

have shown that the barrier heights group together into

three groups, namely primary, secondary, and tertiary

carbon site (see the Sect. 3.2.1); thus, it is expected that

reactions in the same group have similar tunneling factors

and the average value can be used for the whole group.

For the title reaction class, tunneling effect was found to

be very similar for primary and secondary hydrogen

abstraction sites; thus, only two correlations are needed.

Simple expressions for the tunneling factors for primary–

secondary and tertiary carbon sites were obtained by fitting

to the average calculated values and are given below:

fj;prim�sec ¼ 1� 1:71� exp �77:81=T

� �

for primary and secondary carbon sites
ð10aÞ

fj;tert ¼ 1� 5:26� exp �91:84=T

� �

for tertiary carbon sites:
ð10bÞ

Two above equations are plotted in Fig. 5, and the error

analysis at 300 K is listed in Table 3. It can be seen that the

same tunneling factor expression can be reasonably

assigned to all reactions at the same site with the largest

percentage deviation of 11.3 % for R7 and R10; the mean

absolute deviation is equal to 5.7 %, as compared to

the direct Eckart calculations. At higher temperatures,

tunneling contributions to the rate constants decrease,

and thus, as expected, the differences between the

approximated values and the explicitly calculated ones

also decrease; the maximum error for all reactions is less

than 1 % at 600 K.

3.2.4 Partition function factor

The partition factor is the product of the translational,

rotational, internal rotation, vibrational, and electronic

component. The translational and rotational factors are

temperature independent. As pointed out in our previous

study [26], the temperature-dependent part of the total

partition function factor fQ mainly originates from the dif-

ferences in the coupling between the substituents with the

reactive moiety and its temperature dependence, which

arises from the vibrational component and internal rotations

only. Note that because contributions from the HR (hin-

dered rotors) modes are treated separately, they are not

included in these partition function calculations. The aver-

age values of partition function factors for primary, sec-

ondary, and tertiary carbon abstraction sites were calculated

in the temperature range of 300–3,000 K. Since plots of

these factors are nearly temperature independent, they were

fitted into the constant expressions as given below:
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fQ;pri ¼ 0:74 for primary carbon sites ð11aÞ

fsec;tert ¼ 0:62 for secondary and tertiary carbon sites

ð11bÞ

As one may see from Eqs. 11a, b, the average value of

partition function factor differs from unity. As mentioned

earlier, the coupling between substituents with the reactive

moiety is believed to account for these differences.

