[image: image1]On-The-Fly Kinetics of the Hydrogen Abstraction by Hydroperoxyl Radical: An Application of the Reaction Class Transition State Theory

		ORIGINAL RESEARCH
published: 31 January 2022
doi: 10.3389/fchem.2021.806873


[image: image2]
On-The-Fly Kinetics of the Hydrogen Abstraction by Hydroperoxyl Radical: An Application of the Reaction Class Transition State Theory
Maciej Baradyn and Artur Ratkiewicz*
Department of Chemistry, University of Bialystok, Bialystok, Poland
Edited by:
Uttam Pal, S. N. Bose National Centre for Basic Sciences, India
Reviewed by:
Gourhari Jana, University of California, United States
Enrique Manuel Arpa, Linköping University, Sweden
Anup Ghosh, S. N. Bose National Centre for Basic Sciences, India
* Correspondence: Artur Ratkiewicz, artrat@uwb.edu.pl
Specialty section: This article was submitted to Theoretical and Computational Chemistry, a section of the journal Frontiers in Chemistry
Received: 01 November 2021
Accepted: 22 December 2021
Published: 31 January 2022
Citation: Baradyn M and Ratkiewicz A (2022) On-The-Fly Kinetics of the Hydrogen Abstraction by Hydroperoxyl Radical: An Application of the Reaction Class Transition State Theory. Front. Chem. 9:806873. doi: 10.3389/fchem.2021.806873

A Reaction Class Transition State Theory (RC-TST) is applied to calculate thermal rate constants for hydrogen abstraction by OOH radical from alkanes in the temperature range of 300–2500 K. The rate constants for the reference reaction C2H6 + ∙OOH → ∙C2H5 + H2O2, is obtained with the Canonical Variational Transition State Theory (CVT) augmented with the Small Curvature Tunneling (SCT) correction. The necessary parameters were obtained from M06-2X/aug-cc-pVTZ data for a training set of 24 reactions. Depending on the approximation employed, only the reaction energy or no additional parameters are needed to predict the RC-TST rates for other class representatives. Although each of the reactions can in principle be investigated at higher levels of theory, the approach provides a nearly equally reliable rate constant at a fraction of the cost needed for larger and higher level calculations. The systematic error is smaller than 50% in comparison with high level computations. Satisfactory agreement with literature data, augmented by the lack of necessity of tedious and time consuming transition state calculations, facilitated the seamless application of the proposed methodology to the Automated Reaction Mechanism Generators (ARMGs) programs.
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1 INTRODUCTION
The crucial initialization step of the combustion of hydrocarbons is the H abstraction (Walker and Morley, 1997; Handford-Styring and Walker, 2002; Scott and Walker, 2002; Aguilera-Iparraguirre et al., 2008; Battin-Leclerc et al., 2013; Shi, 2018; Curran, 2019; Hashemi et al., 2019). Metatheses by atoms (i.e., ∙O, ∙H) (Saeys et al., 2003, 2006; Battin-Leclerc et al., 2013; Hou and You, 2017; Hashemi et al., 2019) and simple radicals (i.e., ∙OH(Chen et al., 2004; Battin-Leclerc et al., 2013; Edwards et al., 2014; Semenikhin et al., 2017; Frenklach et al., 2018; Gao et al., 2018; Wang et al., 2019), CH3 (Battin-Leclerc et al., 2013; Li et al., 2015; Mai et al., 2018),∙OOH (Handford-Styring and Walker, 2002; Carstensen and Dean, 2005; Battin-Leclerc et al., 2013; De Oliveira et al., 2016; Curran, 2019) are especially known to be the most significant channels for petrol depletion, thus mathematical combustion models are strongly sensitive to their rate constants (Semenikhin et al., 2017). H abstraction reactions are also important in consideration of adsorption and desorption at interstitial voids generated during molecular aggregation in solid state as well as investigation of possible bond formation between ‘noble’ elements in the periodic table, which are connected to the dissociation channels and internal isomerization processes (Jana et al., 2017, 2018; Pan et al., 2017). For some lighter systems, initialization with hydroperoxyl radical OOH (Hashemi et al., 2019) is believed to be a rate controlling step of the low temperature ignition. Processes belonging to the title family are also essential in the combustion of biofuels. Furthermore, it is known (Walker and Morley, 1997; Curran, 2019) that some peculiarities in the chemistry of combustion systems, such as NTC (Negative Temperature Coefficient) are mainly governed by reactions reducing the significance of the chain branching processes in favor of the termination processes. Typically, peroxy (mainly hydroperoxyl OOH) radicals (Blocquet et al., 2013) are involved at this stage. Because the title reaction family stands as a significant channel of decay of the OOH radicals, its accurate kinetic parameters are needed not only to quantify the initial stages of combustion, but also to properly predict the fate of the peroxy compound species. Unfortunately, despite its significance, only a very little amount of empirical kinetic data are available for the title reaction class. Due to the recombination of the peroxyl radicals and other side reactions, the direct rate measurements are very difficult, if possible at all. The only experimental data available are indirect measurements of the H-abstractions from propane and cyclopentane, reported by Walker et al. (Handford-Styring and Walker, 2002). The lack of experimental reports is partially compensated by computations.
