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ABSTRACT: Hydroperoxyalkylperoxy species are important intermediates that are 

generated during the autoignition of transport fuels. In combustion, the fate of 

hydroperoxyalkylperoxy is important for the performance of advanced combustion engines, 

especially for autoignition. A key fate of the hydroperoxyalkylperoxy is a 1,5 H-shift, for 

which kinetics data are experimentally unavailable. In the present work, we study 1-

hydroperoxypentan-3-yl)dioxidanyl (CH3CH2CH(OO)CH2CH2OOH) as a model compound 

to clarify the kinetics of 1,5 H-shift of hydroperoxyalkylperoxy species, in particular -H 

isomerization and alternative competitive pathways. With a combination of electronic 

structure calculations, we determine previously missing thermochemical data, and with 

multipath variational transition state theory (MP-VTST), a multidimensional tunneling (MT) 

approximation, multiple-structure anharmonicity, and torsional potential anharmonicity, we 

obtained much more accurate rate constants than the ones that can computed by conventional 

single-structure harmonic transition state theory (TST) and than the empirically estimated 

rate constants that are currently used in combustion modeling. The roles of various factors in 

determining the rates are elucidated. The pressure-dependent rate constants for these 

competitive reactions are computed using system-specific quantum RRK theory. The 

calculated temperature range is 298−1500 K, and the pressure range is 0.01−100 atm. The 

accurate thermodynamic and kinetics data determined in this work are indispensable in the 

detailed understanding and prediction of ignition properties of hydrocarbons and alternative 

fuels. 

 KEYWORDS: Hydroperoxyalkylperoxy; Autoignition; Quantum chemical calculation; 

Kinetics 
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1. INTRODUCTION 

The autoignition of hydrocarbons is of central importance to combustion chemistry [1, 

2]. A key issue is the competition between radical chain propagation and branching versus 

chain termination [3-6]. This competition depends critically on the fate of peroxy radicals 

(ROO, where R = CnH2n+1), hydroperoxyalkyl radicals (QOOH, where Q = CnH2n), and 

hydroperoxyalkylperoxy radicals (OOQOOH) [3, 5, 6]. In the low-temperature autoignition 

chemistry of alkanes, the presence of many of the involved species, such as 

hydroperoxyalkyl radicals (QOOH)[7], large alkenes[8-10], cyclic ethers [8, 11, 12], and 

ketohydroperoxides (KHPs) [13-17], has been confirmed by experimental detection. The OH 

profiles in previous studies suggest the occurrence of a second oxidation, i.e., O2 + QOOH  

OOQOOH [18]. Scheme 1 shows the resulting reaction mechanism, which involves the 

isomerization of the OOQOOH. The most favorable isomerization path is usually assumed to 

be the transfer of an H from the carbon attached to the hydroperoxyl group [19]; it is 

conventional to label this site as  and to call this an -H shift. This yields HOOQOOH 

(where Q  ́= CnH2n-1), and this radical can decompose to yield more OH radicals, resulting in 

chain branching.  

However, there has never been any experimental detection of an OOQOOH species, and 

therefore accurate thermodynamics and kinetics data are missing. Some models that have 

been used assumed that the rate constants for OOQOOH isomerization can be obtained from 

those for ROO isomerization by applying a 3–4 kcal/mol correction to the activation energy 

to account for the weaker C-H bond on Q as compared to R [20].  

It is also possible for a hydrogen atom to migrate from another site of OOQOOH. Some 

recent studies have included alternative competitive reaction pathways for OOQOOH [19, 

21, 22]. The competition between α-H isomerization reactions and alternative isomerizations 

has a large effect on the extent of auto-oxidation and the possible production of highly 

oxygenated intermediates [23]. Silke et al. [24] found that including  alternative pathways 

leads to longer ignition delay due to a high concentration of the HO2 radicals produced at 

temperature below ~830 K. Mohamed et al. [20] added a new alternative isomerization 

pathway in a model of 2-methylhexane oxidation model and found that the reactivity is 

thereby predicted to increase. Wang et al.’s work provides experimental evidence that highly 

oxygenated intermediates with one or more hydroperoxy groups are prevalent in the auto-

oxidation of various oxygenated organic compounds [23]. However, Bugler et al. [25] found 

that alternative pathways have little effect on the overall reactivity. The results clearly 

depend on the precise identity of the alkane being oxidized, and the quality of the theoretical 

predictions for the various cases is difficult to assess. More work is needed on the 

thermodynamics and kinetics to quantify the effect of O2 + QOOH chemistry on chain 

branching.  

The competition between possible isomerization must consider not only the difference in 

bond energies of H bonded at various distances from a radical site, but also the difference in 

bond strengths of C-H bonds at primary, secondary, and tertiary carbons and the size of the 

ring in the transition state (TS) for H transfer. Here we consider two of the reactions involved 

in oxidation of pentane to investigate the kinetics of hydrogen shift reaction pathways. The 

initial formation of n-pentylperoxy radicals (ROO) yields a significant amount of 1- 

hydroperoxy-3-pentyl radical (which is a -QOOH species) via 1,5 H-shift. After a second O2 
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addition, this yields a hydroperoxypentylperoxy radical (in particular, 1-hydroperoxypentan-

3-yl)dioxidanyl, which is an OOQOOH species). Scheme 2 shows this OOQOOH radical and 

two of its isomerization pathways that are both 1,5 H-shifts – thus both reactions have six-

membered rings in the H-transfer transition state. (We do not consider the two possible 1,4 

H-shifts that have a five-membered-ring transition state.) In the rest of this article, we let R 

denote the OOQOOH species of Scheme 2; and we label 3,5-dihydroperoxy-n-pentyl 

(CH2CH2CH(OOH)CH2OOH) as P1 and 1,3-dihydroperoxy-n-pentyl 

(CH3CH2CH(OOH)CH2CHOOH) as P2.  

For a chain molecule like R, there are many conformers due to internal rotation, but the 

number of conformers decreases in hydrogen-shift TSs due to the ring structures of the TSs. 

Thus the overall transition state partition function is usually smaller than that of the reactant, 

which decreases the rate constants. To calculate this effect accurately one should use a 

method capable of treating coupled torsions [19, 26], and we do that here. We compute the 

potential energy surfaces for both isomerizations, and we use multipath variational transition 

state theory (MP-VTST) with multidimensional tunneling contributions to compute the rate 

constants. These rate calculations include multiple-structure anharmonicity and torsional 

potential anharmonicity. To estimate the pressure effects, we use system-specific quantum 

Rice−Ramsperger−Kassel (SS-QRRK) theory [27] with the thermal activation mechanism 

[28-30] to compute the thermal rate constants as functions of pressure. The thermal activation 

mechanism assumes that OOQOOH is thermally equilibrated before it reacts (as opposed to 

reaction of hot nascent molecules, which would be the chemical activation mechanism). 

 

Scheme 1. Simplified low-temperature oxidation mechanism. 

 

Scheme 2. A prototypical OOQOOH radical (1-hydroperoxypentan-3-yl)dioxidanyl) and its 

correspongding reaction pathways of 1,5 H-shift. 

 

2. THEORETICAL BACKGROUND 

In this section, we briefly review the methods we applied in this work.  

2.1 Multistructural method with torsional anharmonicity 

Torsions can generate multiple conformers (also called structures); for reactants and 

products they are local minima, and for transition states they are saddle points. We used the 

multistructural method with coupled torsional-potential anharmonicity [31-34] (MS-T) to 

calculate the partition functions as functions of temperature, and we included all the inter-

convertible torsional conformers into consideration. The conformational-vibrational-rotation 

partition function at temperature T of the given species (reactant, product, or transition state) 

with J distinguishable conformers and t torsions is  

 𝑄con−rovib
MS−T = ∑ 𝑄𝑗

SS−T𝐽
𝑗=1  (1) 

 𝑄𝑗
SS−T = 𝑄rot,𝑗𝑒𝑥𝑝(−

𝑈𝑗

𝑘𝐵𝑇
)𝑄𝑗

QH∏ 𝑓𝑗,̃
𝑡
=1  (2) 

where j denotes a conformer, 𝑄rot,𝑗 is the classical rotational partation function of conformer 

j including the symmetry number for overall rotation (these symmetry numbers are unity for 
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all cases in this article), 𝑈𝑗 is the relative potential energy when the local minimum of the 

potential energy surface for the calculation of the partition function of a given species is 

chosen as the local zero of energy, kB is the Boltzmann constant, 𝑄𝑗
QH

 is the quasiharmonic 

(QH) vibrational partition function, and 𝑓𝑗,̃ is a factor that accounts for the potential function 

anharmonicity of each coupled torsion .  Here quasiharmonic means the use of the harmonic 

oscillator formulas combined with scaled harmonic frequencies where the scaling accounts 

(in an approximate way) for anharmonicity and systematic errors in the electronic structure 

calculations of harmonic frequencies.  

