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the Benzyl Hydroperoxide Adduct under Combustion and Atmospheric Conditions  

M. Monge-Palacios,1* Edwing Grajales-González1, Goutham Kukkadapu2 and S. Mani Sarathy1 

 

Abstract 

Radical-radical association reactions are challenging to address theoretically due to difficulties finding the 

bottleneck that variationally minimizes the reactive flux. For this purpose, the variable reaction coordinate 

(VRC) formulation of the variational transition state theory (VTST) represents an appropriate tool. In this 

work, we revisited the kinetics of two radical-radical association reactions of importance in combustion 

modelling and poly-aromatic hydrocarbons (PAHs) chemistry by performing VRC calculations: benzyl + 

HO2 and benzoxyl + OH, both forming the adduct benzyl hydroperoxide. Our calculated rate constants are 

significantly lower than those previously reported based on VTST calculations, which results from a more 

efficient minimization of the reactive flux through the bottleneck achieved by the VRC formulation. Both 

reactions show different trends in the variation of their rate constants with temperature. We observed that 

if the pair of single occupied molecular orbitals (SOMOs) of the associating radicals show similar nature, 

i.e. similar 𝑝 character, and thereby a small energy gap, a highly stabilized transition state structure is 

formed as the result of a very efficient SOMO–SOMO overlap, which may cancel out the free energy 

bottleneck for the formation of the adduct and result in large rate constants with a negative temperature 

dependence. This is the case of the benzoxyl and OH radical pair, whose SOMOs show 𝑂2𝑝 nature with an 

energy gap of 20.2 kcal mol-1. On the other hand, the benzyl and HO2 radical pair shows lower rate constants 

with a positive temperature dependence due to the larger differences between both SOMOs (28.9 kcal mol-

1 energy gap) as a consequence of the contribution of the multiple resonance structures of the benzyl radical. 

The reverse dissociation rate constants were also calculated by detailed balance using multi-structural 

torsional anharmonicity partition functions, predicting a much slower dissociation of benzyl hydroperoxide 

than the previous work.  
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1. Introduction 

Toluene (C7H8) and benzyl alcohol (C7H7OH) are common aromatic species in the combustion of 

diesel, gasoline and jet fuels, as well as in the formulation of surrogate fuels for combustion modeling. 1,2 

They can, respectively, generate benzyl (C7H7) and benzoxyl radicals (C7H7O) by hydrogen abstraction 

reactions of their benzyl and hydroxyl hydrogens, as they are weaker than the phenyl hydrogens.3 

The radicals C7H7 and C7H7O can later either undergo unimolecular decomposition or bimolecular 

reactions with other species. At low and intermediate temperatures, when the decomposition is not likely, 

the association reaction with other species might be prominent. Da Silva and Bozzelli found, in a theoretical 

study, that benzyl and benzoxyl radicals react with hydroperoxyl (HO2) and hydroxyl (OH) radicals, 

respectively, to form the adduct benzyl hydroperoxide (C7H8O2), at temperatures below 800 K (reactions 

R1 and R2);4 at higher temperatures (800 – 2000 K) they found that the oxygen transfer reaction between 

benzyl and HO2 radicals is the most prominent reaction in the consumption of benzyl radical (reaction R3), 

C7H7 + HO2 → C7H8O2          (R1) 

C7H7O + OH → C7H8O2          (R2) 

C7H7 + HO2 → C7H7O + OH          (R3) 

Other species, such as O2
5-7 and O,8-10 are also involved in the removal of C7H7 and C7H7O, although to a 

minor extent. 

Reactions R1 and R2, which take place on the singlet PES, are barrierless and very exothermic, and 

therefore are expected to be fast and important in combustion systems. In addition, the radical C7H7 is an 

important intermediate in the formation and growth of poly-aromatic hydrocarbons (PAHs), which are 

known to be soot precursors. For these reactions, da Silva and Bozzelli obtained,4 based on variational 

transition state theory (VTST) and electronic structure calculations at the G3B311 level, very large rate 

constants which vary within the 9.02·10-10–5.82·10-12 and 5.73·10-5–1.57·10-10 cm3 molecule-1 s-1 ranges, 

respectively, at temperatures between 300 and 2000 K.  