A systematic study of the H abstractions by different peroxy radicals was carried out by Carstensen et al. (Carstensen and Dean, 2005, 2007. The rate constants were presented and analyzed for systematic trends in reactivity. Hashemi et al. (Hashemi et al., 2019) utilized the Classical Transition State Theory (CTST) data with 1D tunneling correction methodology for reactions of hydroperoxyl with propane. A similar series of CTST results were used for alkanes up to butane but results were obtained with a different electronic structure calculation methodology, as previously reported in Aguilera-Iparraguirre et al. (2008). Since the combustion models are intended for a wide range of possible fuels, a number of rates for each reaction class are needed. This is a challenging task, especially if the model is to be created with automated reaction mechanism generators (ARMG’s). However, as pointed out above, it is unrealizable to gain trustworthy data for so many reactions by experiments or explicit calculations, even with the simple CTST methodology. A software tool, capable of easy generation of reliable rates for any processes within a given family needs to be utilized to achieve this goal. The Reaction Class Transition State Theory (RC-TST) provides an accurate theoretical framework. By successful application to numerous reaction classes (Ratkiewicz et al., 2016), including also H abstractions, it has proven to be an effective and time efficient procedure for on-the-fly prediction of the thermal rate constants in a wide temperature range. In this study, an RC-TST framework was employed to derive the kinetic parameters necessary for the estimation of the rate constants of any reaction belonging to the alkane + ∙OOH → alkyl radical + H2O2 reaction family. To do this, explicit expressions relating to the rate constants of the reference reaction and those of other reactions in the class (called RC-TST correlations hereafter) have to be found. The assumption is, that these correlations apply to the whole title family. To compute the RC-TST parameters, 24 reactions are considered as a representative (training) set. Among these, eight occur at primary carbon active sites (type p), 10 at secondary (type s), and five at tertiary (type t). The simplest process R1 in the whole set is denoted as reference reaction. All reactions forming the training set, specified as SMILES (Weininger, 1988) strings, are explicitly listed in Table 1 below. SMILES specification rules are generally quite simple and well recognized in the chemical community. To further clarify this way of coding, a schematic representation of example p, s and t type H abstractions (namely processes R11, R13, and R12) are available in the Supporting Information (Supplementary Figure S1).
TABLE 1 | Processes selected to the representative (training) set for the alkyl + ∙OOH → alkyl radical + H2O2 reaction class; “p” represents H abstraction by∙OOH radical from a primary C atom (type p), “s” and “t” from secondary and tertiary ones. Both reactants and products are represented with SMILES linear notation.
[image: Table 1]2 METHODOLOGY
2.1 Reaction Class Transition State Theory
Since the specifics of the RC-TST methodology have been detailed in previous reports (Truong, 2000; Ratkiewicz et al., 2016), only the most important features are mentioned here. All processes with the same common structural denominator, also known as reactive moiety, form a class. This definition is ambiguous since it depends on the specification of the reactive moiety. The approach profits by the similarity of reaction centers (moieties) within a given class, thus the discrepancies between rates are mainly attributed to alterations in the interactions of the reactive moiety with substituents. The unknown rate of any process within a family k(T) is obtained by capturing the difference between this process and the reference one (R1), which rate constant is well-known. Mathematically, both rates are related by a simple, temperature dependent, coefficient f(T):
[image: image]
The reference reaction may be (but it is not always a case) tantamount to the principle reaction, which is the simplest reaction within a given family. Its rate constants, taken either from accurate high level calculations or directly from experiment, is well known. Under the TST framework, the coefficient f(T) is divided into five components (called further factors), which are the ratios of the corresponding quantities of the currently investigated reaction to the reference one, reflecting the particular components of the Classical Transition State Theory (CTST) (Bao and Truhlar, 2017) formula:
[image: image]
In the formula above, factor [image: image] corresponds to the symmetry number σ, and is the only temperature independent. [image: image] symbolizes the potential energy factor, [image: image] denotes the tunneling factor, coefficient [image: image] corresponds to the total partition function Q of the reactants and transition state. Finally, the [image: image] (hindered rotations factor) takes into account the differences between the anharmonic motions (hindered rotations) of the arbitrary reaction (investigated) and the reference one. Accordingly, all the coefficients from the right side of Eq 2 are calculated as the ratios of the quantities corresponding to the arbitrary (investigated) reaction to these for the reference process (Ratkiewicz et al., 2016; Baradyn and Ratkiewicz, 2020). The strict definitions of the five factors from Eq 2 are given in the references above, they are also provided in the Supporting Info (Supplementary Figure S2). The correspondences between particular RC-TST factors and the CTST formula are detailed in Figure 1 below.
[image: Figure 1]FIGURE 1 | Classical Transition State Theory (CTST) formula with marked correspondences to RC-TST factors. In this formula, σ stands for symmetry number (reaction multiplicity); T is the temperature in Kelvins; κ(Τ) is the quantum tunneling coefficient; kB and h are Boltzmann and Planck constants; Q#, ΦA, and ΦB symbolize total partition functions of the transition state and both reactants; EA is activation energy.