3.2.5 HR factor

It is important to point out that the motion of the internal

rotation of the methyl group in the reactive moiety, internal

rotors gain and loss in the course of the reaction, and

contributions from different transition state rotational

conformers are already treated explicitly in the rate

constants of the reference reaction C2H6 ? �C2H5 ? �C2H5

? C2H6. Thus, the reaction class factor due to these hin-

dered rotations is a measure of the substituent effects on the

rate constant from the hindered rotors relative to that of the

reference reaction R1. We used the approach proposed by

Ayala and Schlegel [35] to calculate the hindered rotation

correction factor to the partition function for a certain

vibrational mode. In this case, the rotating group, the peri-

odicity number of the torsional potential of the vibrational

mode, geometry of the molecule is needed. Previous

study by Kungwan and Truong [23] shows that, for the

CH3� ? alkane ? CH4 ? alkyl reaction class, relative

contribution of hindered rotations from alkyl groups larger

than CH3 is small due to the cancelation occurred within the

RC-TST framework. Similar situation is expected for the

title reaction class; thus, we consider hindered rotation

treatment for the –CH3 in this study. We found that the

rotational potential barriers depend slightly on the type of

the carbon atom to which the methyl group is directly

connected. These barriers were calculated to be of 3.3, 3.5,

and 3.9 kcal/mol for the –CH3 groups bonded to secondary,

tertiary, and quaternary sp3 C atoms, respectively. Within

any of these sets, differences in the barriers were found to be

negligible, that is, less than 0.3 kcal/mol. The potential

energy curves for both of these kinds of internal rotations

are plotted in the Figure S2 in the Supporting Info. Conse-

quently, the HR factor differs for these sites. The effect of

the hindered rotation treatment to total rate constants can be

seen in Fig. 6. Individual factors for particular reactions

R2–R19, tantamount to the kHO/kHR values for these reac-

tions, are listed in the Table S2 of the Supporting Info. It can

be seen from Fig. 6 that the average HR factor is temper-

ature dependent, approaching 1 in the low (vibrator) and

decreasing below 1 in the high (free rotors) temperature

Table 3 Calculated symmetry number factors and tunneling factors

at 300 K

Reaction Symmetry

number

factor

Tunneling ratio factor, fj

Eckarta Fittingb Deviationc % Deviationd

R1 1.00 (248)f – – –

R2 1.00 0.93 0.96 0.04 4.0

R3 0.33 0.89 0.97 0.08 9.2

R4 1.00 1.02 0.96 0.05 5.3

R5 0.67 0.94 0.97 0.03 2.8

R6 1.00 1.01 0.96 0.05 4.5

R7 0.17 0.87 0.96 0.10 11.3

R7 0.67 0.94 0.97 0.03 2.8

R9 0.50 0.91 0.96 0.05 5.5

R10 0.17 0.72 0.80 0.08 11.3

R11 0.33 1.02 0.97 0.05 4.8

R12 0.50 1.02 0.96 0.05 5.1

R13 0.67 1.00 0.97 0.03 3.1

R14 0.67 1.01 0.97 0.04 4.4

R15 0.50 0.94 0.96 0.03 2.7

R16 0.17 0.74 0.80 0.06 7.6

R17 0.50 0.93 0.96 0.04 4.1

R18 0.33 0.86 0.80 0.07 7.8

R19 0.67 1.01 1.00 0.01 0.9

MADe 0.05 5.7

a Calculated directly using Eckart method with M062X/cc-pVDZ

reaction barrier heights and energies
b Calculated by using fitting expression
c Absolute deviation between the fitting and directly calculated values
d Percentage deviation (%)
e Medium absolute deviations (MAD) and deviation percentage

between the fitting and directly calculated values
f Tunneling coefficient calculated for reaction (R1) using the Eckart

method with the energetic and frequency information at M062X/cc–

pVDZ
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regimes. There is an observable difference between factors

for primary and other H abstraction sites; this trend is

clearly related to branching. Its value is fitted to analytical

expressions as given below:

fHR;primary ¼ 8:41� 10�11T3 þ 4:86� 10�7T2 � 6:62

� 10�4T þ 1:01

ð12aÞ

fHR;secondary ¼ 9:72� 10�11T3 þ 5:52� 10�7T2 þ 7:31

� 10�4T þ 1:07

ð12bÞ

fHR;tertiary ¼ 1:05� 10�10T3 þ 6:35� 10�7T2 þ 9:97

� 10�4T þ 0:93:

ð12cÞ

3.3 Prediction of rate constants

What we have established so far are the necessary

parameters, namely potential energy factor, reaction sym-

metry number factor, tunneling factor, and partition func-

tion factors for the application of the RC-TST theory to

predict rate constants for any reaction in the hydrogen

abstraction by the ethyl radical reaction class. The proce-

dure for calculating rate constants of an arbitrary reaction

in this class is to: (1) calculate the potential energy factor

using Eq. 6 with the barrier of the reference reaction of

16.30 kcal/mol. The reaction barrier height can be obtained

by using the LER approach by employing Eq. 9a for

M062X/cc-pVDZ or Eq. 9b for AM1 reaction energies or

by the BHG approach; (2) calculate the symmetry number

factor from Eq. 3 or see Table 3; (3) compute the tunneling

factor using Eqs. 10a, b) for primary, secondary, and ter-

tiary carbon sites, respectively; (4) evaluate the partition

function factor using Eqs. 11a, b); (5) evaluate the HR

factor using Eqs. 12a–c); and (6) the rate constants of the

arbitrary reaction can be calculated by taking the product

of the reference reaction rate constant given by Eq. 8 with

the reaction class factors above. Table 4 summarizes the

RC-TST parameters for this reaction class. Rules presented

in this table enable one to obtain any rate constants within

the hydrogen abstraction by ethyl radical reaction class. For

the reasons discussed in Sect. 3.1, these rules should not be

used for the simplest reaction within this class, namely

C2H6 ? �CH3 ? �C2H5 ? CH4. For this reaction, we rec-

ommend using rate constants obtained in our previous

study, [23] namely

kC2H6þ�CH3!�C2H5þCH4
ðTÞ

¼ ð6:20� 10�27ÞT5:85 exp
�5438:45

T

� �
ðcm3 s�1 molecule�1Þ

ð13Þ

If the BHG barrier heights and average values for other

factors are used, the rate constants are denoted by RC-TST/

BHG. The RC-TST/BHG rate constants for any reactions

belonging to this class can be estimated without any further

calculations as:

kprimðTÞ ¼ ra � 2:6� 10�25 � T3:76

� exp
�4827

T

� �
ðcm3 s�1 molecule�1Þ

for primary carbon sites

ð13aÞ

ksecðTÞ ¼ ra � 2:6� 10�25 � T3:71

� exp
�3301

T

� �
ðcm3 s�1 molecule�1Þ

for secondary carbon sites

ð13bÞ

ktertðTÞ ¼ ra � 2:6� 10�25 � T3:65

� exp
�2540

T

� �
ðcm3 s�1 molecule�1Þ

for tertiary carbon sites

ð13cÞ

In the Eqs. 13a–c, ra denotes symmetry number,

accounting for the number of equivalent H abstraction

sites. It is important to realize the difference between

symmetry number here and the symmetry factor, discussed

in Sect. 3.2.2. The symmetry factors of one for primary

carbon sites, 4/6 for secondary, and 1/6 for tertiary

carbon site are already implicitly included in the rate

constant expressions above, thus for the majority of

processes ra = 1. For some cases, however, the use of

these equations for a target reaction requires multiplication

with its proper symmetry number ra = 1. Among

reactions from the training set, reactions R3A and R9A

can serve as examples here. Both these processes are of

type p with four equivalent H abstraction sites. Since there

are only two such sites for the reference reaction,

the symmetry number ra is, for reactions R3A and R9A,

equal to 2.
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3.4 Error analyses

3.4.1 Comparisons to experimental data

The first error analysis compares RC-TST results with

those from experimental results. As mentioned earlier, very

few experimental data are available for the title reaction

class. Kinetic data for H abstractions from primary (reac-

tions R2—Ref. [49] and R6– Ref. [50]), secondary (reaction

R3—Ref. [49]), and tertiary (reaction R7—Ref. [50]) car-

bon atoms in propane and isobutane were reported by

Tsang in his extensive literature reviews [49, 50] with

uncertainty factor of 2.5, and these data were also used in

the LLNL mechanisms [7]. The uncertainty factor defines

the range of possible k value of km/f and km*f, where km is

the reported value. These results are used to validate rates

obtained for reactions from the representative training set,

that is, reactions R2–R19. To test the extendibility of the

LER equations to reactions with other alkanes not in the

training set such as cycloalkanes or alkanes with aromatic

substituents, we used two reactions, namely cyclopen-

tane ? �C2H5 ? cyclopentyl ? C2H6 and toluene ?

�C2H5 ? benzyl ? C2H6. Experimental reaction rates for

those cyclic systems were previously reported in a number

of studies [51–53]. Figure 7a–f shows the predicted rate

constants of these reactions using the RC-TST method and

from the literature data. In this figure, the ‘‘RC-TST LER’’

notation means that the reaction class factors were calcu-

lated with the approximate expressions listed in Table 6.

Because there are not significant differences between the

results obtained from either using the M062X/cc-pVDZ or

using the AM1 reaction energies, only rate constants from

M062X are presented here. The agreement between the

predicted results and these derived by Tsang for reactions R2,

R3, R6, and R7 is quite excellent—the predicted theoretical

data lie within the error bars claimed by Tsang for

T [ 600 K. For the temperatures lower than 600 K, the

differences are more noticeable but are still acceptable. It is

interesting to note that both RC-TST/LER and RC-TST/

BHG work well for these cases. For reactions involving

cyclic species (Fig. 7e, f), experimental data agree well with

full RC-TST and RC-TST/LER results. As can be seen in

Fig. 7e, the RC-TST/BHG approach yields larger errors but

are acceptable. As reported previously [24], similar situation

also happens for H abstraction by vinyl radical reaction class.

3.4.2 Comparisons to explicit RC-TST calculations

The systematic errors introduced by the LER and BHG

approaches are discussed in details in the next error anal-

ysis, which compares RC-TST/LER and RC-TST/BHG

results with those from explicit calculations. As mentioned

in our previous studies [10, 26], the RC-TST methodology

can be thought of as a procedure for extrapolating rate

constants of the reference reaction to those of any reaction

in the class. Comparisons between the calculated rate

constants for a small number of reactions using both the

RC-TST/LER or RC-TST/BHG and the full RC-TST

Table 4 Parameters and formulations of the RC-TST method for the C2H5� ? alkane ? �C2H6 ? alkyl reaction class (C2H6 ? �C2H5 ?
�C2H5 ? C2H6 is the reference reaction)