Note that torsions are defined here by internal coordinates rather than by normal-mode 

coordinates. The reference potential for the torsional coordinate 𝜙𝑗, of torsion  of structure j 

of a given species is approximated locally as 

 𝑉𝑗, = 𝑈𝑗 + 𝐴𝑗,[1 − cos𝑀𝑗,(𝜙𝑗,𝝉 −𝜙𝑗,𝝉,eq)] (3) 

where 𝜙𝑗,𝜏,eq  is the equilibrium value of the torsion angle, 𝑀𝑗,𝝉 is the local periodicity, 

determined by Voronoi tessellation, and 𝐴𝑗,𝜏  is determined from the second-order force 

constants and the local periodicities [31]. The parameter 𝑀𝑗,𝜏not only controls the local 

periodicity, but also determines the volume of the torsional subspace assigned to a particular 

conformer. Effects caused by the deviation of eq. 3 from a harmonic potential are called 

torsional potential anharmonicity effects; the effect of including the contributions of all the 

distinguishable conformers of a species is called multiple-structure anharmonicity. The 

combination of these two effects is called multistructural torsional anharmonicity, and it can 

be characterized for species X by the following factor: 

 𝐹X
MS−T =

𝑄con−rovib
MS−T (X)

𝑄rovib,GM
SS−QH

(X)
 (4) 

where the denominator is the single-structural quasiharmonic rovibrational partition function 

for the global minimum structure of X. 𝐹act
MS−Tis defined to be the multi-structural torsional 

anharmonicity factor of the reaction as follows: 

 𝐹act
MS−T = 𝐹TS

MS−T/𝐹R
MS−T (5) 

It includes the contributions from all the conformational structures of the reactant (R) and the 

transition state (TS) and is computed by the coupled-potential MS-T method as described 

previously [27-29, 35]. 

Please notice that, in this work we are using the complete MS-T method, but for larger 

systems with many of internal torsions, the dual-level MS-T method could be much more 

efficient [36]. For comparison we will also consider two more approximate ways to evaluate 

the partition functions. The MS-T result reduces to the Multi-structural local quasiharmonic 

approximation (MS-LQH) if we set all the 𝑓𝑗,̃ equal to unity in eq. 2. If, in addition, we keep 

only the first term (lowest-energy structure) in eq. 1, we get the single-structure-

quasiharmonic (SS-QH) approximation. 

2.2 MS-VTST rate constant 

The multistructural (MS) canonical variational theory (CVT) rate constant with the 

small-curvature approximation for tunneling [37]  (SCT) is obtained by multiplying the 
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single-structural (SS) CVT/SCT rate constant [38] by the multistructural torsional 

anharmonicity factor𝐹act
MS−T, that is [39]  

 𝑘MS−CVT SCT⁄ = 𝐹act
MS−T𝑘1

SS−CVT/SCT
 (6) 

Note that 𝑘1
SS−CVT/SCT

 employs the lowest-energy conformer (labeled as 1 here) for the 

reactant and the transition state. If calculations are done with the tunneling transmission 

coefficient set equal to unity (i.e., neglecting tunneling), the result is called quasiclassical. 

The quasiclassical CVT method variationally optimizes the location of the dividing surface to 

maximize the free energy of activation, and in MS-CVT, this is done only for the reaction 

path through the lowest energy structure of the TS, and multi-structural torsional 

anharmonicity is estimated based on the TS of that path.  

The multidimensional tunneling contributions (MT) for each path were evaluated with 

the zero-curvature tunneling (ZCT) [40-42] and small-curvature tunneling approximation 

(SCT) [37, 43]. The vibrationally adiabatic ground-state energy, which is the effective 

potential for tunneling, is given by:  

 𝑉a
G = 𝑉MEP(𝑠) + 𝜀G(𝑠) (7) 

where 𝜀G(𝑠) is the local zero point energy. 

2.3 MP-VTST rate constant 

The final rate constants in the present work were obtained by the more complete 

multipath canonical variational transition state theory with small curvature tunneling (MP-

CVT/SCT) [31, 35, 37, 44-46]. Because the presently studied system has a chiral carbon, we 

follow the procedures in a previous paper [46] for treating chiral centers in MS- and MP-

VTST theory.  

MP-VTST is an extension of multi-structural variational transition state theory, and the 

MP-VTST rate constants are  

 𝑘MP−CVT SCT⁄ = 𝐹act
MS−T〈𝛾〉𝑃𝑘1

ConTST (8) 

Here 𝑘1
ConTSTis the conventional transition state theory rate constant calculated by using the 

global-minimum reactant and global-minimum transition structures without tunneling; and 

〈𝛾〉𝑃 is the path-averaged generalized transmission coefficient [47], which includes, for each 

reaction path, both the variational effect and the multidimensional tunneling (MT) 

contributions: 

 〈𝛾〉𝑃 =
∑ 𝜅𝑝

MTΓ𝑝
CVT𝑄𝑝

SS−T𝑃
𝑝=1

∑ 𝑄𝑝
‡−SS−T𝑃

𝑝=1

 (9) 

where P is the number of reaction paths involved in the MP-VTST calculations, and 

𝑄𝑝
‡−SS−T

is the single-structural rovibrational partition function of the transition state 

computed with torsional anharmonicity for path p; Γ𝑃
CVT  is the variational recrossing 

coefficient for path p; and 𝜅𝑃
MTis the multidimensional tunneling transmission coefficient for 

path p.  

Note that the MP-CVT/SCT rate constants are for thermally equilibrated reactants and 

therefore correspond to the high-pressure limit. 
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2.4 Pressure-dependent rate constants 

Unimolecular dissociation with multiple parallel dissociation reactions can be described 

by using the SS-QRRK method [27] with the following thermal activation mechanism [28-

30]:  

Scheme 3. Thermal activation mechanism 

where T is temperature, M is the bath gas, and X*(E) is the rovibrationally-excited reactant 

with total rovibrational energy E randomized among all modes.  

Step 1 in the forward direction is the thermal activation step, and the rate constant of 

thermal activation kact is a function of energy E and is parametrically dependent on T. Step 1 

in the reverse direction is the collisional deactivation rate constant; this is the product of a 

Lennard-Jones collision rate constant and a unitless collision efficiency factor that depends 

on the average energy transfer in nonreactive collisions.  

Step 2 is the conversion of the activated reactant to product. The SS-QRRK method 

allows one to conveniently incorporate variational effects, tunneling, and multistructural 

torsional anharmonicity into the calculations of energy-resolved rate constants needed for 

calculating pressure-dependent rate constants, without the complexity of solving the master 

equation or directly calculating the input to the master equation. The rate constant for the 

conversion is computed by SS-QRRK theory in which temperature-dependent effective 

threshold energies and frequency factors are modeled based on the MP-CVT/SCT high-

pressure rate constants. 

Full details of the pressure-dependent model are given in a recent review [30].  

3. COMPUTATIONAL DETAILS 

First, an exhaustive search was carried out for the conformers of the reactant, the 

products, and the transition states. The initial conformers were generated by using the MSTor 

program [32-34] to rotate all the torsional bonds (except for the methyl group, which does 

not generate distinguishable conformers).  Conformer optimization and frequencies analysis 

were performed by M08-HX [48]/MG3S [49]. (The MG3S basis set is identical to the 6-

311+G(2df,2p) basis set [50, 51] for H, C, and O atoms.)  