Despite the utilization of the original TST framework, there are inherent dissimilarities between TST and RC-RST methodologies. Whereas TST (CTST) determines the absolute rate constants, the RC-TST may be considered as an extrapolation of the (well known) rate constants of the reference reaction to any other class member. The reference reaction (R1) rate come from experiment or high level VTST (Variational TST) computations. As such, it accounts for variable dividing surface, quantum tunneling, anharmonities of the low frequency motions, etc. The RC-TST formalism transfers the factor variability to reaction rates. Thus, the unknown arbitrary rate in the same family is determined by capturing variations of particular factors from the reference process to the investigated one. This makes a significant difference when compared to the classical TST rate–the RC-TST transfers all the properties already included in the rate of the reference reaction to any other process within a given class, which is not a case in TST calculations. Factors from Eq 2 are calculated for all the reactions forming the training set (see Table 1) and averaged and fitted to RC-TST correlations. To obtain the potential energy factor fQ(T), classical reaction barriers are needed. For processes R1-R24 they are calculated directly. Of course, to do this transition states (TS’s) structures are necessary. All of the geometries and frequencies are available in the Supporting Information of this article (Supplementary Tables S1−23). This is the most problematic point of the whole procedure. Whereas automated construction (and optimization) of transition states and on-the-fly accurate kinetic calculations are now possible (Carstensen and Dean, 2009; Gao et al., 2016; Panadés-Barrueta et al., 2019; Van de Vijver et al., 2019; Li et al., 2020; Pattanaik et al., 2020), this is still an emerging technology developed for only a few reaction classes, thus its simple implementation is not straightforward. It has been shown previously (Ratkiewicz et al., 2016) that direct barrier calculations may be omitted by approaching them by simple linear expressions. In this approximation, referred to as RC-TST/LER (Linear Energy Relationship), the classical reaction barrier height [image: image] for the arbitrary reaction is retrieved with the Linear Energy Relationship (LER) between the classical barrier and reaction energy, comparable to the Evans−Polanyi relationship. The rate constants of any reactions in the title class can be predicted either from the LER or BHG (Barrier Height Grouping) methodologies, which are discussed in further detail later in this study. Whereas the first one requires the reaction energy and symmetry number, only the symmetry number is needed in the latter. In any case, no explicit transition state (TS) and/or frequency calculations are necessary, which makes it practical for the on-the-fly reaction rates computations, utilized in the Automated Reaction Mechanism Generation (ARMG) programs (Carstensen and Dean, 2009; Magoon and Green, 2013; Van de Vijver et al., 2015; Li et al., 2020).
2.2 Computational Details
All electronic structure calculations were performed on Gaussian 16 software (Frisch et al., 2016). A hybrid meta generalized gradient approximation exchange-correlation functional M06-2X (Zhao and Truhlar, 2008), which is intended especially for the chemical kinetics, was utilized to calculate the RC-TST factors. The cc-pVTZ basis set was chosen as it works significantly better than the simpler cc-pVDZ. To account for the exorbitant electron density on the OOH radical, the diffusion functions were employed. Taking into account the above discussion, the M06-2X/aug-cc-pVTZ theory level was chosen. The accuracy of this methodology has been proven by the benchmark calculations of the Potential Energy Surface (PES) of the reference reaction, reported further in this study. It is important to stress out, that all quantities needed in the RC-TST methodology are only relative to the reference process R1. As such, a relatively low level of theory, appropriate for the ARMG schemes, may be utilized with an acceptable outcome. All reported results were obtained for the lowest energy conformers, no constraints were imposed during the geometry optimizations. Vibrational analysis was undertaken for all the processes considered to ensure that all minima had no imaginary frequency, whereas transition state structures show one and only one imaginary frequency, matching the reaction coordinate. The calculated energies, geometries, and frequencies were then used to derive the RC-TST correlations, approximating particular factors. To obtain the data needed to derive the tunneling [image: image]), partition function [image: image]) and hindered rotation [image: image]) factors, the CTST calculations with 1D Eckart tunneling corrections for all the reactions within the representative training set were performed with the MSMC (Duong et al., 2015) and TheRate (Duncan et al., 1998) codes. Harmonic oscillator (HO) approximation was used to approximate the vibrational modes, except for low frequency vibrations, treated by the direct solution of the 1D Schrödinger equation, as implemented in the MSMC program (Duong et al., 2015). Appropriate potential energy curves were obtained with the relaxed scans by using discrete steps of 10. For transition states, the C … H and O … H bonds were frozen during the scans. It is important to stress that the sole purpose of this approach was to prevent the relaxation of reactants/products during the scans and that no geometry constraints were imposed during the optimization of the transition states of the reactions R1–R24.
Thermal rate constants were obtained for the 300–2500 K temperature regime. Since the most accurate rate was needed for reference reaction R1, the Canonical Variational Transition State Theory (CVT) with the Small Curvature Tunneling (SCT) method was utilized, as implemented in the POLYRATE 17c (Zheng et al., 2017) program. To model vibrations transverse to the reaction path, physically intuitive curvilinear internal coordinates (keyword CURV3 in POLYRATE) were utilized.
3 RESULTS AND DISCUSSION
This section starts by discussing calculations of the rate constant of the reference reaction. The RC-TST correlations, approximating particular factors, were then derived. To assess the reliability of these, three independent error analyses are presented.
