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Abstract 

Branched alkanes make up a significant fraction of sustainable alternative fuels. The 

accurate chemical kinetic modeling of the pyrolysis and oxidation of those fuels 

requires the availability of accurate kinetic data for branched structures. The accurate 

theoretical calculation of these data for substituted cyclic transition states (TS) is a 

challenge because of the large number of configurations that can be created, especially 

in the larger TS cycles. These configurations originate from all the possible 

combinations of the orientations of the substituents (axial or equatorial) on the cyclic 

TS and diastereomers in the reactants, which makes the rigorous counting of the 

multiple parallel pathways complicated. In this paper, the isomerisation reactions of 

branched alkyl radicals are theoretically investigated using the code presented in the 

Part I of this paper series. The 1,2 to 1,5-H-shift reactions are studied within the 

tabulated transition state models approach, where chain substituents are represented by 

methyl groups, and all combinations of substitutions in the model TSs are included in 

a table with their computed rate constants. The rate constants computed for hundreds 

of reactions with our code demonstrate the necessity to consider all the TS 

configurations in order to get accurate data. The presence of spectator substituents in 

the cyclic transition state is shown to have a major impact on the rate constants, 

increasing their values by more than a factor of 10 for some cases. The tabulated TS 

models (TMTS) method is validated by comparisons with available experimental data 

in the literature and is one of the only approach able to accurately capture the impact 

of branching on the rate constants of isomerizations for large alkyl radicals, which are 

still difficult to calculate with high-level on-the-fly ab initio calculations.  

Keywords: Automatic kinetic rates, branched alkanes, H-shift reactions, Tabulated 

Models of Transition State  

Novelty and Significance  

The work presented here is the second part of a study describing the application of a code 

for generating accurate kinetic rates of branched alkyl radicals isomerisations (H-shifts). 

The code enabled the calculation of rate constants for all combination of branched alkyl 

structures submitted to isomerisations involving 3 and 6 membered-ring transition states. 

This code is the first one that considers multiple transition state cyclic configuration 

(axial and equatorial position of substituents), which is a key feature when calculating 

accurate rate constants for branched alkyl structures. The results showed an important 

impact of the branching in the kinetic rates, with changes of more than an order of 

magnitude in the kinetic isomerisations for linear and branched structures. A complete 

table of transition state models for 1,2 to 1,5 H-shift reactions is provided, which can be 

used to improve the current kinetic data used in branched alkane mechanisms.
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1. Introduction 

Combustion systems are the main source of energy production in the world, however, 

they are mostly fed by fossil-based fuels, which impact directly the environment by 

producing greenhouse gases and contributing to global warming. An emerging alternative 

to fossil fuels is the bio-based fuels that are produced from biomass and reduce the 

carbon footprint of combustion by closing the carbon cycle. These alternative fuels are 

similar to fossil fuels and their storage, transport, and use are close to the ones applied in 

the current combustion systems [1,2]. However, they present new challenges, as the 

mixture of chemical compounds changes drastically with the biomass source and can 

impact the combustion performance, fuel storage, and formation of pollutants [2,3]. 

For the three main classes of fuels in transportation, there are different bio-based 

alternatives: for gasoline, ethanol from vegetable biomass is the traditional fuel substitute 

and blend, with a much higher oxygen content than the fossil fuel [3]. The development 

of longer and more branched alcohol alternatives to ethanol has been studied as an option 

to increase the energy density and octane number of this alternative fuel [4]. Biodiesel, on 

the other hand, is mainly produced from vegetable oils or animal fat and is composed 

mainly of methyl esters of long straight-chain fatty acids [5]. Minor branched 

components are also present in petro and biodiesel and, even though they may deteriorate 

the cetane number, they are essential for the cold flow properties [6]. 