The adduct benzyl hydroperoxide formed in the radical-radical association reactions R1 and R2 might 

be ro-vibrationally excited, as both reactions are highly exothermic with reaction enthalpies of -60.44 and 

-45.01 kcal mol-1, respectively4 (values calculated at the G3B3 level of theory). This ro-vibrationally excited 

adduct can be also formed by the reactions of benzylperoxy radical (C7H7O2) with H and HO2 radicals 12-13, 

C7H7O2 + H → C7H8O2          (R4) 
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C7H7O2 + HO2 → C7H8O2 + O2          (R5) 

The reaction R4 has been previously investigated by da Silva et al. as an important step in the oxidation of 

the benzyl radical,12 who reported a quick formation of the adduct benzyl hydroperoxide with 87 kcal mol-

1 excess energy over the ground state. These authors performed a VTST study based on G3B3 electronic 

structure calculations and found that, at conditions of interest in combustion, benzyl hydroperoxide is not 

collisionally stabilized if formed through the radical-radical barrierless association reaction R4. The lifetime 

of the adduct toward decomposition to C7H7O + OH (reaction -R2), and to a lesser extent to C7H7 + HO2 

(reaction -R1), is very short; the former decomposition channel, with a reaction enthalpy of 45.01 kcal mol-

1, dominates at temperatures higher than 800 K and any pressure, while the latter, with a reaction enthalpy 

of 60.44 kcal mol-1, becomes a minor decomposition channel at temperatures beyond 1500 K. Only at 

pressures equal or higher than 10 atm the collisional stabilization of the adduct C7H8O2 becomes significant, 

but only if temperature is not too high (below 800 K). As a result, da Silva et al.12 concluded that benzyl 

hydroperoxide formed via reaction R4 is not likely to play a role in toluene oxidation as it will quickly 

dissociate via reactions -R2 and -R1. This conclusion was also extended to the formation of benzyl 

hydroperoxide via reaction R1.4  

Nevertheless, the role of the reactions R1, R2, -R1 and -R2, and therefore that of benzyl hydroperoxide, 

in combustion of aromatics might be still uncertain due to two limitations of the former study by da Silva 

and Bozzelli.4 First, the low level of theory used for the electronic structure calculations, G3B3, which can 

be nowadays upgraded with more sophisticated methods and basis sets using more advanced computational 

resources; G3B3 uses geometries and frequencies obtained with the B3LYP hybrid functional,14 which may 

not be appropriate to describe the investigated radical-radical association reactions. And second, the kinetic 

theory used for the calculations, that is, VTST. It is well known that VTST may fail to accurately describe 

the bottleneck to barrierless reactions such as these radical-radical association (R1 and R2) and dissociation 

(-R1 and -R2) reactions. Instead, the variable reaction coordinate transition state theory, VRC-TST,15,16 is 

recommended as it variationally minimizes the reactive flux through that bottleneck more efficiently. 

Therefore, in this work we revisited the previously calculated rate constants by da Silva and Bozzelli 

for the reactions R1, R2, -R1 and -R2 in order to obtain more accurate values over the wide temperature 

and pressure range 200–2500 K and 0.001–10000 atm, respectively, by using a higher level of theory for 

the electronic structure calculations and the VRC-TST methodology. Our goal is to shed light on the fate 

of the benzyl hydroperoxide adduct under combustion and atmospheric conditions; in addition, our 
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calculated rate constants are useful to update kinetic models of fuels containing aromatic species, in order 

to obtain more accurate predictions on their combustion kinetics. 

 

2. Computational methods 

2.1 Electronic structure calculations 

The most computationally expensive step in the VRC-TST calculations are the electronic structure 

calculations. Hundreds of thousands of energy calculations need to be performed to explore different 

configurations of the system and obtain accurate rate constants. Since the rate constants are very sensitive 

to the level of theory used, one needs to carefully choose an appropriate level of theory. This is especially 

complicated if the system under investigation is large and contains several heavy atoms, as it is the case of 

the titled reactions.  