3.1 Reference Reaction
Since the RC-TST rates of any representative of the title reaction family may be considered as an extrapolation of the reference process, exhaustive knowledge with the best accuracy possible is of crucial importance. For the title class, the smallest possible (principal) representative is the H abstraction from methane CH4 + ·OOH → ∙CH3 + H2O2. Although the simplest and, consequently, the less computationally demanding reaction within a whole class, the principal reaction is not always the best reference. Methane is known to possess unusual stability (and–consequently–high reaction barrier) due to its high symmetry and lack of the C-C bond. This results in possible problems with the extrapolation of its rate to the other class representatives. This expectation was confirmed by our calculations, as well as by results previously reported in Aguilera-Iparraguirre et al. (2008), where the barrier for CH4 + ·OOH → ∙CH3 + H2O2 reaction is higher by about 4.5-5 kcal/mol than that for reaction with C2H6 (R1) for all theory levels employed. The process R1 is the smallest, with all characteristic elements of the title class, i.e. the reactive moiety OOHH and the C-C bond of the alkyl group. For this reason, the C2H6 + ·OOH → ∙C2H5 + H2O2 (R1) reaction was chosen as the reference, as discussed further later in this article.
3.1.1 Potential Energy Surface
The optimized M06–2X/aug-cc-pVTZ level of theory geometrical parameters of the reactants and the TS of the C2H6 + ·OOH → ∙C2H5 + H2O2 reaction are shown in Figure 2. As mentioned in the previous section, the transition state was confirmed to possess only one imaginary frequency corresponding to the H transfer between ethane and hydroxyl radical. The geometry parameters, computed at the higher level of theory QCISD/aug-cc-pVDZ, are also presented for the sake of comparison. These results demonstrate that, for the transition state, the prediction of both methods was quite similar, so there is no benefit in using the computationally demanding QCISD/aug-cc-pVDZ methodology.
[image: Figure 2]FIGURE 2 | Optimized geometries (distances in Å and angles in degrees) of the reactant transition state of the C2H6 + ·OOH → ∙C2H5 + H2O2 (R1) reaction at the M06–2X/aug-cc-pVTZ and QCISD/aug-cc- pVDZ (numbers in parenthesis).
The classical and zero point energy corrected barriers calculated at various levels of theory, along with literature values (Aguilera-Iparraguirre et al., 2008), are listed in Table 2. Amongst the various methods considered here, the CBS-QB3, CBS-APNO, and W1U composite methods are known for their precision compared to experimental data, thus their results were expected to yield the most accurate and comprehensive assessments. It is seen, that M06-2X results are in a good agreement with more time consuming composite chemistries. The M06-2X reaction barriers are almost independent from the basis sets utilized. The value (∼18 kcal/mol) is almost the same as the CBS-QB3 results. It is interesting to observe that reaction energies depend on the basic set considerably more than the barriers do. As the BH and HLYP density functional frequently used in our previous studies (Ratkiewicz et al., 2016) seem to overestimate the reaction barrier for this reaction class, they were not utilized here. For both reaction energies and barrier heights, the M06-2X/aug-cc-pVTZ energies are in the best agreement with these resulting from composite methods. For that reason, this theory level is a method of choice for the title reaction family.
TABLE 2 | Calculated classical (VC) and zero point corrected ([image: image]) barriers for the C2H6 + ·OOH → ∙C2H5 + H2O2 (numbers are in kcal/mol).
[image: Table 2]Figure 3 illustrates the potential energy surface along the reaction path. To ensure the convergence of the Small Curvature Tunneling calculations classical adiabatic ground state potential Vc and the zero-point vibrational energy, ZPVE, were computed at the M06–2X/aug-cc-pVTZ theory level at 200 points along the Minimum Energy Path (MEP), 100 points of each side. The vibrationally adiabatic ground-state potential [image: image] is the sum of the two terms: Vc + ZPVE. Both potentials (relative to reactants) along with the C-H and C-O distances (see Figure 2) as a function of reaction coordinate are pictured in Figure 3. Plots illustrating both potentials as the function of the aforementioned bond distances are available in the Supporting Information (Supplementary Figures S3A,B).
[image: Figure 3]FIGURE 3 | Potential energy and bonds lengths along the reaction coordinates of the reaction R1 (C2H6 + ·OOH → ∙C2H5 + H2O2). VC is the classical adiabatic ground-state potential, whereas [image: image] symbolizes the vibrationally adiabatic ground-state potential energy curve. H atom is transferred from C to O (see Figure 2 above).
It is interesting to observe that ZPVE lowered the barrier to about 2 kcal/mol, corresponding to ∼10% of the total barrier height, which is typical for the H abstractions. However, a significant drop (approximately the next 2 kcal/mol) of the ZPVE in the vicinity of the transition state occurred, which is unusual. The nature of this phenomenon is not considered here and may require further investigation. The distance between the transferred H atom and C abstraction site increases continuously with the course of the reaction, although it happens noticeably faster in the vicinity of the transition state. The C-O distance shortens when approaching TS, but increases after a critical point.