The alternative for jet fuels, called Sustainable Aviation Fuels (SAF), are produced by 

multiple routes and classified according to this aspect [7]. The first approved petrol 

alternative jet fuel for blending in commercial use was the Fischer-Tropsch (FT) 
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Kerosene by Sasol, in 1999 [8]. This class of fuel is mostly formed by iso-paraffins with 

one or two methyl groups on straight-chain alkanes [8,9], they are usually produced from 

coal or natural gas, even if bio material can also be used as feedstock.  The second most 

important alternative jet-fuels class, Hydroprocessed Esters and Fatty Acids (HEFA), 

produced from the hydrotreatment and cracking of plant oil or fatty wastes, presents a 

considerable percentage of iso-paraffins [10]. The Alcohol-To-Jet fuel (ATK) and 

Synthetized iso paraffins (SIP) are also two important classes of bio-based alternative for 

jet fuels with a high presence of highly branched alkanes, with presence of components 

such as 2,2,4,6,6-pentamethylheptane, 2,2,4,4,6,8,8-heptamethylnonane, and farnesane 

(2,6,10-trimethyldodecane) [10,11].  

The presence of branching compounds on different types of fuels impact their 

combustion characteristics, such as ignition delay time, laminar burning velocity [11,12], 

and particle emissions [13], as well as their liquid phase properties [14–16]. The advent 

of new alternative fuels with new chemical composition, increases the demand of more 

accurate chemical models for the prediction and comprehension of the mechanisms 

implicated in the oxidation and pyrolysis of these new compounds, in particular for 

branched hydrocarbons.  

Reaction mechanisms describing the chemical decomposition and combustion of fuels 

generally contains hundreds or even thousands of species and reactions. For each 

chemical reaction, an accurate description of the reaction rate is essential to proper 

reproduce the combustion characteristics [17]. Usually, the kinetic data for most 

important reactions are obtained by experimental measures or theoretical calculations, 
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and, when a value for a given reaction is not readily available, it is estimated by 

similarities with well-known kinetic rates [18]. 

At high temperatures or in the absence of oxygen, the main components of fuels and bio-

based fuels, n-alkanes and iso-alkanes, decompose forming alkyl radicals that are 

submitted to unimolecular reactions, i.e. β-scission and internal hydrogen migration. The 

latter reaction class, also called H-shift reactions, are of major importance as they change 

radical position on the chains [19,20].(add ref construction pag)  

The internal hydrogen migration reactions in linear alkyls were broadly studied in 

pyrolysis experiments [21–31], however, measurements for longer and branched alkyl 

chains are scarce as they decompose by reactions with common products that overlap and 

difficult the calculation of separated rates, as it was noticed in Tsang et al. shock tube 

study of heptyl radicals [32]. Two studies from McGivern et al. [33] and Awan et al. [34] 

used single pulse shock tube experiments to determine H-shift reaction rate constants on 

4-methyl-1-pentyl and 5-methyl-1-hexyl radicals, respectively. Both studies agreed that 

the presence of methyl groups on the radical chain led to higher isomerisation rates, 

hence the analogy with reactions of straight chain alkyls was found to not properly 

describe those reaction coefficients.  

Theoretical studies of these reactions were also performed mostly for linear alkyl chains 

[35–40]. Davis and Francisco performed theoretical studies using the CBS-Q, G2 and G4 

composite methods [41–43]. They observed a minor impact of the abstracted site location 

relative to the terminal carbon on the rate constants. On the other hand, their results 

indicated an important effect of the branched positions on the TS cycle (equatorial and 
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axial) on the rate coefficients, as well as a major effect of diaxial interaction on the 

activation energy of these reactions. In 2014, Wang et al. [44] combined transition state 

theory and the CBS-QB3 composite method to derive reaction rate rules for this reaction 

class based on three reaction aspects: the size of the transition state ring, the radical 

nature of the reactant, and the abstraction site. They derived the rate rules from a 

combination of similar reactions of straight and branched alkyl chains.  

In a recent study from our group [45], the impact of branching of alkyl chains on the rate 

rules approach was investigated using theoretical calculations. It was found that the size 

of the substituents had a low effect on the rate constants, but the presence of branching on 

the alkyl chains was found to increase the rate coefficients by more than a factor of 12 for 

some highly branched structures. As an alternative to the rate rules, the use of tabulated 

models of transition states (TMTS) was proposed for 1,3 and 1,4 – H-shift reactions. 

These models consist in tables of transition states types, containing the description of all 

combinations of substituents in the TS structure, along with the corresponding modified 

Arrhenius parameters that can be directly applied in reaction mechanisms. The presence 

of branching in the alkyl chains can create multiple transition state configurations (as the 

relative positions of the substituents regarding the cycle may vary), as well as the 

appearance of multiple reactants and products diastereoisomers. 