In order to choose a reasonably accurate electronic structure method for direct dynamics 

calculations, we tested many density functionals, including B3LYP, M08-HX [48], M08-SO 

[48], M05-2X [52], M062-X [53, 54], MN12-L [55], MN12-SX [56], MN15 [57], MN15-L 

[58], MPW1K [59] and B97X-D [60] combined with the MG3S, jul-cc-pVTZ [61], def2-

TZVP [62] and jun-cc-pVTZ [63] basis sets. Classical barrier heights for forward and reverse 

reactions and the classical energy of reaction were computed based on the lowest-energy 

structures. (“Classical” barriers or reaction energies are shorthand terms for potential energy 

differences without vibrational zero-point energy or thermal energy.)  

For R, TS1, TS2, P1, and P2, the T1 diagnostic [64] is 0.0224, 0.0196, 0.0181, 0.0124 

and 0.0160 respectively, so single-reference methods should give reliable results (with about 

a half kcal/mol [63]); therefore calculations were performed by the explicitly correlated 

electronic structure method CCSD(T)-F12a [65, 66] with the jun-cc-pVDZ basis set [63]; 

these calculations can be viewed as an efficient way to approximate the complete basis set 

(CBS) limit of the CCSD(T) method, and they should be accurate about a half kcal/mol [67]. 

Therefore they were used as the benchmark values. For the direct dynamics calculations, we 
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selected the density functional and basis set combination with the smallest mean signed 

deviation (MUD) from the benchmark calculations.  

Then the preliminary distinguishable conformers were re-optimized and frequencies 

were calculated by this newly selected density functional method. Both the SCF calculations 

and the geometry optimizations were performed with tight convergence criteria. All the 

density functional integrations were carried out with a grid of 99 radial shells per atom with 

974 angular points per shell.  

All the electronic structure calculations were performed using Gaussian 16 software 

[68]. The coupled cluster calculations were carried out by using the Molpro program [69].  

Then CVT calculations were performed by direct dynamics using the Polyrate 2016-2A 

[70] and Gaussrate 2017 codes [71]. The minimum energy paths (MEPs) needed for the 

calculations were calculated in isoinertial coordinates using the Page-McIver method, which 

is also called the local quadratic approximation (LQA) [72], and using the reorientation of 

the dividing surface (RODS) algorithm [73]. The step size was 0.0026 Å (with masses scaled 

to 1 amu), and the Hessians were updated every 10 steps along the reaction path.  

To calculate generalized normal-mode vibrational frequencies, as needed, for example, 

to calculatethequantitiesineqs.6–9, we define 3N-6 independent internal coordinates 

(where N is the number of atoms) that include bond stretching coordinates, bond-angle 

bends, and dihedral angles corresponding to torsional modes. In particular we use 

nonredundant internal coordinates [74, 75], and these are specified in the supplementary 

material (Table S8). 

To account for vibrational anharmonicity and systematic errors of the electronic 

structure, vibrational frequencies were scaled by 0.964, as determined in a standard way [76].  

Next, we performed MP-VTST calculations. For these calculations, the first P paths for 

each reactions are ordered by increasing values of their classical barrier heights and are 

denoted as path 1, path 2, and so on. Path 1–path 15 were included for R1, and path 1–path 6 

were included for R2. (Note that it is not necessary to include the same number of paths for 

each reaction because the higher-energy paths are not neglected; the numbers of paths used 

simply controls the accuracy of the transmission coefficients.) For each reaction path, both 

the variational effect and the multidimensional tunneling contributions were taken into 

consideration. 

Lastly the pressure-dependent rate constants were calculated using SS-QRRK theory 

combined with the thermal activation mechanism [27, 28]. SS-QRRK theory is a system-

specific version [27] of the original QRRK theory [77] and its extensions by Dean, 

Westmoreland, Bozzelli, and others [78-81]; SS-QRRK allows on one to include 

multistructural anharmonicity and tunneling in a particularly efficient way, by using high-

pressure canonical ensemble rate constants to obtain system-specific, temperature-dependent 

effective threshold energies and pre-exponential Arrhenius factors for the calculation of 

pressure effects. 

The Lennard-Jones parameters needed to calculate the collision rate constants were 

chosen as: 1  = 5.87 Å, 1/kB  = 473.27 K for R; and 2 = 3.47 Å and 2/kB =114.0 K for the 

bath gas Ar. The average energy transferred per deactivating collision, which determines the 

collision efficiency and plays an important role in the falloff effect [82], is taken to be 

⟨ΔE⟩down = (T/300)0.85 with  = 300 cm–1. The formulas relating kc to ⟨ΔE⟩down are given 

elsewhere [28, 83].  
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4. RESULTS AND DISCUSSION 

4.1 Electronic structure calculations 

Table 1 gives the classical barrier heights (forward Vf and reverse Vr) and energies 

reaction (E) of R1 and R2 calculated by various theoretical methods. M05-2X/jun-cc-pVTZ 

was selected as an affordable electronic structure method due to its having the smallest mean 

unsigned deviation, in particular 0.27 kcal/mol, from the benchmark results. Note that the 

energy of reaction in Table 1 is the Born–Oppenheimer energy without vibrational 

contributions; this equals the potential energy of the equilibrium structure of products minus 

the potential energy of the equilibrium structure of reactants. Classical barrier heights are 

also Born–Oppenheimer energies without vibrational contributions, but in this case 

corresponding to the energy at the saddle point minus the energy of the equilibrium structure 

of reactants. The enthalpy at 0 K (which is discussed in the next paragraph) equals the Born–

Oppenheimer energy plus the zero point energy. 

Table 2 lists the enthalpy of activation and enthalpy of reaction at 0 K and 298 K using 

our selected method (M05-2X/jun-cc-pVTZ) and compares the results to those obtained with 

the benchmark method. Here M05-2X/jun-cc-pVTZ calculations were combined with 

quasiharmonic zero point energy (ZPE), which means that the ZPE is calculated by the 

scaled vibrational frequencies. Our benchmark has CCSD(T)-F12a/jun-cc-pVDZ//M08-

HX/MG3S energies combined with ZPEs based on scaled M08-HX frequencies. Ten of the 

16 M05-2X/jun-cc-pVT results agree with the benchmarks within 1 kcal/mol. 
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Table 1. Classical (ZPE-excluded) forward and reverse barriers and energy of reaction  

(kcal/mol); mean unsigned deviations (MUDs, in kcal/mol) from the benchmark.a 

  R1    R2   MUD(R1,R2) 