3.1.2 Rate Constants
As mentioned, the high pressure limit of the thermal rate constants of the reaction R1 was computed with the CVT/SCT methodology in curvilinear (CURV3 keyword in POLYRATE) coordinates, based on bonds stretches, bends, and torsions. Harmonic vibrational frequencies were calculated at 200 points along the MEP. In accordance with the methodology of Fernández-Ramos et al. (2007), to account for the quantity of the symmetrically equivalent reaction paths, a symmetry number of six was used. The low frequency vibrational modes, corresponding to rotations of the -CH3 groups, as well as H rotation along the O-O bonds in the OOH group were explicitly treaded as hindered (internal) rotations. The results, along with the available literature data, are plotted in Figure 4. It was found that the SCT tunneling factor (κSCT = 15.71) differs only slightly from the 1D Eckart value (κEckart = 14.26). This result confirms the validity of the 1D tunneling approach utilized in previous reports. Consequently, the CVT/SCT/HR and Eckart/HR rates are very close one to another and their separate plots would be hardly distinguishable. The CVT/SCT/HR rate is slightly larger than those computed by Aguilera-Iparraguirre (Aguilera-Iparraguirre et al., 2008) as well as those recommended by Baulch et al. (Baulch et al., 1992), but is significantly smaller than those proposed by Carstensen et al. (Carstensen and Dean, 2007) in the whole temperature range. To the best of our knowledge, there are no direct measurements of the rates of reaction R1. Only indirect (i.e. based on the reaction with methane) data reported by Baldwin et al. (Baldwin et al., 1988) are available and are in excellent agreement with our calculations. In general, the computed CVT/SCT rates are in satisfactory agreement with available data, thus they can be safely utilized for estimation of the unknown rates of any process belonging to a title reaction class. This rate may be fitted to an Arrhenius expression as:
[image: image]
[image: Figure 4]FIGURE 4 | Arrhenius plot of the calculated rate constants for the reaction R1 (C2H6 + ·OOH → ∙C2H5 + H2O2) along with literature data.
3.2 RC-TST Parameters
In this section, the RC-TST factors are derived based on the electronic structure calculations for the whole representative set (see Table 1).
3.2.1 Potential Energy Factor
This factor captures the differences between the barriers of particular class representatives. Since these differences are reflected in the exponential part of the TST formula (see Figure 1), even the small inaccuracies in barriers may significantly affect the calculated rates. As such, proper following of the barriers variability is essential. Transition states are needed to know the exact barrier. It was previously shown that within a given family, a linear relation between reaction energy ΔE and barrier height ΔV# holds similar to the well-recognized Evans-Polanyi relationship. This relationship, referred to as LER (Linear Energy relationship), is utilized here to overcome the necessity of the on-the-fly TS calculations, which are difficult to perform and time consuming, if possible at all. Direct on-the-fly calculations of reaction energy are much faster and easier to achieve. Within the RC-TST framework, only relative barriers are needed to calculate fV, thus the relatively low level of theory can be safely utilized. To obtain these relative values, an exact barrier of the reference reaction R1 of 20.92 kcal/mol (see Table 3) is necessary. In this study, the LER is derived at the M06-2X/aug-cc-pVTZ level of theory. Table 3 reports the DFT reaction energies and barrier heights for all processes from the training set. The derived LER’s plotted with the reaction energies on ordinates are shown in Figure 5. As mentioned earlier, the principal reaction CH4 + ·OOH → ∙CH3 + H2O2 does not follow the same tendency as others, and thus was excluded from the LER. The linear fit leads to the following expressions (kcal/mol):
[image: image]
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TABLE 3 | Classical reaction energies ΔE, barrier heights [image: image], and absolute deviations between the calculated barrier and those computed from LER expressions and barrier height grouping (BHG) approaches at 0K. Zero-point energy corrections are not included.
[image: Table 3][image: Figure 5]FIGURE 5 | Linear energy relationship (LER) of the barrier heights ΔV versus reaction energies ΔE for the representative set. All data were obtained at the M06-2X/aug-cc-pVTZ level of theory.
As it is seen in Table 3, the absolute deviations between barriers, directly computed and fitted are smaller than 0.5 kcal/mol, whereas the average value (Medium Absolute Deviation – MAD) is less than 0.2 kcal/mol for the representative set of reactions. As can be seen from Figure 5, even though the actual relationship is not linear for primary sites, Eq 4a is still applicable. This is because its exclusive purpose is to approximate the real reaction barrier with satisfactory accuracy. The resulting errors (see Table 3) are smaller than the systematic error of the DFT calculations. As such, to keep the methodology consistent, the linear equations can be confidently used to predict the value of the potential energy factor fV, even when there is no observable linear relation between ΔE and ΔV. As shown further in this study (Section 3.4.1), such a treatment has a significant advantage over the simplified approximation, where only one averaged barrier is assigned to a specific reaction site. In general, the quality of the fitting equation for both LER and other factors, measured by R2 and/or F statistics, is not crucial. As follows from both our experience and assessments done for this study, maximization of the fit quality statistics would lead to significantly more complicated equations with no real benefits to the accuracy of the final results, thus the simplest fits with reasonable accuracy are utilized.