This behaviour leads to a high number of structures to be build, treated and sorted, which 

is repetitive and error-prone when performed manually. For this reason, a code was 

developed by our group to automatically create the branched alkyls, launch the necessary 

electronic and transition state theory calculations, and organize the resultant rate 
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constants in tabulated transition state models’ format. In the first part of this paper series, 

the code was detailed and tested against human-produced kinetic rates for the 1,3-H-shift 

reactions. Here, the code is used to derive TMTS tables for 1,2 and 1,5-H-shift reactions 

that can be readily used in reaction mechanisms for branched hydrocarbons. 

2. Methodology 

The code presented in Part I of this paper was used to automatically create and handle the 

structures for the rate coefficients of 1,5-H-shift and 1,2-H-shift reactions, at high-

pressure limit, for all the combination of branched structures with Ri = H or CH3, as 

illustrated in H-shift reaction models with 6 and 3 membered-ring transition 

structuresFigure 1.  

 

Figure 1: H-shift reaction models with 6 and 3 membered-ring transition structures 

 

The methyl substituent was chosen as a generic alkyl chain because, our previous 

investigations [45] concluded that a methyl could be used to represent a generic alkyl 

substituent for this reaction class, which was already observed in experimental 

measurements as well [29].  
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For the reactions presented here, the kinetic constants were calculated using Canonical 

Transition State Theory: 

           
   

 
  

  

    
 
    

    
                                                         (1) 

 

where L is the statistical factor,       the tunnelling transmission coefficient,    the 

Boltzmann constant, h the Plank constant,     and    the partition function of the 

transition state (TS) and the reactant, respectively,        the difference of energy at 0 K 

between the TS and the reactant, T the temperature and R the universal gas constant. 

The CBS-QB3 method was chosen for all the electronic energies calculations applied in 

this paper since a previous benchmark from our group [45] showed a good agreement 

(maximum difference of a factor of 2.1 for temperatures between 500 K and 200K) 

between the kinetic rates calculated using this method and ANL-F12 reference method 

[46,47] for the H-shift reactions. The maximum factor of 2.1 is applied in all the kinetic 

rates curves presented here as the incertitude factor, details are discussed in the 

supplemental material. The rotational modes were treated as 1D hindered rotors using 

1D-HR-U method, and the tunneling effect was included using an Eckart potential. The 

calculation of rate constants, the hindered rotor, and tunneling treatment was performed 

using the ThermRot code [48]. All the rate coefficients as a function of the temperature 

are fitted between 500 and 200 K with a modified Arrhenius. The described calculation 

steps, from structures generation to TMTS tables building, were all automatically 

performed by our code detailed in Part I. 

When describing the rate parameters in this paper, the nomenclature of Hardwidge is 

used [21], i.e., an internal hydrogen migration is called using the Ncd format, where N is 
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the number of atoms in the cyclic TS structured c is the type of radical site in the reactant 

and d the radical site in the product (p=primary, s=secondary and t=tertiary).  

3. Results and discussions 

3.1. Generalities 

For the study of 1,5-H-shift reactions as a function of the branching level, a total of 72 

possible reactions were identified and launched by the code, which represented 186 

reactant structures, 405 transition states, and 114 products. This high number of structures 

results from the fact that branched structures may present multiple diastereoisomers that 

must be considered during theoretical calculations for better accuracy, as discussed by 

David et al. for the cyclic transition states substituents positions divided between axial 

and equatorial [41,43]. Here, the code goes further for heavily branched structure, as 

exemplified in Figure 2, for an alkyl containing multiple reactant and transition state 

configurations.  
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Figure 2: Example of H-shift reaction with multiple reactant and transition state 
configurations treated by the code 

The reactants present two chiral centers, leading to two different diastereoisomers (SR 

and RR structures), each one passing by four transition state configurations and resulting 

in the same product. The impact of including all the reaction pathways presented in 

Figure 2 (2 reactants and 8 TS structures with different energies; each reactant and TS has 

an optical isomer, leading to a total of 4 reactants and 16 TS) on the total rate constant is 

illustrated in Figure 3.  