Coupled cluster calculations, such as the widely used CCSD(T) method,17 are prohibitive for our VRC-

TST calculations and thus we opted for density functional theory calculations. We tested several functionals 

in conjunction with the aug-cc-pvtz basis set18 by comparing their performance against the CCSD(T)/aug-

cc-pvtz level, which was used as benchmark. The functionals we tested were: M06-2X,19 M06-L,20 MN12-

L21 and WB97XD.22 The electronic structure calculations were carried out with the Gaussian09 package.23 

 

2.2 VRC-TST formalism 

The location of the dividing surface that minimizes the reactive flux in barrierless reactions is not 

straightforward because the separation between the two reacting fragments to define that surface is very 

sensitive to the energy (E) and angular momentum (J), and also because the motion of one fragment relative 

to the other can be of large amplitude. The VRC formulation of TST15,16 overcomes these aspects by 

optimizing not only the value of the reaction coordinate s, but also the definition. We minimized the number 

of transitional states N(E,J,s) as function of E, J and s, yielding an E and J resolved reactive flux, N(E,J,s)E,J-

µVT, within the VRC-E,J-µVT scheme.    

The VRC-TST formalism sorts the normal modes into two different kinds, conserved and transitional 

modes. The conserved modes are the vibrational modes of the reacting fragments; their character barely 

changes during the reaction. The translational modes are the rotation of the reacting fragments as well as 

their relative motion; they are converted into vibrations and overall rotations along the course of the reaction 

as the association product is formed. 



 

LLNL-JRNL-807937 

 

5 

 

The variable reaction coordinate was defined by a single-faceted dividing surface which is determined 

by two pivot points, one for each reactant. The location of these pivot points is shown in Figure 1 for 

reactions R1/-R1 (panel a) and R2/-R2 (panel b), respectively, as black dots. The distances d between the 

pivot point 1 and the C atom of C7H7, and between the pivot point 2 and the O atom of HO2 are, respectively, 

0.3 Å and 0.35 Å; those between the pivot point 1 and the O atom of C7H7O, and between the pivot point 2 

and the O atom of OH are also 0.3 Å and 0.35 Å, respectively. The pivot points 1 and 2 of the reactants are 

separated by a distance 𝑟12, so that 𝑠 = 𝑟12, and the reactive flux was variationally minimized within the 

interval 1.5 Å ≤ s ≤ 5.0 Å; the location of the pivot points was also varied during the minimization of the 

flux from its original location, shown in Figure 1, up to a distance d of 0.465 Å for C7H7 (pivot point linked 

to a C atom) and 0.515 Å for the rest of the species (pivot points linked to an O atom). The parameters s 

and d were scanned using intervals of 0.1 Å and 0.015 Å, respectively, determining, for each combination, 

N(E,J,s)E,J-µVT. 

The high-pressure limit rate constant was determined as  

𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

(𝑇, 𝑠) =
ℏ2

2𝜋
𝑔𝑒

𝜎1𝜎2

𝜎≠𝑄1𝑄2
(

2𝜋

𝜇𝑘𝐵𝑇
)

3
2⁄

∬ 𝑒−𝐸/𝑘𝐵𝑇𝑁(𝐸, 𝐽, 𝑠)𝐸,𝐽−µVT𝑑𝐸𝑑𝐽                     (1) 

where 𝑔𝑒 is the ratio of the electronic partition function of the transition state to the product of the electronic 

partition functions of the reactants, 𝑄1 and 𝑄2 are the rotational partition functions of the reactants without 

symmetry numbers, 𝜎≠, 𝜎1 and 𝜎2 are the symmetry numbers for the transition state, reactant 1 and reactant 

2, respectively, and ℏ is the reduced Planck’s constant. The 2Π1/2 low-lying electronic excited state of the 

OH radical, with an energy 𝜀 of 140 cm-1,24 was included in the calculations of the electronic partition 

function. For each combination of d and s, a set of 7000 configurations were explored by Monte Carlo 

integration to determine the flux N(E,J,s)E,J-µVT, with a maximum angular momentum quantum number J 

equal to 350. The calculated rate constants for reaction R1 were multiplied by two to account for the two 

equivalent pathways that can form C7H8O2, that is, the approach of the HO2 radical along one or the other 

side of the ring. The VRC-E,J-µVT calculations were performed with the Polyrate25 and Gaussrate26 

software. Additional details on these calculations can be found elsewhere.15,16,25    
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Figure 1. Location of the pivot points that define the single-faceted dividing surface of reactions R1/-R1 

(a) and R2/-R2 (b). 