Instead of the time consuming calculations of ΔE, the barrier of any reaction can be approximated by an average value for the same abstraction site (primary p, secondary s, and tertiary t). This approximation is called “Barrier Height Grouping” (BHG). It is known from previous studies that substitution of alkyl groups stabilizes the reaction site, thus lowering the barrier with an increasing number of substituents. Consequently, it is be expected that reactions occurring at primary sites show higher activation energy from those taking place at secondary C sites. Tertiary sites are thus likely to have the lowest barriers among all the types. Indeed, as can be seen from Figure 5 and Table 3, this rule also holds for the title family, with average barriers of 20.87, 17.57, and 14.99 kcal/mol for H abstractions from p, s, and t sites, respectively. Correspondingly, the average aberrations of barriers predicted from BHG are 0.24, 0.33, and 0.21 kcal/mol, which is 1.2, 1.9, and 1.5% of the average barriers in particular subclasses. As such, this method is also usable for quick estimation of the unknown barrier height with satisfactory error. The key benefit of this approach is its simplicity - no electronic structure calculations are needed to estimate rate constants. In general, it can be concluded that the unknown barrier height of any reaction within a title family can be obtained by application of either LER or BHG approximations; the estimated barrier is further used to compute the potential energy factor. It is important to point out that, in any case, no transition state calculations are necessary. The performance of this estimation is assessed further in this study.
3.2.2 Symmetry Factor
The symmetry factor fσ captures the variability of the number of indistinguishable reaction paths from the reference process R1 to any other within a title family. As the only one among all the RC-TST factors, it does not depend on temperature. Here, this number is tantamount to the amount of active reaction sites multiplied by a quantity of possible H atoms to be abstracted from a given site (3 for p, two for s, and one for t H abstraction sites). fσ is simply computed as the ratio of reaction symmetry numbers of the unknown (arbitrary) and reference reaction (symmetry number = 6). For reactions with n-alkanes, the symmetry number is always equal to six for p type abstractions and 2*n, where n is the number of secondary C atoms. The values for the representative set are listed in Table 4.
TABLE 4 | Symmetry number fσ and tunneling fκ RC-TST coefficients at T = 300K.
[image: Table 4]3.2.3 Tunneling Factor fκ
It is well recognized, that tunneling is significant for the processes involving light particle transfer (Ratkiewicz et al., 2010; Alecu and Truhlar, 2011a; b; Awan et al., 2012; Sirjean et al., 2012). As can be seen from Figure 4, it is also important for the reference reaction of the title reaction class. The tunneling factor fκ, measuring the tunneling extent from reference reaction to other processes within the family, is defined as a ratio of the transmission coefficient of reaction investigated with that of the reference reaction R1. It was previously shown, that the one-dimension Eckart method properly follows the change of κ coefficients from reaction to reaction within the same class (Truong et al., 1999). To obtain the RC-TST correlation, the results for the training reaction set are fitted to analytical expressions. The tunneling coefficient depends on the reaction barriers, which group together into three sets, according to the nature of the reaction site (p, s, or t). It is thus supposed, that processes belonging to the same set possess similar tunneling coefficients. Simple expressions approximating fκ for p, s, and t active reaction sites were obtained by fitting to the computed averages and are given below:
[image: image]
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The three above equations are pictured in Figure 6. The factor values for T = 300K with error analysis are listed in Table 4. The division to three sets is reasonable for fκ. However, the errors (∼40% maximum and ∼13% averaged) are unexpectedly large when compared to similar reaction classes. For example, the average errors are about 5% for H abstraction by alkyl (Ratkiewicz et al., 2013) and 10% by hydroxyl (Huynh et al., 2006) radicals. This suggests the complicated nature of the tunneling phenomenon for the title family, which may be an interesting subject for further study. It is noted that, although the κ quantum tunneling coefficient κ (which should not be confused with tunneling factor fκ(T)) decreases with the rising T, the overall factor fκ, being the ratio of two κ coefficients, increases. Since the tunneling contributions to the rate constants lower with increasing temperature, the error also decreases. For T > 1000K the tunneling factor fκ, is almost equal to unity, thus it does not significantly affect the RC-TST rates.
[image: Figure 6]FIGURE 6 | Plot of the tunneling factor (fκ) as a function of temperature for all 23 reactions considered in the representative set (R2–R24).
3.2.4 Partition Function Factor fQ
This factor captures differences between total partition functions of the reference reaction and arbitrarily given family representative. The total partition function is the product of the electronic, vibrational (including part responsible for hindered rotations), rotational and translational components, where only two latest are independent on temperature. The others depend on T and originate mostly from the changes of coupling (associated with the vibrational component of Q including also internal rotations) between active reaction site (reactive moiety) and substituents. Since in this study the contributions from the low frequency motions (hindered rotations) are treated separately, they are not involved in the evaluation of the fQ component. The averaged fQ values for p, s, and t H abstractions were calculated and found to be almost temperature independent, but different to unity in the whole 300–2500K regime. For the sake of simplicity, they are approximated by constant expressions. The only exception from this rule is for H abstraction from t sites, where fQ falls for T < 700K. Averaged values of the partition function factor are plotted in Figure 7 and fitted as follows:
[image: image]
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[image: Figure 7]FIGURE 7 | Plot of the partition function factor (fκ) as a function of temperature for all 23 reactions considered in the representative set (R2–R24).
As indicated by Figure 7, the higher the order of active sites the lower the fQ value. This is in accordance with expectations based on the previous reports. Stronger coupling with substituents affects (lowers) the partition function, also lowering the coefficient fQ.