 

Figure 3: Rate constants for the reaction of Figure 2, calculated using all pathways (solid 
line) and only the reactant with lower energy (dotted line).  

Considering only the lowest energy conformer for the reactant and for the transition state 

structure leads to a rate coefficient 70% lower on average than the rate coefficient that 

include all the pathways for this specific reaction. The differences in rate coefficients, 

considering all pathways, increases with the number of transition state configurations. 
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Usually, the identification and the sorting of multiple reaction pathways are performed 

manually, and our code was able to implement a sorting and filter algorithm to build all 

the pathways automatically.  

All the calculated high-pressure limit rate constants between 500 and 2000K are 

presented in Table S1 and Table S2 for the 1,3 and 1,5 H-shift reactions, with their 

corresponding Arrhenius parameters. An extract of the table is presented in Table 1, for 

reactions of a primary radical giving primary, secondary, and tertiary radicals (reactions 

type pp, ps, and pt).  

Table 1: Extract from TMTS Tables, rate constants at different temperatures and their fitted 
Arrhenius parameters for 1,5-H-shift reactions. The positions of Ri substituents are given 
in Figure 1.  

 

reaction type 

 

6pp 6ps 6pt 

H-donor Carbon  H, H CH3, H CH3, CH3 

R3 H, H H, H H, H 

R4 H, H H, H H, H 

R5 H, H H, H H, H 

Carbon radical H, H H, H H, H 

    
Temperature (K) k (s

-1
) k (s

-1
) k (s

-1
) 

500 3.29E+03 5.32E+04 2.30E+05 

600 3.61E+04 4.03E+05 1.24E+06 

700 2.15E+05 1.83E+06 4.39E+06 

800 8.63E+05 5.93E+06 1.17E+07 

900 2.63E+06 1.53E+07 2.59E+07 

1000 6.56E+06 3.33E+07 4.97E+07 

1100 1.42E+07 6.41E+07 8.62E+07 

1200 2.74E+07 1.13E+08 1.38E+08 

1300 4.85E+07 1.84E+08 2.09E+08 

1400 8.02E+07 2.82E+08 3.00E+08 

1500 1.25E+08 4.14E+08 4.15E+08 

Arrhenius parameters 
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A (s
-1

) 169.3 1596.4 6069.2 

n 2.39 2.16 1.89 

EA (kcal/mol) 11.8 9. 8.10 

 

 

The first part the table includes the description of the substituent presence on different 

positions of the TS structure. This table can be applied to select  rate constants for 

branched structures in reaction mechanisms.  

The rate constants for these three reaction types calculated in this work are presented in  

Figure 4 together with the computed values proposed by Wang et al. [44]. 

 

Figure 4: Reaction rate coefficients for 6px isomerizations, with x = p, s and t. Results from 
this work (solid lines) and from Wang et al. [44] (symbols). Shaded areas around solid 
lines correspond to the associated uncertainty. 
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A good agreement is observed between our computed kinetic data and those of Wang et 

al. [44] as the maximum difference is found at 1500K for the 6pp reaction, with our 

automatic calculated data being 40% lower than the ones from the literature. The 

behavior of the internal H-transfer is well reproduced in the code-calculated rate 

constants: the activation energy decreases in the order pp > ps > pt, as more substituted 

radicals are more stable. In parallel, the preexponential factor increases in the presence of 

methyl substituents and these two trends accumulate and lead to a major increase in rate 

constants following the sequence pt > ps > pt, as presented in Figure 4. 

The impact of the TS cycle size on the rate constants of internal H-shift reactions is also 

well established in the literature, with the activation energy decreasing with the ring size 

from 3 to 6 members in the cycle, because of the decrease in the ring strain. In Figure 5, 

the rate constants at 500 K of Npp reactions for linear and branched alkyls obtained in the 

current work together with results of our previous studies [45] are presented.   
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Figure 5: Rate constants at 500K for pp reactions passing by 6, 5, 4, 3 membered-ring TS, 
for different levels of branching 

The expected increase in the kinetic data is observed for all the levels of branching on the 

chain. The results presented in Figure 5 show that as the level of branching increases, the 

rate constant also increases by more than one order of magnitude for the 6-membered 

rings. This trend is also observed in smaller cyclic TS structures.    