kaðTÞ ¼ kpðTÞ � fkðTÞ � fQðTÞ � fHRðTÞ � fvðTÞ � fr; fmðTÞ ¼ exp
�ðDV 6¼�DV

6¼
r Þ

kBT

h i

T is in kelvin; DV 6¼ and DE are in kcal/mol; zero point energy correction is not included

fr Calculated explicitly from the symmetry of reactions (see Table 3)

fjðTÞ fj;pri�sec ¼ 1� 1:71� exp �77:81=T

� �
for primary and secondary carbon sites

fj;tert ¼ 1� 5:26� exp �91:84=T

� �
for tertiary carbon sites

fQðTÞ fQ;pri ¼ 0:74 for primary carbon sites

fsec;tert ¼ 0:62 for secondary and tertiary carbon sites

fHR(T) fHR;primary ¼ 8:41� 10�11T3 þ 4:86� 10�7T2 � 6:62� 10�4T þ 1:01 for prim. sites

fHR;secondary ¼ 9:72� 10�11T3 þ 5:52� 10�7T2 þ 7:31� 10�4T þ 1:07 for sec. sites

fHR;tertiary ¼ 1:05� 10�10T3 þ 6:35� 10�7T2 þ 9:97� 10�4T þ 0:93 for tert. sites

DV 6¼ LER DVa ¼ 0:67� DEM062X þ 15:9 (kcal/mol)

DVa ¼ 0:39� DEAM1 þ 15:8 (kcal/mol)

DV 6¼r = 16.30 kcal/mol

kpðTÞ krðTÞ ¼ ð2:34� 10�24ÞT3:54 exp �4564
T

	 

(cm3 s-1 molecule-1)

BHG approach kprimðTÞ ¼ ra � 2:6� 10�25 � T3:76 � exp �4827
T

	 

(cm3 s-1 molecule-1)

ksecðTÞ ¼ ra � 2:6� 10�25 � T3:71 � exp �3301
T

	 

(cm3 s-1 molecule-1)

ktertðTÞ ¼ ra � 2:6� 10�25 � T3:65 � exp �2540
T

	 

(cm3 s-1 molecule-1)
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methods provide additional information on the accuracy of

the LER and BHG approximations. The results for this

error analysis for 19 representative reactions (i.e., the

comparisons between the RC-TST/LER and full RC-TST

methods) are shown in Fig. 8a, wherein the relative devi-

ation defined by (|kRC-TST - kRC-TST/LER|/k RC-TST) as a

percent versus the temperature for all reactions in the

representative set, R2–R19, is plotted. In Fig. 8, it is

important to note the error range, that is, the y-range of the

collective 19 curves rather than to follow the temperature

behavior of one specific curve, that is, reaction. For the

temperatures [1,500 K all the reactions in this set, the

unsigned relative errors are within 60 %. In the low tem-

perature regime, the errors for all the reactions are still less

than 120 %. So, in general, it can be concluded that RC-

TST/LER can estimate thermal rate constants for reactions

in this class within 100 % when compared to those cal-

culated explicitly using the full RC-TST method. Similar

analysis is presented for the RC-TST/BHG approach as

shown in Fig. 8b. As expected, RC-TST/BHG has the

larger errors, especially in the low temperature regime.

Specifically, 2 reactions among 19 show errors larger than

150 %. The accuracy of the BGH approach is noticeable

worse than that of the LER approximation, and the con-

venience of ready to be used rate expressions for any

reaction in the class may offset the less accuracy of the

BHG compared to LER, however.

To demonstrate the reliability of the correlations, further

validation is needed to verify that the 19 reaction repre-

sentative sets selected for developing the RC-TST/LER

parameters are sufficient to represent this reaction

class. We calculated the relative deviation defined by

(|kRC-TST - kRC-TST/LER|/kRC-TST) for 14 additional reac-

tions, not included in the training set. In particular, these

reactions are as follows:

(R1A) Pentane ? ethyl ? 1-pentyl ? ethane

(R2A) Pentane ? 3-pentyl

(R3A) 2,2-dimethylpropane ? 2,2-dimethyl-1-propyl

(R4A) Hexane ? 1-hexyl

(R5A) 2-methylpentane ? 4-methyl-2-pentyl

(R6A) 2-methylpentane ? 2-methyl-3-pentyl

(R7A) 2-methylpentane ? 2-methyl-1-pentyl

(R8A) 2,2-dimethylbutane ? 3,3-dimethyl-2-butyl

(R9A) 2,3-dimethylbutane ? 2,3-dimethyl-1-butyl

(R10A) Heptane ? 1-heptyl

(R11A) 2,2,4-trimethylpentane ? 2,2,4-trimethyl-1-pentyl

(R12A) 2,2,4-trimethylpentane ? 2,2,4-trimethyl-3-pentyl

(R13A) Toluene ? Benzyl

(R14A) Cyclopentane ? Cyclopentyl

The results are plotted in Fig. 9. Of the reactions R1A-

R14A, those with 2,2,4-trimethyl-1-pentane (isooctane)

(reactions R11A–R12A), which are currently used to model

branched alkanes in diesel fuel surrogates, are of particular

interest to the combustion community. As can be seen from

Fig. 9, kinetic data for these H abstraction by ethyl radical

from highly branched alkyls can be accurately estimated

by the RC-TST/LER method, and the errors are within

the same range as for reactions from the training set

(R2-R19), thus proving the validity of the RC-TST/LER

approximation.

3.4.3 Component error analysis

Finally, an analysis on the systematic errors in different

factors in the RC-TST/LER methods was performed. These

errors are from the use of fitted analytical expressions for

the potential energy factor, tunneling factor, partition

function factor, and hindered rotations factor introduced in

the method. The deviations/errors between the approxi-

mated and exact factors within the TST framework are

calculated at each temperature for every reaction in the

representative set and then averaged over the whole class.

For the LER approach, error in the potential energy factor

comes from the use of the LER expression: that of the

tunneling factor, from using three equations (Eqs. 10a, b);

that of the partition function factor, from using Eqs. 11a, b;

and that of the HR factor from using Eqs. 12a–c. It is

important to note that mutual multiplication or cancelation

of errors coming from different factors is possible. Abso-

lute errors averaged over all 18 reactions, R2–R19, as

functions of the temperature are plotted in Fig. 10. Of the

factors, the HR and partition function ratios factor show the

least temperature dependence for the whole temperature

range. The tunneling factor introduces the smallest error of

less than 10 % in the low temperature regime and almost

equals to 0 for T [ 500 K. The error from the partition

function factor is largest for T & 1,000 K, and does not

exceed 20 % for the whole temperature range. Error

introduced by the AM1 LER potential energy factor

decreases from 25 % at 300 K as the temperature increa-

ses. The error of the M062X LER potential energy factor is

smaller than 40 %. Error introduced by the BGH potential

energy factor is slightly larger, and AM1-based factor

reaches 50 % at T = 300 K. Thus, the M062X LER

approach gives less error in the potential energy factor than

the BHG. The AM1 method yields the worst performance

for this reaction class. For T [ 2,000 K, the errors from

both the LER and the BHG factors are almost the same; all

of the errors are almost constant in this regime. For most

cases, the total systematic errors due to the use of simple
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analytical expressions for different reaction class factors

are less than 40 % for the temperature range 300–3,000 K.

For the LER/AM1 approach, this error is larger but not to

exceed 50 %. In general, if accurate rate constants needed,

the M062X RC-TST/LER is recommended, while the BHG

approach gives a quick estimation without doing any

quantum chemistry calculation but with larger errors.

3.4.4 Comparison of potential energy factors obtained

with different functionals

As mentioned in Sect. 2, it is of great interest to determine

the sensitivity of RC-TST parameters with regard to the

choice of DFT functional since previous applications of

RC-TST method employed the BH&HLYP functional,
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(d) 2-methylpropane+ethyl→2-methyl-2-propyl+ethane (R7)

RC-TST

RC-TST/LER

RC-TST/BHG

Tsang ref. 50

(e) cyclopentane+ethyl→cyclopentyl+ethane (R14A)

RC-TST

RC-TST/LER

RC-TST/BHG

Zhang ref. 53

(f) toluene+ethyl→benzyl+ethane (R13A)

RC-TST
RC-TST/LER
RC-TST/BHG
Zhang ref. 53
Paputa ref. 52
Koski ref. 51

Fig. 7 Arrhenius plots of the calculated and experimental rate

constants for the reactions: a propane ? ethyl ? 1-propyl ? ethane

(R2) b propane ? ethyl ? 2-propyl ? ethane (R3) c 2-methyl-

propane ? ethyl ? 2-methyl-1-propyl ? ethane (R6) d 2-methyl-

propane ? ethyl ? 2-methyl-2-propyl ? ethane (R7) e toluene ?