3.2.5 Hindered Rotations Factor fHR
This coefficient captures changes of contribution of the low frequency (hindered) rotations (HR) to the total partition function. Their handling within the harmonic oscillator (HO) approximation may lead to severe errors, thus they have to be treated separately. The influence of the anharmonic effect on the total partition function is expressed as a ratio of Q obtained with and without special treatment of these (see Supplementary Table S1 in the SI file or Baradyn and Ratkiewicz (2020)). As it is a ratio of two different HR/HO ratios, the factor fHR captures the modification of the total partition function caused by accounting for anharmonicity. For the reference reaction R1, the hindered rotations were already treated explicitly in its reaction rate, meaning the fHR could be regarded as an estimation related to the hindered rotation substituents’ effects on the total partition function. As mentioned previously, the rotations of -CH3 groups, as well as H rotation along the O-O bond were explicitly treated as hindered rotations. The geometry (reduced moment of inertia of rotating group) and energetic parameters needed were obtained from the electronic structure calculations at the M06-2X/aug-cc-pVTZ level of theory. As for the factors discussed above, this also depends on the active site, thus separate expressions were derived for each one of these:
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The above equations are plotted on Figure 8.
[image: Figure 8]FIGURE 8 | Plot of the hindered rotations factor (fHR) as a function of temperature for all 23 reactions considered in the representative set (R2–R24).
3.3 Rate Constants Prediction
Having established the RC-TST parameters (factors), we can now employ them to predict rate constants for arbitrary family representatives. The procedure is to: 1) evaluate particular factors, using formulas S(1–7) (see Supporting Info); 2) calculate the total factor as a product of the five partial factors (see Eq 2); and 3) calculate rate constants by multiplication of the total factor and rate of the reference reaction (Eq 3). The overall route is briefly summarized in Table 5. The rules presented in this table enable one to compute the rate constants of any title family member, except for (as discussed before) the principal reaction CH4 + ·OOH → ∙CH3 + H2O2, for which the rate reported by Aguilera-Iparraguirre et al. is recommended (Aguilera-Iparraguirre et al., 2008):
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TABLE 5 | Parameters and formulations of the RC-TST method for the ·OOH + alkane → alkyl + H2O2 reaction class (C2H6 + ·OOH → ∙C2H5 + H2O2 is the reference reaction), units of rate constants are (cm−3s−1molecule−1).
[image: Table 5]The rate constants obtained with the BHG approximation are denoted by RC-TST/BHG. They can be estimated without any further calculations as (per single reaction site):
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To obtain the total rate constants, the above equations need to be multiplied by the appropriate symmetry number (see Table 3). Consequently, it may be concluded that only molecular topology data are needed to calculate the RC-TST/BHG rate constants.
3.4 Error Assessment
This section evaluates the accuracy of the proposed approach and three error analyses are reported. The first one involved a direct comparison of our results with literature data. Second, the systematic errors associated with processes from the representative set (Table 1) are evaluated. The final analysis concerns component errors.
3.4.1 Comparison With Literature Data
In the first error analysis, the calculated RC-TST rates are compared with those already reported. As mentioned in the Introduction, only the indirect measurements reported by Walker and collaborators are available (Handford-Styring and Walker, 2002). The lack of measurements is partially compensated by computations (see Introduction for details) as well as extensive literature reviews (Tsang, 1988, 1990). Unfortunately, the uncertainty of these evaluations is significant. The RC-TST correlations from Table 5 and Eqs 9a–c are verified against literature reports dealing with H abstractions from p, s, and t active sites in propane (reactions R2 and R2) and isobutane (R6 and R7). Figures 9A–D shows the RC-TST rate of reactions R2 (9a), R3 (9b), R6 (9c), and R7 (9d) along with the appropriate literature data, taken both from original papers as well as the NIST Kinetics database (Manion et al., 2015). In this figure, the “RC-TST LER” notation indicates that the particular factors were obtained using the RC-TST correlations from Table 5. For the sake of comparison, the RC-TST/BHG rates (Eqs 12a–c are also visualized in Figure 9. It can be seen that, generally, both RC-TST/LER and RC-TST/BHG outputs are in reasonable agreement with the literature. The very good agreement between our data and those from Aguilera-Iparraguirre et al. (2008) and Hashemi et al. (2019) is noteworthy. The only exception here were reactions at the tertiary site, for which our rates were noticeably slower. It is important to keep in mind that significantly less computational effort (DFT vs high level ab initio) was needed and, which is even more important, as no TS calculations are now required. This facilitates RC-TST as an effective tool to be utilized in the automated mechanism generation at a reasonable cost. The noticeable difference is observed only for rates of Carstensen et al. (Carstensen and Dean, 2007). This observation holds for all computations, thus their rates seem to be systematically overestimated. However, all computational and literature results are within error bars claimed by the experiment.
[image: Figure 9]FIGURE 9 | Arrhenius plots of the computed and literature rate constants calculated with the RC-TST/LER and RC-TST/BHG approaches for the: (A) CH3CH2CH3 + ·OOH →∙CH2CH2CH3 + H2O2 (reaction R2); (B) CH3CH2CH3 + OOH →CH3∙CHCH3 + H2O2,; (C) CH3CH(CH3)CH3 + ·OOH → ∙CH2CH(CH3)CH3 + H2O2; and (D) CH3CH(CH3)CH3 + ·OOH → CH3∙C(CH3)CH3 + H2O2 reactions. Electronic structure data were obtained at the M06-2X/aug-cc-pVTZ level.