In Figure 6, the activation energies of all the 1,5-H-shift reactions are represented as a 

function of the reaction enthalpies.  
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Figure 6: Evans-Polanyi correlation for 1,5-H-shift activation energies vs reaction 
enthalpies computed at the CBS-QB3 level of theory. 

 

Even if there is a tendency to increase activation energy for higher reaction enthalpies, 

the Evans-Polanyi relationship, which postulates a linear relation between the activation 

energy and the reaction enthalpy (         ), is not appropriate to estimate 

activation energies for these reactions. This behaviour is explained by the fact that 

branched alkyls present axial interactions that are relaxed in the transition state cycle, 

thus the energy difference between reactant and product is not able to express this 

relaxation, and the deviation is more important for structures with more substituents on 

the chain. This further reinforces our conclusion that a single rate rule is not appropriate 

for any degree of branching for an isomerization reaction class and that the TMTS 

approach for these systems can considerably improve the accuracy of the rate constants 

over existing correlations.  



17 

 

 

3.2. Validation against literature results 

In Figure 7, the automatically calculated kinetic data from this work, for a 6ps reaction 

with no substituents on the alkyl chain, are compared with experimental data.  

 

Figure 7: Reaction rate coefficients for the isomerization of primary linear alkyl radicals 
into secondary linear alkyl radicals by a 6-membered ring TS, this work (solid line), Tsang, 
2007 (▼)[28], Tsang, 2003 (●) [32] and Dobé, 1997 (■)[24]. 

 

Most of the generated kinetic data from our code are in good agreement with experiences, 

with deviations lower than a factor of 2. The high-pressure rate constants measured by 

Tsang et al. [32] in 2003 on n-hexyl and by Tsang et al. [28] in 2007 on n-heptyl 

corroborate the effectiveness of using a methyl to represent a generic alkyl chain since 

the coefficients for R=methyl or R=ethyl are indistinguishable within the uncertainty 

range (i.e. a factor of 1.5 from experimental measurements, mechanisms hypothesis, and 

high-pressure limit extrapolations). These results were also corroborated by Wang et al. 
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[44] when studying internal H-migration in alkyl chains. David et al. [41] also calculated 

internal H-shift reactions in alkyls, and observed that the reactant radical position on the 

alkyl chain (β or α, i.e. R=CH3 or R=C2H5) had a minor impact on the rates. 

In a previous study [45], our group also investigated the impact of the format and size of 

alkyl chain substituent in different positions (on the radical carbon, H-transfer carbon, 

and ‘spectator’ carbons - carbons on the TS cycle). Both the size and format of 

substituents were found to have a minor impact on the rate constants from a 

compensation between a decrease in the activation energy and a decrease in the pre-

exponential factor. These studies support the choice of using methyl groups to denote 

generic alkyl chain substituents in all reactant positions. 

The decomposition of branched alkyls was also studied in shock-tube experiments by 

McGivern et al. [33], who investigated the 4-methyl-1-pentyl radical, and by Awan et al. 

[34], who focused on 4-methyl-1-hexyl radicals. They extrapolated their measurements 

by fitting a reaction mechanism, and their results for the isomerizations of alkyl radicals   

passing by 6-membered rings are compared with the ones automatically calculated in this  

work in Figures 8 and 9. 
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Figure 8: Rate coefficients for the isomerisation of the 1-hexyl-2-methyl radical obtained in 
this work (solid line) and extrapolated by Awan et al. (►) [34] . 

 

 

 

Figure 9: Reaction rate coefficients for the isomerization of 1-pentyl-4-methyl radical 
calculated by our code (solid line) and from experimental measurements of McGivern et al. 
(►) [33]. 
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The results from this work also confirms another experimental observation from the 

previous studies: the presence of an alkyl group on the carbon chain increases the rate 

constants, compared to unsubstituted linear structures. For the alkyls reported here, the 

rate coefficients were increased by a factor of 4 regarding their linear equivalents. 

3.3. Impact of the degree of branching on the rate constants 

The impact of branching on the kinetic data of isomerization of alkyl radicals was 

discussed by our group [45] for 1,3 and 1,4-H-shift reactions, and we showed that the use 

of a unique rate coefficient, independent of the degree of branching is not appropriate. 