Vf,Vr,E Vf Vr E Vf Vr E 

CCSD(T)-F12a/jun-cc-pVDZ 27.37 11.56 15.81  25.67 13.30 12.38  0.00 

M05-2X/jun-cc-pVTZ 27.43 11.22 16.21  26.10 13.55 12.54  0.27 

M05-2X/MG3S 27.99 11.27 16.71  26.65 13.71 12.95  0.63 

M05-2X/jul-cc-pVTZ 27.58 10.70 16.88  26.11 12.90 13.21  0.63 

M06-2X/jul-cc-pVTZ 27.99 12.21 15.78  26.19 14.56 11.63  0.64 

M06-2X/def2-TZVP 28.23 12.07 16.15  26.51 14.95 11.56  0.83 

M05-2X/def2-TZVP 27.90 10.37 17.53  26.47 13.05 13.42  0.92 

MN12-SX/jul-cc-pVTZ 27.39 12.24 15.15  24.94 14.83 10.12  0.98 

MN15-L/MG3S 27.19 11.41 15.78  22.85 12.82 10.03  1.00 

MN15/def2-TZVP 28.01 12.39 15.62  25.38 15.32 10.06  1.05 

M06-2X/jun-cc-pVTZ 27.90 12.71 15.19  26.25 15.37 10.88  1.07 

MN15/jul-cc-pVTZ 27.27 12.38 14.89  24.70 14.65 10.05  1.08 

M06-2X/MG3S 28.40 12.76 15.64  26.80 15.52 11.28  1.14 

B97X-D/MG3S 28.59 10.27 18.32  26.16 12.84 13.32   1.15 

MN15-L/jul-cc-pVTZ 27.06 10.97 16.09  22.71 11.57 11.14  1.19 

B97X-D/jun-cc-pVTZ 28.43 9.97 18.46  25.86 12.51 13.35  1.21 

MPW1K/ jun-cc-pVTZ 29.09 11.51 17.59  27.39 13.14 14.26  1.22 

M08-HX/jul-cc-pVTZ 29.07 13.36 15.71  27.00 15.29 11.71  1.26 

MN12-SX/ def2-TZVP 27.93 12.66 15.27  25.15 15.60 9.55  1.31 

M08-SO/jul-cc-pVTZ 29.26 13.37 15.89  27.82 15.28 12.53  1.34 

MPW1K/MG3S 29.37 11.84 17.52  27.76 13.39 14.37  1.36 

MN15-L/ jun-cc-pVTZ 26.54 10.89 15.65  22.34 12.49 9.85  1.39 

M08-HX/ def2-TZVP 29.38 12.96 16.43  27.28 15.53 11.75  1.42 

B97X-D/jul-cc-pVTZ 28.10 9.48 18.62  25.71 11.81 13.85  1.43 

MPW1K/jul-cc-pVTZ 29.00 11.33 17.67  27.40 12.53 14.86  1.45 

MN15/jun-cc-pVTZ 27.70 13.11 14.58  25.18 15.70 9.47  1.49 

MN12-L/jul-cc-pVTZ 26.06 11.60 14.46  22.46 13.21 9.25  1.52 

MN12-L/ def2-TZVP 26.47 11.42 15.05  22.51 13.87 8.64  1.55 

MN15-L/ def2-TZVP 26.66 10.32 16.35  22.26 11.98 10.28  1.55 

MN15/MG3S 27.87 13.36 14.51  25.39 15.93 9.45  1.57 

M08-HX/ jun-cc-pVTZ 29.00 13.78 15.22  26.94 16.02 10.92  1.65 

B97X-D/ def2-TZVP 28.67 9.40 19.27  26.04 12.05 13.99  1.69 

M08-SO/ jun-cc-pVTZ 29.90 13.94 15.96  28.10 16.24 11.86  1.82 

M08-HX/MG3S 29.41 13.95 15.47  27.46 16.39 11.08  1.83 

MN12-SX/ jun-cc-pVTZ 27.52 13.45 14.07  24.79 16.16 8.62  1.88 

M08-SO/ def2-TZVP 30.25 13.34 16.90  28.56 15.88 12.68  1.92 

MN12-SX/MG3S 27.63 13.71 13.92  25.15 16.53 8.62  1.97 

M08-SO/MG3S 29.72 14.41 15.31  28.31 16.80 11.50  2.12 

MN12-L/MG3S 26.32 12.45 13.86  22.56 14.71 7.86  2.16 

MN12-L/ jun-cc-pVTZ 26.00 12.11 13.89  22.12 14.40 7.72  2.19 

B3LYP/MG3S 26.54 8.00 18.53  23.87 10.03 13.84  2.28 

MPW1K/ def2-TZVP 27.82 8.41 19.42  25.88 10.22 15.66  2.30 

B3LYP/jun-cc-pVTZ 26.32 7.79 18.53  23.62 9.88 13.74  2.40 

B3LYP/def2-TZVP 26.50 7.23 19.27  23.70 9.35 14.35  2.76 

B3LYP/jul-cc-pVTZ 25.94 7.15 18.79  23.31 9.08 14.24  2.88 

a
All energies in this table are computed at M08-HX/MG3S geometries.  
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Table 2. Enthalpy of activation (computed at the lowest-energy saddle point) and enthalpy of 

reaction (computed for the lowest-energy structures of reactant and product) at 0 K and 298 

K. 

 
Enthalpy of activation 

(kcal/mol) 
 

Enthalpy of reaction 

(kcal/mol) 

M05-2X/jun-cc-pVTZa T = 0 K T = 298 K  T = 0 K T = 298 K 

R1 24.36 23.42 15.44 15.96 

R1 8.92 7.46  -15.44 -15.96 

R2 22.53 21.34  9.09 8.92 

R2 13.44 12.41  -9.09 -8.92 

CCSD(T)-F12a/jun-cc-PVDZ//M08-HX/MG3S T = 0 K T = 298 K  T = 0 K T = 298 K 

R1 24.09 23.15  14.89 15.41 

R1 9.20 7.74  -14.89 -15.41 

R2 21.97 20.78  11.15 10.98 

R2 10.83 9.80  -11.15 -10.98 

a Computed at consistently optimized geometries. 

 

The OOQOOH radical (R) has six torsions excluding the methyl group, and M05-

2X/jun-cc-pVTZ calculations yield 114 distinguishable structures with an energy distribution 

shown in Figure 1. The number of distinguishable conformers for TS1, TS2, P1, and P2 is 

15, 6, 75 and 93 respectively. As anticipated in the Introduction, the number of structures is 

considerably less for the transition states than the reactants; it is also less than that for 

products. 
 

Figure 1 Number of distinguishable conformers in each relative potential energy range for reactant 

(R), transition states (TS1, TS2), and products (P1, P2). For each stable species, the energy of the 

global-minimal structure is chosen as the zero of the relative energy; for the transition states the 

energies are relative to the lowest-energy transition structure for that reaction. 

 

4.2 Multistructural Torsional Anharmonicity 

All the local periodicities of structures of the reactant R, products P1 and P2, and 

transition states TS1 and TS2 are illustrated in Figure 2. A rough explanation of the Mj,τ 

parameter is that it tells us the average effective numbers of minima along the torsional 

coordinates, and the detailed physical meaning was explained in the original MS-T paper 

[84]. Figure 2 shows that the local periodicities are usually between 1.5 and 3. The most 
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significant reason why we see a variety of Mj,τ values in Figure 2 is the influence of hydrogen 

bonding in some of the structures. 
 

Figure 2. The unitless local periodicities 𝑀𝑗,𝜏 for species R, TS1, TS2, P1, and P2.  

 

We employed eqs 1 and 2 to calculate the conformational-rotational-vibrational partition 

functions of R, TS1, TS2, P1, and P2 using the multi-structural torsional method (MS-T). 

For comparison, the rotational-vibrational partition function of the lowest-energy structure 

was also provided using the single-structure quasiharmonic oscillator approximation (SS-

QH). All the calculated partition functions of the reactant and products are given in Table 3. 

Recall that the zero of energy for these partition functions is equilibrium potential energy of 

the lowest structure, not the lowest vibrational energy level; thus these partition functions 

reflect the full effect of vibrational energy, not just the effect of thermal excitation above the 

ground state. The MS-T method is more accurate than either the SS-QH or MS-LQH 

approximations because it includes both multistructural and torsional anharmonicity effect.  

At room temperature, the conformational-rotational-vibrational partition functions are 

small, but already that is a large difference between methods, for example, the MS-T result is 

greater than the SS-QH result by a factor of 7.3 for R, and the same ratio for products is 14.9 

for P1 and 3.4 for P2. All these ratios increase with temperature. By 1000 K the ratio for R 

has increased to 62.9, and those for P1 and P2 have increased to 759.5 and 588.8.  At 1500 

K, the ratios are 87.2, 1416, and 1402 for R, P1, and P2, respectively. 
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Table 3. Conformational-rotational-vibrational functions of R, P1, and P2 with the multi-

structural torsional method (MS-T) and multistructural local quasiharmonic (MS-LQH) 

approximation including all structures and the single-structure quasiharmonic rotational-

vibrational partition function (SS-QH) of the lowest-energy structure.a  

                    T(K) R P1 P2 

𝑄con−rovib
MS−T  298  5.46E-65 5.52E-65 1.23E-65 

 400  3.36E-44 3.47E-44 6.71E-45 

 600  1.23E-22 1.81E-22 5.17E-23 

 800  1.07E-10 2.03E-10 7.40E-11 

 1000  9.91E-03 2.23E-02 9.36E-03 

 1200  7.84E+03 2.00E+04 9.15E+03 

 1500  3.64E+10 1.06E+11 5.25E+10 

𝑄con−rovib
MS−LQH

 298  5.97E-65 7.56E-65 1.62E-65 

 400  3.32E-44 4.44E-44 8.07E-45 

 600  1.06E-22 2.21E-22 5.67E-23 

 800  8.58E-11 2.52E-10 8.04E-11 

 1000  7.71E-03 2.88E-02 1.05E-02 

 1200  6.10E+03 2.72E+04 1.08E+04 

 1500  2.95E+10 1.58E+11 6.80E+10 

𝑄rovib,1
SS−QH

 298  7.47E-66 3.70E-66 3.60E-66 

 400  2.50E-45 7.86E-46 6.21E-46 

 600  4.16E-24 9.18E-25 5.90E-25 

 800  2.27E-12 4.43E-13 2.56E-13 

 1000  1.58E-04 2.93E-05 1.59E-05 

 1200  1.04E+02 1.90E+01 9.87E+00 

 1500  4.17E+08 7.47E+07 3.75E+07 

aThe zero of energy for the partition functions is the energy of the lowest-energy classical equilibrium structure. 