 

The described VRC-E,J-µVT methodology was used to calculate the rate constants of the reactions R1 

and R2, 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

 and 𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

 (cm3 molecule-1 s-1), respectively. The rate constants of the reverse 

dissociation reactions -R1 and -R2, 𝑘−𝑅1
𝑑𝑖𝑠𝑠 and 𝑘−𝑅2

𝑑𝑖𝑠𝑠 (s-1), respectively, were obtained by using 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

 and 

𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

 and the concentration equilibrium constants of the dissociation process, 𝐾𝑐,−𝑅1
𝑑𝑖𝑠𝑠  and 𝐾𝑐,−𝑅2

𝑑𝑖𝑠𝑠  (cm-3 

molecule), 

𝑘−𝑅1/−𝑅2
𝑑𝑖𝑠𝑠 = 𝐾𝑐,−𝑅1/−𝑅2

𝑑𝑖𝑠𝑠 · 𝑘𝑎𝑠𝑠,𝑅1/𝑅2
𝐸,𝐽−µVT

                          (2) 

The calculation of the concentration equilibrium constants is described in Section 2.3. 

 

2.3 Thermochemistry and NASA polynomials 

The thermodynamic functions free energy (𝐺), entropy (𝑆), enthalpy (𝐻) and heat capacity at constant 

pressure (𝐶𝑝) of the species benzyl hydroperoxide were calculated by using the multi-structural torsional 

anharmonicity approximation with uncoupled torsions, MS-T(U), which includes the effect of the multiple 

conformers by means of multi-structural torsional partition functions;27 the software MSTor28 was used for 

the calculations. The term “conformers” refers to distinguishable structures that can be converted into each 

other by internal rotations. Under the MS-T(U) scheme, the conformational ro-vibrational partition function 

of a given species is calculated as 

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑀𝑆−𝑇(𝑈)

= ∑ 𝑄𝑟𝑜𝑡,𝑗𝑒𝑥𝑝(−𝛽𝑈𝑗)𝑄𝑗
𝐻𝑂𝑍𝑗 ∏ 𝑓𝑗̅,𝜂

𝑡

𝜂=1

𝐽

𝑗=1

                                                                                  (3) 
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where J (this term should not be confused with the previously defined angular momentum quantum number) 

is the set of conformers. The conformer with the lowest potential energy (global minimum) is labeled as 

j=1, and the potential energy of each conformer, 𝑈𝑗, is defined with respect to that of the global minimum; 

therefore, 𝑈𝑗=1= 0. 𝑄𝑟𝑜𝑡,𝑗  is the classical rotational partition function, the factor 𝛽  is 1/𝑘𝑏𝑇, 𝑘𝑏  is the 

Boltzmann’s constant and 𝑍𝑗 is a factor that makes the partition function reach the correct high temperature 

limit. The normal-mode harmonic oscillator partition function, 𝑄𝑗
𝐻𝑂, is given by 

𝑄𝑗
𝐻𝑂 = exp (−ℎ𝜔/2𝑘𝑏𝑇)[1 − exp (−ℎ𝜔/𝑘𝑏𝑇)]−1                                                                             (4) 

and it is adjusted to account for the torsional anharmonicity associated to the torsion 𝜂 by the internal-

coordinate torsional anharmonicity function 𝑓𝑗̅,𝜂 (as well as by 𝑍𝑗). In Eq. 4, ℎ, 𝜔, and 𝑇 are the Planck’s 

constant, frequency and temperature, respectively.  

The function 𝑓𝑗̅,𝜂 is defined as 

𝑓𝑗̅,𝜂 =
𝜔̅𝑗,𝜂√2𝜋𝛽𝐼𝑗,𝜂

𝑀𝑗,𝜂
exp (−

𝛽𝑊𝑗,𝜂
(𝑈)

2
) 𝐼0 (

𝛽𝑊𝑗,𝜂
(𝑈)

2
)                             (5) 

where 𝜔̅𝑗,𝜂 is an internal coordinate torsional frequency, 𝐼𝑗,𝜂 is the torsional moment of inertia calculated 

by Pitzer’s method without coupled torsions, 𝑀𝑗,𝜂 is the local periodicity parameter for the torsion 𝜂 and 