Wang et al. [44] proposed general kinetic rates for H-shift reactions based on three 

aspects: the reactant and product radical nature (primary, secondary or tertiary) and the 

transition state ring size. These rules were developed from a collection of reactions, a part 

of them based on minimal structures, with low or no presence of branching in the alkyl 

chains.  

In Figure 10, the rate rules derived by Wang et al. [44]  for the isomerization of 

secondary radicals into secondary radicals (ss) passing through 6-membered ring TS is 

presented along with rate constants automatically calculated for branched structures in 

this work.  
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Figure 10: Rate constants for the isomerization of secondary alkyl radicals into secondary 
alkyl radicals calculated in this work for multiple branched structures (symbols) and from 
the rate rule proposed by Wang et al. [44] (solid line). 

It is noticeable that the rate constants increase with the level of branching, and for some 

cases the increase represents a factor of more than 12 at 1000K compared to the rate rule. 

In such cases, the use of tabulated transition state models, that explicitly includes the 

branching level of the alkyl radicals for the definition of the rate rules in reaction 

mechanisms is preferable for accurate kinetic data.  

From the results of the automatic calculations, a table with the Arrhenius parameters for 

high-pressure limit kinetic rates of all branched structures combinations is available in the 

Supplemental Material for the 1,5 and 1,2-H-shift reactions in alkyl radicals (S1). These 

tables, along with the previous ones published by our group [45], cover all the hydrogen 

migrations in alkyl radicals passing by 3, 4, 5 and 6-membered rings, and includes highly 

branched structures. 
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The presence of branching on the alkyl chain highly increases the rate constants from 

multiple reasons main reasons: the presence of branching in the reactant structure induces 

gauche interactions that are relaxed in the TS cycle, which decreases the activation 

energy for more branched structures. For branched chains, the cycle formation may allow 

the relaxation of the gauche interactions between the substituents on the reactant chain, as 

the substituents in cyclic structures can be positioned far from each other, as illustrated in 

Figure S1. This relaxation effect can result in a decrease of the activation energy for 

branched structures compared to their linear equivalents. At the same time, the pre-

exponential factor increases as a consequence of the increase of the number of the 

increase of the number of transition state configurations, as each TS creates a possible 

reaction pathway, and the final rate constant is a sum of all the individual ones. Besides, 

when comparing the ratio between transition state and reactants partition functions, a 

higher ratio is found for for branched structures, mainly from differences on the 

vibrational modes, which corroborates to higher rates coefficients for H-shift reactions of 

branched alkyls. The addition of those  behaviours leads to a significant increase on the 

kinetic rates for branched structures, as observed in Figure 11.  
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Figure 11: Rate constants of 6pp and 6ps H-shift reactions for different levels of branching 
in the carbon chain. 

 

Besides, when comparing the ratio between transition state and reactants partition 

functions, a higher ratio is found for branched structures, mainly from differences in the 

vibrational partition function, which contribute to the higher rates coefficients observed 

for H-shift reactions in branched alkyls. The ratios between partition functions for the 

reactions 6pp in linear and branched alkyls are presented in Figure S2, as a function of 

temperature. The ratio is 6 times higher for the branched alkyl reaction at 500K. 

Remarkably, the increase on the kinetic rates produced by the presence of branching on 

‘spectator’ carbon atoms may be in the same range as the increase from changing the 

nature of the radical formed, as seen in Figure 11: the 6ps rates are close to the 6pp rates 

for branched structures. In Figure 12, for 6ss and 6st reactions, the increase of rates for 
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branched structures overcomes the increase from the nature of the reaction (as 6ss 

reaction in branched structures presents rate constants more than 8 times higher than the 

6st in no-branched chain).  

 

Figure 12: Rate constants for 6ss and 6st H-shift reactions for different levels of alkyl 
branching. 