 

The multistructural torsional anharmonicity factor for every species (𝐹X
MS−Tineq4)and 

for every forward and reverse reactions (𝐹act
MS−Tineq5) is shown in Figure 3, where we 

consider the temperature interval from 298 K to 1500 K. The multistructural torsional 

anharmonicity factors 𝐹X
MS−T are spread over the relatively narrow range of 1.9-3.8 for TS2; 

however for species P1 and P2, the multistructural torsional anharmonicity factors 𝐹X
MS−T 

vary over wider ranges, namely 14.9-1416 and 3.4-1402, respectively. For TS1, the𝐹X
MS−T 

factor is much larger than that for TS2; and as a consequence, according to eq 5, for reaction 

R1, the multistructural torsional anharmonicity factor (𝐹act
MS−T) will much larger than that for 

reaction R2. As shown in Figure 3, 𝐹act
MS−T is as low as 0.003 for the reverse reaction R2 in 

the temperature range of 1300-1500 K.  

Figure 3 shows that 𝐹act
MS−T for reaction R1 decreases from 2.0 at 298 K to 1.6 at 1500K, 

but the factors for the other three reactions are much lower. In particular 𝐹act
MS−T for reaction 

R2 decreases from 0.26 to 0.04 over this temperature range. The ratio of 𝐹act
MS−T for R1 to that 
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for R2, which is the effect of  multistructural anharmonicity on the branching ratio for the 

forward hydrogen shift, decreases from a factor of 8 to a factor of 40 over this T range, so 

this effect should not be neglected. 

  
Figure 3. Multistructural torsional anharmonicity factor for species, R, TS1, TS2, P1, and P2 and for 

each forward (R1, R2) and reverse (R1 and R2) reaction. 

 

4.3 Thermodynamic properties 

All the thermodynamics quantities are determined by the total partition functions. The 

multistructural torsional anharmonicity plays a significant role in determining the 

conformational-rotational-vibrational partition functions, and therefore it directly affects the 

accuracy of these thermodynamics quantities. Table 4 gives the calculated temperature-

dependent standard-state (one bar) ideal-gas entropy 𝑆𝑇
0, heat capacity 𝐶𝑃

0(𝑇), and relative 

enthalpy 𝐻𝑇
0 using the MS-T method for the R, P1, and P2 species. For comparison, the 

thermodynamics quantities obtained by the MS-LQH and SS-QH approximations are also 

listed. There are four key conclusions from this table: (i) For R, the multistructural torsional 

anharmonicity plays a significant role in the thermodynamic quantities, e.g. the deviation 

between MS-T and SS-QH is approximately 6.6-9.1 cal mol–1 K-1 for entropy, 0.3-5.1 cal 

mol–1 K-1 for heat capacity, and 0.1-2.3 kcal/mol for relative enthalpy. (ii) The multistructural 

torsional anharmonicity plays a more significant role for P1 and P2 than it does for R, e.g. 

the deviation between MS-T and SS-QH for P1 is about 10.5-15.8 cal mol–1 K–1 for entropy, 

0.8-15.5 cal mol–1 K–1  for heat capacity and 1.9-4.0 kcal/mol for relative enthalpy. (iii) The 

SS-QH approximation underestimates the entropy over the whole temperature range for all 

three of R, P1, and P2. The deviation between the MS-T and SS-QH approximations has a 

non-monotonic variation, e.g. the deviation of entropy for R has a maximum of 9.1 cal mol–1 

K–1 at 800-1000 K and then it decreases with increasing temperature. (iv) The SS-QH 

approximation underestimates the heat capacity at low temperature, and it overestimates it at 

high temperature for all three of R, P1, and P2. 
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Table 4. Computed standard-state entropy (cal mol–1 K-1), heat capacity (cal mol–1 K-1), and 

relative enthalpy (kcal/mol)a for R, P1, and P2 using three methods. 

 

T(K) 

𝑆𝑻
𝟎   𝐶𝑷

𝟎(𝑻)   𝐻𝑻
𝟎  

MS-LQH MS-T SS-QH
b
 MS-LQH MS-T SS-QH

b
  MS-LQH MS-T SS-QH

b
 

R 298 113.9 114.3 107.7  44.5 45.4 40.3  110.5 110.6 109.4 

 400 128.2 128.9 121.0  53.3 54.0 50.5  115.5 115.7 114.0 

 600 152.8 153.6 144.7  68.2 68.2 66.8  127.7 128.0 125.9 

 800 174.0 174.7 165.6  78.9 78.3 78.0  142.5 142.7 140.4 

 1000 192.4 193.0 183.9  86.7 85.4 86.1  159.0 159.1 156.9 

 1200 208.8 209.1 200.2  92.5 90.6 92.1  177.0 176.8 174.8 

 1500 230.1 229.9 221.5  98.7 95.9 98.4  205.7 204.8 203.4 

 1800 248.5 247.7 239.8  102.8 99.4 102.6  236.0 234.2 233.6 

 2000 259.5 258.3 250.7  104.8 101.0 104.6  256.8 254.2 254.3 

P1 298 113.1 113.0 102.5  56.3 56.8 41.3  110.1 110.2 108.3 

 400 130.3 130.2 116.2  60.3 60.0 52.0  116.0 116.2 113.1 

 600 156.6 156.3 140.6  70.7 69.8 68.1  129.1 129.1 125.2 

 800 178.3 177.6 161.8  80.2 78.9 78.9  144.2 144.0 140.0 

 1000 197.0 196.1 180.3  87.4 85.9 86.7  161.0 160.6 156.6 

 1200 213.5 212.2 196.6  92.9 91.1 92.5  179.1 178.3 174.5 

 1500 234.9 233.2 218.0  98.8 96.6 98.6  207.9 206.5 203.3 

 1800 253.3 251.1 236.3  102.8 100.1 102.7  238.2 236.1 233.5 

 2000 264.2 261.8 247.3  104.7 101.7 104.7  259.0 256.3 254.3 

P2 298 106.7 106.6 100.9  65.1 67.3 41.3  109.1 109.2 107.8 

 400 127.8 128.1 114.6  70.7 70.7 51.9  116.4 116.7 112.6 

 600 155.7 155.7 138.9  71.0 70.1 68.0  130.1 130.3 124.7 

 800 177.4 177.1 160.0  80.0 78.7 79.0  145.3 145.2 139.5 

 1000 196.0 195.4 178.6  87.3 85.5 86.8  162.0 161.6 156.1 

 1200 212.5 211.5 194.9  92.9 90.7 92.6  180.1 179.3 174.1 

 1500 233.9 232.4 216.3  98.9 96.2 98.7  208.9 207.4 202.8 

 1800 252.3 250.3 234.7  102.9 99.8 102.8  239.3 236.8 233.1 

 2000 263.3 260.9 245.7  104.8 101.5 104.8  260.0 257.0 253.9 

a
The zero of energy is set equal to the potential energy of the global minimum. 

b
Calculated using the lowest-energy conformer. 