ethyl ? benzyl ? ethane (R14A) f cyclopentane ? ethyl ? cyclo-

pentyl ? ethane (R13A). Experimental data are taken from: ref [49].

for reactions (a, b), ref [50]. for reactions (c, d), ref [51–53] for

reaction (e), and ref [53] for reaction (f)
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whereas in this study, we employed the M062X functional

which is known to be more accurate for kinetics. Within

the RC-TST framework, the potential energy factor is the

most sensitive to the choice of the DFT functional and thus

is used to address this issue here. Ratio of the potential

energy factors calculated from M062X and BH&HLYP

functionals is computed for each reaction and then aver-

aged over all 19 reactions in the representative set. The

result is plotted in Fig. 11. As one may expect, the ratio is

more sensitive in the low temperature regime (see Eq. 6).

Above 500 K, the difference in the potential energy factors

from the two DFT functionals is less than 10 %. Below

500 K, the difference is larger but is still less than 20 % for

the temperature range considered here. More importantly,

the difference is smaller than the error range of the

potential energy factors shown in Fig. 10. It is important to

point out that even the difference in the absolute barrier

heights calculated from both DFT functionals is about

2 kcal/mol, but the difference in the predicted rate con-

stants using the RC-TST method is quite small. The key

reason is that the RC-TST methodology uses only the

relative barrier height, not absolute barrier height, and that
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Fig. 8 a, b Relative absolute deviations as functions of the temper-

ature between rate constants calculated from explicit TST/Eckart

calculations for all selected reactions and: a from the RC-TST/LER

method where M062X reaction energies were used for the LER

b from the RCT-TST/BHG method
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method, where M062X reaction energies were used for the LER
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has proven to be less sensitive to the DFT functionals. This

is the main advantage of the RC-TST methodology. Thus,

one can conclude that the RC-TST results are not sensitive

to the choice of the DFT functional.

3.5 Summary of approximations used in the RC-TST

method

By generalizing from the small reference reaction to larger

homologues and, consequently, enabling the obtaining of

any rate constants within a given reaction class with

accuracy comparable to high-level methods but at the

fraction of the cost, the RS-TST method provides an

effective way to derive considerable benefits from expen-

sive electronic structure calculations. However, user should

be aware of approximations used. In particular, these are as

follows:

• Accuracy of RC-TST rate constants depends on the

accuracy of the rate constants of the reference reaction.

• Although absolute transmission coefficients for hydro-

gen abstraction reactions often require multidimensional

tunneling methods to account for the corner-cutting

effects, it was shown [30] that, because of cancelation of

errors, the tunneling factor fj can be accurately predicted

using the 1-D Eckart method, as it is done in the

RC-TST approach.

• The RC-TST method does not fully take into account

the conformational aspects. For this reaction class, it

assumed the effects of hindered rotation of different

side chains are the same as of the methyl group. For

larger alkyl groups, our previous study [29] showed that

such approximation may yield error of about 10–20 %

in the rate constants. Furthermore, it is not possible to

exactly capture the changes of the numbers of free and

hindered rotors for particular processes within the

family; thus, the HR factor changes related to branch-

ing are only estimated, not exactly counted.

• The barrier height for any reaction within the family is

calculated with the LER or BHG. Although, as shown

in Table 1, error associated with these approximations

is not large, it may affect the predicted rate constants

particularly at low temperatures.

4 Conclusion

The application of the RC-TST combined with the LER

(RC-TST/LER) and the BHG (RC-TST/BHG) approach to

predict thermal rate constants for the reaction class of the

hydrogen abstraction of alkanes by ethyl radical was carried

out. The rate constants for the reference reaction

C2H6 ? �C2H5 ? �C2H5 ? C2H6 were obtained by the

CVT/SCT method in the temperature range of 300–3,000 K.

All necessary parameters for predicting rate constants of any

reaction in this class were derived from a training set of 19

representative reactions. The error analyses indicate that the

RC-TST/LER method can predict rate constants within a

factor of 2 as compared to explicit rate calculations. The

performance for the RC-TST/BHG method is slightly

worse. However, the convenience of ready to be used rate

expressions for any reaction in the class would offset the less

accuracy of the BHG approach as compared to that of the

LER. Finally, it was found that RC-TST method is not

sensitive to the choice of DFT functional used.
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