 

The rate constants of internal H-shift in alkyl chains are mostly impacted by the size of 

TS cycle, as can be observed in Figure 5. The nature of reactant and product radicals is 

also considered the second most important aspect influencing the rate coefficient in this 

reaction class. However, from the results presented in this work, it was observed that the 

degree of branching and the position of the substituents on the alkyl chain may have a 

similar impact as the nature of the radicals on the kinetic data. Accounting for this aspect 

is therefore essential for accurate kinetic data in detailed kinetic mechanism, and for this 
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purpose, the Tabulated Model of Transition States can be useful for molecular system 

that are too large for on-the-fly ab initio calculations.      

3.4. Artifacts induced in kinetic data by the use of methyl to represent alkyl chains 

 The use of methyl groups to substitute transition state rings imposes not only a given 

statistical factor L (equation 1), but also a given number of reactants or products and 

transition states. This count is rigorously correct for the molecular system generated by 

our code with methyls, but may change if the group represented is an alkyl chain, as the 

number of optical isomers and symmetries may change if the alkyl chains are different. 

This complex problem is even more difficult for the most general case of a transition state 

ring carrying multiple alkyl chains. To illustrate these problems, we first present here two 

examples for 1,2- and 1-4-H-shift kinetic data generated by our code.  

Figure 13 presents a comparison between our results and the ones derived by Wang et al 

[44] for the modelling of hydrogen atoms reactions with 1 and 2-pentene, theoretically 
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calculated. 

Figure 13: High-pressure limit rate constants of 2-pentyl to 3-pentyl isomerisation 
calculated based on this work (solid and dotted lines) and from Wang et al.[44] 

 

 Even though the values are close to each other within the estimated errors ( differences of 

around 40%), the use of methyl as representation of a generic alkyl chain induces a 

symmetry in the transition state structure. In this specific case, the model reaction used to 

represent the 2-pentyl -> 3-pentyl radical isomerisation is the 2-butyl -> 2-butyl 

isomerisation, as illustrated in Figure 14. 
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Figure 14: Differences of structure symmetries between TMTS model reaction and target 

reaction. 

 

Both reactions pass by two transition state configurations, depending on the cis/trans 

positions of the alkyl chain regarding the plane of the 3-membered cycle (trans 

represented by TS 1 and cis by TS 2 in Figure 14). However, the TS 1 in the TMTS 

reaction presents an external symmetry of 2 which is not observed for the TS 1 in the 

reaction of the 2-pentyl radical (called the target reaction). 

TS 1 (TMTS)

TS 2 (TMTS)

TS 1 (Target)

TS 2 (Target)

σ = 2

σ = 1

TMTS reaction

Target reaction
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For other cases, the use of methyl may also change the number of isomers or even the 

number of available pathways and TS configurations. For those cases, a correction factor 

for the tabulated transition state rates is necessary, as follow in (2): 

                                  (2) 

with          being the kinetic coefficient of the target reaction,       the kinetic 

coefficient of the tabulated model transition state reaction and    the correction factor.  

This factor can be approximated as the ratio between the statistical factor of the target 

reaction and the model reaction. For the reaction represented in Figure 14, the statistical 

factor is the same for TS 2 in TMTS and the target reaction, as the symmetries and 

number of isomers do not change between them. For the TS 1, however, the statistical 

factor of the TMTS reaction is half of the statistical factor of the target reaction, as the 

external symmetry changes (σ = 2 for the TS 1 in the TMTS and σ = 1 for the TS 1 in the 

target reaction).  Those differences in the statistical factors result in a correction factor of 

4/3, considering an equal participation of each pathway. After applying the factor, the 

kinetic data obtained are closer to the ones proposed by Wang et al. [44], as illustrated by 

the dotted line in Figure 13 (differences of less than 10%). 

For other reactions, the presence of different alkyl chains as substituents can induce new 

transition state configurations, as illustrated in Figure 15 for a secondary alkyl radical 

transforming into a tertiary radical passing by a transition state with 5-membered ring. 

When using two methyl groups as the branching of the tertiary carbon, the equatorial and 

axial positions in the cyclic TS are equivalent, however if the target reaction presents two 
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different alkyl chains on these positions, the number of TS configurations is multiplied by 

2 as illustrated in the Figure 15. 

 

Figure 15: Number of transition state configuration for a TMTS model reaction and for a 
target reaction with an ethyl replacing the tertiary carbon methyl. 

 

 

For this reaction, the TMTS reaction does not include all the possible reaction pathways 

due to a symmetry induced by using methyl groups to representant an alkyl groups. 