 

A hydrogen bond in the transition state is often expected to lower the barrier. However, 

the entropic effect of hydrogen bonding can increase the free energy of activation. Figures 4 

and 5 show the relative SS-T enthalpies and relative SS-T free energies of transition 

structures for reactions R1 and R2 (the zero of energy is set to be equal to the Born-

Oppenheimer electronic structure energy of the lowest-energy conformer); the first P paths 

for each reaction are ordered by increasing values of their classical barrier heights and are 

denoted as path 1, path 2, and so on. The figure shows that a non-hydrogen-bonded transition 
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structure, although it may have a higher relative enthalpy than some of the hydrogen-bonded 

conformers (for instance, conformer 9, which is the TS structure of path 9), does not 

necessarily have a higher relative free energy at high temperatures than conformers with 

hydrogen bonds (for instance, comparing the relative free energy of conformer 9 with 

conformers 1 and 2 at 800 K and 1500 K). This is because a hydrogen bond reduces the 

entropy, and at higher temperatures, the entropic effects can dominate. Therefore, a non-

hydrogen-bonded structure can contribute more to the rate constant than some hydrogen-

bonded conformers. This phenomenon was also found in our previous study [46, 85]. 

Classical barrier heights (V⧧) and quantum mechanical quasithermodynamic quantities of 

selected conventional transition states are in Table S3 of the supporting information. The 

energy barriers of transition states relative to R are lower for reaction R2 than that for 

reaction R1, but this does not necessarily indicate that R2 is a faster reaction because of the 

enthalpy–entropy compensation at the transition state. The path of R1 with the highest barrier 

in Table S3, namely, path 3 through TS1, has a larger relative entropy than the others; this 

reduces the free energy of activation. In fact, it has the most favorable free energy of 

activation of the three cases for reaction R1 shown in Table S3, even though it has the least 

favorable electronic-energy barrier. This shows that the effects of hydrogen bonding are 

subtle. 

 

Figure 4. Relative enthalpy (Hrel) and relative Gibbs free energy (Grel) (both in kcal/mol) for 

TS1 (paths 1 to 15). The conformers are arranged in order of increasing classical barrier 

height. In this figure the zero of energy is set equal to the potential energy of the energetically 

lowest conformer of the transition state; this conformer corresponds to path 1.  

Figure 5. Relative enthalpy (Hrel) and relative Gibbs free energy (Grel) (both in kcal/mol) for 

TS2 (paths 1 to 6). The conformers are arranged in order of increasing classical barrier 

height. In this figure the zero of energy is set equal to the potential energy of the energetically 

lowest conformer of the transition state; this conformer corresponds to path 1.  

 

4.4 High-pressure-limit rate constants, tunneling, and variational effect 

Table 5 shows path-averaged generalized transmission coefficients of reaction R1 for P 

= 1–15 in eq 9 and the path-averaged generalized transmission coefficients of reaction R2 for 

P = 1–6, where P is the number of paths averaged. These transmission coefficients include 

the path-dependent variational effect and the path-dependent multidimensional tunneling 

effect. For example, the multidimensional tunneling transmission coefficient and the 

recrossing transmission coefficients for R2 are a nonmonotonic function of path number from 

path 1 to path 6 (as shown in Tables S1 and S2, where the prefix S denotes supporting 

information). Also, the single-structural rovibrational partition functions of the transition 

state computed with torsional anharmonicity are nonmonotonic functions of path number. 

These three factors all contribute to the final ⟨γ⟩P.  
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Table 5. Averaged generalized transmission coefficienta of reactions R1-R2 

 

T(K) 

       R1        

〈𝛾〉1 〈𝛾〉2 〈𝛾〉3 〈𝛾〉4 〈𝛾〉5 〈𝛾〉6 〈𝛾〉7 〈𝛾〉8 〈𝛾〉9 〈𝛾〉10 〈𝛾〉11 〈𝛾〉12 〈𝛾〉13 〈𝛾〉14 〈𝛾〉15 

298 12.8 13.58 14.16 14.17 14.00 14.13 14.31 14.43 14.84 14.85 14.96 15.01 15.19 15.09 15.18 

400 4.06 4.19 4.16 4.17 4.11 4.15 4.15 4.16 4.20 4.19 4.21 4.21 4.31 4.21 4.22 

600 1.82 1.85 1.82 1.82 1.80 1.81 1.81 1.81 1.82 1.82 1.83 1.83 1.92 1.83 1.83 

800 1.36 1.37 1.35 1.35 1.34 1.34 1.34 1.34 1.35 1.35 1.35 1.35 1.45 1.35 1.35 

1000 1.17 1.17 1.16 1.16 1.15 1.15 1.15 1.15 1.16 1.16 1.16 1.16 1.26 1.16 1.16 

1200 1.08 1.08 1.06 1.06 1.05 1.05 1.09 1.05 0.98 0.98 0.99 1.00 1.09 1.01 1.01 

   R2             

 〈𝛾〉1 〈𝛾〉3 〈𝛾〉3 〈𝛾〉4 〈𝛾〉5 〈𝛾〉6          

298 23.54 23.08 22.90 22.60 22.73 22.69          

400 5.70 5.62 5.59 5.58 5.60 5.59          

600 2.11 2.09 2.09 2.09 2.09 2.09          

800 1.49 1.48 1.47 1.48 1.48 1.48          

1000 1.25 1.25 1.24 1.25 1.25 1.25          

1200 1.14 1.13 1.13 1.14 1.14 1.14          

aThe generalized transmission coefficient averaged over the total P paths is defined as 〈𝛾〉𝑃 

by eq 9. 

Figure 6. Vibrationally adiabatic ground-state potential energy curve (𝑉a
G) and the potential 

energy (𝑉MEP)along the minimum-energy path for path 1 of reactions R1 and R2. Here s is 

the signed distance from the saddle point along each curved MEP in isoinertial coordinates 

scaled to a reduced mass of 1 amu. The zero of energy is the potential energy at the lowest-

energy equilibrium structure of the reactant. In the bottom panel we consider the 

vibrationally adiabatic ground-state potential energy curve relative to Va
AG , which is defined 

as max
s
Va

G s( ) . 

 

The calculated potential energy along the minimal energy path (VMEP) and the ground 

state vibrationally adiabatic potential curve (𝑉a
G) , are shown in Figure 6. Note that a 

vibrationally adiabatic potential curve is the same as a free energy of activation profile for T 

= 0 K[86]. For reaction R1, the location of the canonical variational transition state is near 

0.026 Å at 0 K. At finite temperatures, the free energy of activation profiles differ from the 

𝑉a
G curve, and the location of variational transition state is determined by the maximum of 

the free energy of activation profile. For instance, for reaction R1, at 300 K, 600 K, 800 K, 

1000 K, and 1300 K, the variational transition state is at 0.017 Å, 0.022 Å, 0.026 Å, 0.031 Å, 

and 0.040 Å respectively; and the vibrationally adiabatic potential energy at these locations 

are in the range of 126.22 – 126.29 kcal/mol. For reaction R2, the location of the canonical 

variational transition state is near 0 Å at 0 K. At finite temperatures, as discussed above, the 

location of variational transition state is determined by the maximum of the free energy of 

activation profile. Thus, for reaction R2, at 300 K, 600 K, 800 K, 1000 K, and 1300 K, the 

variational transition state is at -0.015 Å, -0.019 Å, -0.023 Å, -0.027 Å, and -0.033 Å 

respectively; and the corresponding vibrationally adiabatic potential energy are in the range 

of 124.39 – 124.44 kcal/mol.  
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Figure 7 plots the ZCT and SCT transmission coefficients as functions of temperature. 

Here the tunneling coefficients on reaction R1 are got through the Boltzmann averaged over 

15 paths and that of R2 are got through the Boltzmann averaged over 6 paths. It is found that: 

(i) ZCT significantly underestimate the tunneling at room temperatures and the deviation 

between ZCT and SCT method decreases with the increasing temperature. At 298 K, the 

ZCT transmission coefficient is equal to 5.6 and 7.9 for reactions R1 and R2; the 

corresponding SCT transmission coefficient is equal to 16.2 and 23.7 respectively. Previous 

validation studies for hydrogen shift reaction [44, 87] have shown that the SCT 

approximation is much more reliable than the Wigner method [88] or the ZCT 

approximation. Thus we adopt the SCT results in the following kinetics discussion. (ii) The 

SCT transmission coefficients for reaction R2 is higher than that for reaction R1. This is 

consistent with the shape of the calculated 𝑉a
G − 𝑉a

AG curves as shown in the bottom panel of 

Figure 6. (iii) Tunneling increases the reaction rate constants in some different extend 

especially at low temperatures. In the temperature range of 300-800 K, the SCT transmission 

coefficients cover the range of 1.4-16.2 for R1 and 1.5-23.7 for R2. 