Based on previous studies (Muszyńska et al., 2009; Ratkiewicz et al., 2011), the present study anticipated that the application of the formulas in Table 5 may also be similarly effective to the processes but that results would not exactly belong to the title class, i.e. H abstractions from cycloalkanes. Experimental data are available for the cyclopentane + ·OOH → cyclopentyl + H2O2 reaction (Handford-Styring and Walker, 2002), and high level TST calculations were reported for methylcyclopentane + HO2 → ·CH2-cyc-C5H9 + H2O2 (Chakravarty and Fernandes, 2013). These results, along with the RC-TST rates for both systems, are pictured in Figure 10. Even though the RC-TST rates fit within experimental error, there is a noticeable discrepancy between the high temperature rates for methylcyclopentane. It is interesting to note that the agreement is surprisingly good for T < 700K. Unfortunately, the BHG methodology was not applicable here. Despite this, it may still be concluded that RC-TST results compare well with wider literature, as the agreement is satisfactory for similar reactions but do not strictly belong the title family.
[image: Figure 10]FIGURE 10 | Arrhenius plots of the computed and literature rate constants calculated with the RC-TST/LER approach for the: (A) cyclopentane + ·OOH → cyclopentyl + H2O2 reaction; (B) methylcyclopentane + ·OOH →·CH2-cyc-C5H9+ H2O2. Electronic structure data were obtained at the M06–2X/aug-cc-pVTZ level.
3.4.2 Comparisons to Explicit Calculations
As mentioned, the correlations presented in Table 5 result from averaging computational data for the representative set and fitting results to simple analytical expressions. Errors resulting from this procedure provide valuable information about the overall performance of the RC-TST approach. A systematic analysis was performed for 23 reactions from the representative training set, results are plotted in Supplementary Figure S4A (RC-TST/LER) and S4(b) (RC-TST/BHG) in the Supporting Information of this article. The relative deviation, obtained as (|kRC-TST - kRC-TST/LER or BHG|/kRC-TST) as a percent of a total factor (tantamount to RC-TST/Eckart rate) vs temperature was drawn. The most important parameter resulting from these plots was the error range, i.e. the y-range of the combined plots rather than tracking one particular reaction (curve). The advantage of the LER approach over the BHG is noticeable. Only four among the 24 processes show a systematic error larger than 80%. For the rest of the reactions, this value does not exceed 50%. Things are getting worse for BHG where the majority of curves exhibit an error exceeding 50% (at least) for some temperature points. Taking this into account, it may be stated that the LER approach estimates thermal rate constants within 50% compared to explicit calculations. The systematic error associated with the BHG approach is substantially higher and demonstrates larger deviations. Furthermore, as shown in the previous section, the BHG approach is not suitable to use in such cases.
3.4.3 Analysis of Error Components
The last examination focuses on the systematic error of particular components (RC-TST factors), resulting from both averaging particular factors and fitting them to simple correlations. The deviations between the estimated and exact (i.e. obtained directly from electronic structure calculations results) RC-TST coefficients (factors) are calculated at each temperature for every reaction in the representative training set (Table 1) and averaged over the whole family. The mutual multiplication/cancelation of errors associated with particular factors may affect the results. Consequently, the total factors may not follow the trends observed for its constituents. Results are plotted in Figure 11. For T > 500K the tunneling factor introduces the smallest error. However, its contribution for T < 500K is significant, even exceeding 10%, which is not usual for this component and warrant future investigations of the nature of the quantum tunneling in this class.
[image: Figure 11]FIGURE 11 | Temperature dependence of systematic errors of the RC-TST factors, namely total factors f(T) and its constituents: potential energy fV(T), partition function fQ(T), and hindered rotation fHR(T).
Of the factors, the partition function and hindered rotations possess the slightest T dependence. The errors introduced by the others are most significant for T < 500K. It is interesting to observe that although the difference between both potential energy factors (LER and BHG) is well defined and systematically decreases with temperature, is not reflected in the relationship of the corresponding total factors. The mutual relations of these are far more complicated than the relationship of potential energy components. These results were calculated by averaging the components after their multiplication. Even though the component factor may show a larger error than the total, it is not the case in this instance, since the maximum error of the total factor (LER approach) does not exceed 45%. It may thus be safely concluded, that the averaged systematic error of the method is less than 50%.
4 CONCLUSION
This paper reports on an RC-TST study of the abstraction of H-atoms from sp3-hybridized carbons in alkanes by the hydroperoxyl radical OOH, forming alkyl radical and hydrogen peroxide. The rate constants of the reference reaction were obtained with the CVT/SCT method. All the parameters were derived from the DFT calculations for a training set of 24 class representatives, thus no transition state calculations are necessary. The systematic error of the method was found to be within a factor of two when compared to the explicit rate calculations. Satisfactory agreement with literature data proves that the RC-TST approach results in a nearly equally reliable rate constant at a fraction of the cost needed for larger and higher level calculations. This suggests its possible application in automated mechanism generation software.
5 ASSOCIATED CONTENT
Details of the implementation of the RC-TST methodology. Potential energy and bonds lengths along the C-H bond length and C-O bond length of the reaction R1. Definitions of the primary (p), secondary (s), and tertiary (t) H abstractions. Tables of optimized geometries and frequencies of all species calculated at the M06-2X/aug-cc-pVTZ level of theory for the representative set. Error analysis–comparison of the results computed directly from formulas S2−S7 with approximations: RC-TS/LER and RC-TST/BHG.
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