However, the use of a correction factor can also be applied by considering that the new 

arising pathways are equivalent to the ones assigned in the TS model. The rate 

coefficients of the target reaction of Figure 15 were calculated manually using the same 

method as previously described, including all the 16 transition state configurations as the 

combination of equatorial and axial positions by the groups is multiplied by 2. The results 

for the target reaction were compared with the kinetic data from the TMTS reaction 

model, with and without the correction factor, as illustrated in Erreur ! Source du 

renvoi introuvable..  
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Figure 16: Rate coefficients calculated for a H-shift in a branched alkyl, directly calculated 
(16 TS, solid line), estimated by TMTS without using a correction factor (dotted line) and 
estimated by TMTS including a correction factor (dashed line).  

 

With no correction factor, the rate constant of the target reaction is underestimated by a 

factor of 2.3 at 1000 K. If a correction factor defined as the ratio between the number of 

transition states for each case is used, the rate constant of the target reaction is in good 

agreement with the complete calculation, with a deviation of less than 20% at 1000 K. 

In order to cover the most generic reactions, the tabulated model transition states are 

presented in the supplemental material with their corresponding statistical factor. For a 

given target reaction, this statistical factor can be used to calculate and apply the 

correction factor. The correction factor (fc) can be calculated as the ratio between the 

statiscal factor of the target reaction and the statiscal factor of the model reaction, as 

follow: 



31 

 

 

   
       

     
  

In the previous example (illustrated in Figure 15), the         is estimated as twice as 

     , as the number of transition state cconfigurationsis doubled, and the rates for the 

new pathways created in the target reaction are supposed to be equivalent of the ones in 

the TMTS model reaction. In the case of  Figure 14,        =2, while       =3/2, which 

results in   =4/3. The calculation of this factor is detailed in the supplemental material for 

generic target reactions. The use of the correction factor in combination with the 

tabulated models of transition states allows the estimation of kinetic rates for 

isomerization reactions of branched alkyl radicals with an uncertainty factor of 2.1.   

4. Conclusions 

The code developed in part I of this paper series was applied for the calculation of high-

pressure limit rate constants of 1,2-, 1,3- and 1,5-H-shift reactions for a large number of 

combinations of branched alkyls in the Part I and II of this paper serie. The code creates 

branched structures based on a minimal non-substituted TS model structure, and performs 

all the electronic structure and transition state theory calculations, and produces a table of 

modified Arrhenius coefficients for each branched alkyl isomerisation, with an estimated 

uncertainty factor of 2.1.  

The cyclic transition states involved in these reactions may present different 

configurations according to the positions of the substituents (equatorial vs. axial 

positions) and diastereoismers in the reactants / products, which leads to reactions with 

multiple parallel pathways. The rate constants of isomerizations calculated for hundreds 
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of reactions by our new code show that it is necessary to take these multiple pathways 

into account exhaustively to obtain accurate rate coefficients in branched alkyls. It was 

found that the presence of branching on the chain between the radical carbon and the H-

donor carbon can increase the rate constant by factors of more than 10.  

The use of methyl groups to represent generic alkyl chain was found to agree with the 

kinetic data of the literature, however it may induce symmetries, change the number of 

isomers or even affect the number of available reaction pathways. Since those factors can 

be isolated from the kinetic rates as a part of the statistical factor, a correction factor for 

the kinetic rates was proposed to consider those possible changes caused by the use of 

methyl group to represent an alkyl group. The application of this correction factor was 

tested for two different reactions – one with loss of symmetry and other with a change in 

the number of TS configurations. For both cases, the application of the correction factor 

to correct the tabulated values was enough to reproduce the expected kinetic rates. The 

tables of transition state models for 1,2-, 1,3 and 1,5-H-shift reactions are provided for all 

possible branched alkyl isomerizations. Our computed kinetic data for hundreds of H-

shifts reactions in alkyls as a function of the degree of branching shows that it is not 

possible to use a single branching-independent correlation for these reactions. The TMTS 

method is the only approach able to capture the effect of branching for the rate constants 

of isomerization, for large alkyl radicals which are still difficult to accurately calculate 

using on-the-fly ab initio calculations.  
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