 

Figure 7. Tunneling transmission coefficients by small-curvature tunneling (SCT) and zero-

curvature tunneling (ZCT) method for R1 and R2 at 298-800 K.  

 

Figure 8 shows the CVT canonical recrossing transmission coefficient ( CVT) for 

reaction of path 1 for R1 and R2 respectively. Here CVT is defined as the ratio of rate 

constants computed by quasiclassical variational TST to that computed by quasiclassical 

conventional TST. It can be seen that it has a factor of 0.90-0.96 over the whole studied 

temperature range. Thus the present work predicts only a small variational effect. 

 

Figure 8. Canonical variational recrossing coefficients (CVT) for R1 and R2.  

 

Figure 9(a) shows the common logarithms of rate constants for both the forward and 

reverse reactions using the conventional TST and MP-CVT/SCT method respectively. The 

deviation between TST and MP-CVT/SCT reflects the combined effects of multistructural 

torsional anharmonicity, the variational effect, and the multidimensional tunneling effect. 

There are four noteworthy aspects in Figure 9(a): (i) For R1, the final MP-CVT/SCT rate 

constants are differ from the single-structure conventional transition state theory ones 

without tunneling (these are just labeled TST) by factors of 1.5-31. The large deviation is at 

low temperatures, where they originate from the tunneling effect, which can be seen from 

Figure 7. At intermediate and high temperatures (800-1500 K), the deviation becomes 

smaller, e.g. the MP-CVT/SCT rate constants differ from TST by factors of 1.5-2.2. (ii) The 

reverse reactions (R1 and R2) have larger rate constants than the corresponding forward 

reactions (R1 and R2). (iii) R1 and R2 have a stronger positive temperature dependence 

effect than the reverse reactions. (iv) At low temperatures (298−900 K), the rate constants of 

R2 are higher than those of R1 calculated by MP-CVT/SCT method, and R1 begins to 

dominate as temperature is raised. However the TST method predicts that R2 always 

dominates over the whole temperature range. We can explain aspect (iv) by a combination of 
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the following factors: firstly the tunneling transmission coefficients (SCT) for R2 are 3.08, 

1.54, and 1.31, at 500, 800 and 1000 K, respectively, but for R1 they are 2.60, 1.44, and 1.25, 

respectively, and thus these higher recrossing transmission coefficients for R2 contribute to 

the higher rate constants of R2 at low temperature; Also the entropy of path 3 for R1 is larger 

than that of R2 (as can be seen in Table S3); And the entropic effect is larger than the 

enthalpic, especially at higher temperatures.  

The temperature-dependent Arrhenius activation energies Ea can be derived from the 

local slopes of Arrhenius plots. The temperature-dependent Arrhenius activation energies for 

R1−R2 are plotted in Figure 9 (b). The activation energy increases dramatically with 

increasing temperature, especially in the temperature range 298−500 K. For instance, the 

increase in Ea between 298 and 500 K is 2.3 kcal/mol and 2.5 kcal/mol in the MP-CVT/SCT 

calculations for R1 and R2 respectively. The difference between TST values of Ea and MP-

CVT/SCT values of Ea are 2.1−3.8, and 3.3−5.1 kcal/mol for R1 and R2 in the temperature 

range 298−500 K, which are due to the path dependence of quantum mechanical tunneling 

and multistructural anharmonicity. 

Figure 10 shows the final high-pressure-limit MP-CVT/SCT rate constants in the 

temperature range 298−1500 K and compares them to previous predictions. There are three 

noteworthy aspects: (i) R1 and R2 both have lower rate constants than other empirical results 

[20, 25] or theoretical studies [89]. In the temperature range 500−1000 K, the calculated rate 

constants by Mohamed et al. [89] using 1D hindered rotor treatment and classical transition 

state theory for R2 are a factor of 8.0−9.6 faster than our computed data. (ii) R1 and R2 have 

a new temperature-dependent competing relationship. And R1 begins to dominate with the 

increasing temperature, which will facilitate the extensive auto-oxidation mechanism. 

 

Figure 9. (a) Calculated rate constants for R1 and R2 at 298−1500 K. (b) High-pressure-limit 

activation energies by TST and MP-CVT/SCT for R1 and R2 at 298-1500 K. The MP-

VTST/SCT results are labeled MP and the single-structure conventional TST results without 

tunneling are labeled TST. 

 

Figure 10. Comparisons between our calculated rate constants with others [20, 25, 89] for 

R1 and R2 at 298−1500 K. MP denotes MP-VTST/SCT. 

 

4.5 Pressure-dependent rate constants 

Figure 11 shows the results of using the SS-QRRK theory to predict the falloff effects in 

the temperature range 298−1500 K. For 298−700 K, there is negligible pressure dependence 

for either reaction. As temperature increases, the rate constants at 100 atm differ more and 

more from the high-pressure limits, and for temperatures above 1200 K, difference is a factor 

of 1.5−798 for R1 and 1.4−556 for R2; thus the falloff effect cannot be neglected even in 

high-pressure engines. At atmospheric pressure (1 atm), the rate constants differ from those 

in the high-pressure limit by factors of 1.1−304 for R1 and 1.1−204 for R2 in the temperature 

range 900−1300 K. Figure 11 shows that at low pressures and high temperatures, temperature 

dependence of the rate constants  is negative. 
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Figure 11. Rate constant of R1 and R2 as functions of temperature at various pressures. 

 

To see the falloff effect more directly, we plotted the ratios of rate constants as functions 

of pressure for R1 and R2 at 800 K, 1000 K and 1200 K, and these plots are in Figure 12. At 

and 1000 K, for the six decades of pressure variation shown in the figure, the ratios are 

spread a range of 0.48−0.65 for 800 K and over the range 0.57−0.95 for 1000 K, so that 

pressure lowers the R1/R2 ratio. At 1200 K, the spread is 0.74−1.16 at the studied pressures, 

which denotes that, as compared to those of R2, the rate constants of R1 are increased by the 

falloff effect at the highest pressures. Although the changes in the ratios are much smaller 

than the absolute changes, these changes in the branching ratios will have an effect on the 

auto-ignition.  

 

Figure 12. The ratios of rate constants for R1 and R2 as functions of pressure. 

 

Figure 13 shows the common logarithms of rate constants for R1 in the temperature 

range 298−1300 K using the conventional TST (SS-TST), MS-CVT (without tunneling), MS-

CVT/SCT, and MP-CVT/SCT method respectively. They are the high-pressure limit rate 

constants except that the last one [labeled MP-CVT/SCT (1atm)] denotes the rate constant at 

1atm. Although the differences are smooth functions of T, when we take account of the fact 

that the ordinate scale covers almost eight orders of magnitude, we see that the differences 

are not small. For example, at 500 K (in the center of the plot), the difference between the 

high-pressure SS-TST rate constant and the high-pressure MP-CVT/SCT rate constant is a 

factor of 4.1. 

 

Figure 13. The rate constants for R1 calculated by different methods.  

Table 6 lists our computed rate constants for both reactions in the high-pressure limit and 

also for pressures of 1 atm and 10 atm. The rate constants at other pressures may be useful 

for modeling alkane oxidation and are also of fundamental interest for chemical kinetics, and 

they are provided in the Supporting Information. Table 7 gives fits to the rate constants. 

Because the reactions are endothermic we fit the rate constants to the following form [45]: 

 𝑘(𝑇) = 𝐴 (
𝑇

300
)
𝑛

exp [−
𝐸(𝑇+𝑇0)

𝑅(𝑇2+𝑇0
2)
]                (10)   

 

Table 6. Calculated high-pressure-limit (HPL) rate constants (s–1) using MP-VTST/SCT and 

pressure-dependent rate constants (s-1) at 1 and 10 atm using SS-QRRK theory. 
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T(K) 

R1            R2   

1 atm 10 atm HPL 1 atm 10 atm HPL 

298 1.01E-05 1.01E-05 9.96E-06 2.36E-04 2.36E-04 2.32E-04 

400 8.12E-02 8.12E-02 8.00E-02  7.00E-01 7.00E-01 6.91E-01 

500 1.94E+01 1.94E+01 1.92E+01  8.66E+01 8.66E+01 8.57E+01 

600 8.16E+02 8.17E+02 8.08E+02  2.31E+03 2.31E+03 2.29E+03 

700 1.24E+04 1.24E+04 1.23E+04  2.49E+04 2.50E+04 2.48E+04 

800 9.74E+04 9.89E+04 9.83E+04  1.51E+05 1.52E+05 1.52E+05 

900 4.66E+05 5.05E+05 5.07E+05  5.94E+05 6.32E+05 6.33E+05 

1000 1.26E+06 1.80E+06 1.92E+06  1.44E+06 1.92E+06 2.01E+06 

1100 1.42E+06 3.88E+06 5.73E+06  1.60E+06 3.82E+06 5.25E+06 

1200 5.29E+05 3.14E+06 1.38E+07  6.33E+05 3.28E+06 1.18E+07 

1300 1.00E+05 8.98E+05 3.04E+07  9.61E+04 8.08E+05 1.96E+07 

 

Table 7. Fitting parameters for high-pressure-limit forward MP-CVT/SCT rate constants.  

 A 

(s-1) 

n T0 

(K) 

E 

 (kcal/mol) 

    R1 5.10E+08 2.53 129.43 15.47 

    R2 3.92E+09 0.73 148.60 15.00 

 

4.6 Rate constants for another 1,5 -H shift and implication for OOQOOH chemistry 

It is essentially impossible to detect the H-shift reactions experimentally due to the high 

reactivity of OOQOOH species. Therefore, theoretical calculations are essential for 

understanding the kinetics of these H-shift reactions. To further study the kinetics of the H 

shift reactions in the second oxidation mechanism of n-pentane combustion, we also 

computed the 1,5 -H shift rate constants for another hydroperoxyalkyl radical in the n-

pentane auto-oxidation. The n-pentane oxidation predominantly forms the 

CH3CH2CH2CH(OO)CH3 radical by the first oxygen addition to pentyl radical, then the 

CH3CH(OO)CH2CH(OOH)CH3 species can be formed by a 1,5 H shift, and following this  

CH3CH(OO)CH2CH(OOH)CH3 can form CH3CH(OOH)CH2C(OOH)CH3 by the 1,5 -H 

shift, which is called reaction R3 in the present work. The calculated results for R3 using the 

MS-VTST/SCT method are shown in Figure 14a. The figure also compares our calculated 

results to previous work by others [90].  

Although R2 and R3 are the same type of reaction (1,5 -H shift), they exhibit a large 

difference in their multistructural torsional effects, which depend critically on the molecular 

structure of OOQOOH species. This implies that multistructural effects cannot be ignored in 

determining the rate constants involved in OOQOOH chemistry. The deviations of the rate 

constants previously calculated by Bugler et al. [90] from our results for reaction R3 are 

factors of 0.3−20.8. These differences reflect the cooperative contributions of the barrier 

heights, vibrational frequencies, multistructural torsional anharmonicity effects, variational 

effects, and multidimensional tunneling effects. Detailed results for the multistructural 
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torsional anharmonicity factors, variational transmission coefficients, and multidimensional 

tunneling transmission coefficients for reaction R3 are given in the Supplemental 

Information. 

Figure 14. (a) Comparison of the calculated rate coefficients for reactions R1-R2 (MP-

VTST/SCT) and R3 (MS-VTST/SCT) in this work with other studies used by Bugler et al. 

[90]; (b) Ignition delay times profiles during n-pentane auto-oxidation with equivalence ratio 

of 1.0 and pressure of 50 atm in “air”. Red line represents the simulation with updated 

OOQOOH mechanism by updating our new calculated rate constants of R1−R3 to the 

original n-pentane model [90]; black line represents the simulation of the original n-pentane 

mechanism [90]. 

The present work may enable the inclusion of more accurate kinetics in auto-ignition 

modeling. In the original n-pentane kinetic model by Bugler et al. [90], the reaction pathways 

for OOQOOH were taken into consideration by analogy to similar reactions. To study the 

effect of these reactions, we updated the OOQOOH mechanism in the original n-pentane 

kinetic model of Bugler et al. [90] by considering our new OOQOOH rate constants, and we 

carried out a simulation with the updated mechanism. The simulation was performed by the 

CHEMKIN-PRO software [91] using the Close Homogenous Batch Reactor module. The n-

pentane/air mixture with equivalence ratio of 1.0 and pressure of 50 atm was adopted as 

input. The temperature range is 550−1000 K, which covers the low-temperature and negative 

temperature coefficient zone of n-pentane oxidation. To learn the effect of the new rate 

constants on the ignition delay, we performed two simulations. In one, we updated the 

original n-pentane model [90] by using our new calculated rate constants of R1−R3. In the 

other one, we only used the original data in n-pentane model of Bugler et al. [90]. Results 

from these two simulations are compared in Figure 14b. This figure shows that the ignition 

delay time is as much as a factor of 2.0 higher than that for the original model [90] in the 

studied temperature range. One of the main reasons is that the rate constant of R1 

recommended by Bugler et al. [90] is different from our calculated result by a factor of 4.7–

7.3 in the temperature range of 298−1300 K. The deviations of the other rate constants of 

Bugler et al.[90] from our calculated results are factors of 0.1−7.5 and 0.3−20.8 for R2 and 

R3 respectively.  

The simulation we have just presented indicates that the new H-shift reaction rates for 

OOQOOH lead to observable and significant changes in the predicted ignition delay under 

combustion conditions. It re-enforces our conclusion that the cooperative contributions of 

barrier heights and vibrational frequencies, multistructural torsional effects, variational 

effects, and multidimensional tunneling effects should be considered in determining the 

accurate rate constants for OOQOOH chemistry in combustion modeling. 

 

5. CONCLUDING REMARKS 

Multipath and multistructural canonical variational transition-state-theory with 

multidimensional tunneling have been used to calculate high-pressure limiting rate constants 

for internal 1,5 H-shifts of hydroperoxypentylperoxy (OOQOOH) radical in the kinetics of 

the second oxidation mechanism of alkane combustion, and the SS-QRRK method was used 

to estimate the pressure dependence. Our calculations include accurate determinations of the 

classical barrier heights, the variational effects, internal-coordinate-based vibrationally 
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adiabatic potential curves, multistructural torsional anharmonicity, and multidimensional 

tunneling effects as put together by multipath VTST method.  

We found that multistructural torsional anharmonicity has a large effect on the 

thermodynamic data and on the forward and reverse reactions. For example, it reduces the 

rate constants by factors of 0.04 to 0.26 for the -H isomerization R2, however it increases 

the rate constants by factors of 1.6 to 2.0 for the alternative competitive path R1. It 

dramatically reduces the rate constants by factors of 0.003 to 0.6 for the reverse reaction R2.  

The variational transition state effect plays a minor role in the determination of the rate 

constants, but the tunneling effect is large, e.g. the tunneling transmission coefficient of 

reaction R1 (Boltzmann-averaged over 15 paths) is 16.2 at 298 K and 4.5 at 400 K.  

Finally, we find that the -H isomerization R2 is the dominant reaction at low 

temperatures, but R1 becomes faster than R2 when the temperature is increased, which will 

promote the auto-oxidation mechanism. Meanwhile, the calculated accurate kinetics data 

were shown to have a significant influence in chemical kinetic modeling predictions of 

ignition delay time, especially in the temperature range of 750−975 K. The thermodynamic 

and kinetics data computed in this work should lead to improved accuracy in chemical 

kinetics models of alkane autoxidation. 

 

■ Supporting Information 

The Supporting Information includes Cartesian coordinates, absolute energies, standard-state 
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constants. 
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