𝑊𝑗,𝜂
(𝑈)

 is an uncoupled effective barrier height defined as 

𝑊𝑗,𝜂
(𝑈)

=
2𝐼𝑗,𝜂𝜔̅𝑗,𝜂

2

𝑀𝑗,𝜂
2                                                                                                    (6) 

The thermochemistry data is given in the NASA polynomials format by determining the 𝑎𝑛 fitting 

parameters 

𝐶𝑝 = (𝑎1 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝑎4𝑇3 + 𝑎5𝑇4) ∙ 𝑅                                                                                      (7) 

𝐻′ = (𝑎1 +
𝑎2𝑇

2
+

𝑎3𝑇2

3
+

𝑎4𝑇3

4
+

𝑎5𝑇4

5
+ 𝑎6/𝑇) ∙ 𝑅 ∙ 𝑇                                                                   (8) 

𝑆 = (𝑎1𝑙𝑛𝑇 + 𝑎2𝑇 +
𝑎3𝑇2

2
+

𝑎4𝑇3

3
+

𝑎5𝑇4

4
+ 𝑎7) ∙ 𝑅                                                                    (9) 

𝐻′ in Eq. 8 is defined as  

𝐻′(𝑇) = ∆𝐻𝑓(298) + 𝐻(𝑇) − 𝐻(298)                                                                                          (10) 

where ∆𝐻𝑓(298) for benzyl hydroperoxide was determined with isodesmic reactions and 𝐻 is the multi-

structural torsional thermodynamic function calculated with MSTor.  
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The change in the Gibbs free energy of the dissociation reactions -R1 and -R2, ∆𝐺𝑅, was also calculated 

from the multi-structural torsional thermodynamic functions 𝐺 of the corresponding reactant and product 

species; this magnitude was used to calculate their dissociation equilibrium constants (unitless) as 

𝐾𝑑𝑖𝑠𝑠 = exp (−
∆𝐺𝑅

𝑜

𝑅𝑇
)                             (11) 

Then, the concentration equilibrium constant for reactions -R1 and -R2 (in cm-3 molecule), which is used 

to determine the corresponding dissociation rate constants 𝑘−𝑅1
𝑑𝑖𝑠𝑠 and 𝑘−𝑅2

𝑑𝑖𝑠𝑠, as defined by Eq. 2 in Section 

2.2, was calculated as 

 𝐾𝑐
𝑑𝑖𝑠𝑠 =

𝐾𝑑𝑖𝑠𝑠

𝑅𝑇
=   

exp (−
∆𝐺𝑅

𝑜

𝑅𝑇
)

𝑅𝑇
                                         (12) 

 

2.4 Pressure-dependent rate constants. SS-QRRK theory 

Pressure-dependent rate constants of reactions R1 and R2 were calculated with the system-specific 

quantum RRK theory using the chemical activation mechanism for a bimolecular association reaction as 

implemented in the SS-QRRK utility code.29 This method, as opposed to other well-stablished and accurate 

methods to include pressure effects such as master equation, allows the user to include multi-structural 

anharmonicity effects, and has been successfully used to calculate rate constants for other radical-radical 

association reactions.30 

SS-QRRK method applies the steady-state approximation to the chemical activation mechanism, 

yielding the following pressure dependent association rate constant for reaction R1 (and similarly for 

reaction R2) 

𝑘𝑠𝑡𝑎𝑏 = 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

∑
𝑘𝑐[𝑀]𝑓(𝐸)

𝑘𝑐[𝑀] + 𝑘−𝑅1
𝑄𝑅𝑅𝐾,𝑑𝑖𝑠𝑠(𝐸)

+∞

𝐸𝑜

                                                                                     (13) 

where [M] is the concentration of the bath gas (calculated using the ideal gas law), 𝐸𝑜 is the threshold 

energy of the dissociation of the adduct benzyl hydroperoxide to form the reactants benzyl and HO2 radicals, 

𝑘𝑐 is the collisional deactivation rate constant for the activated adduct [benzyl hydroperoxide]*, 𝑓(𝐸) is the 

fraction of energized species of [benzyl hydroperoxide]* at energy 𝐸 , and 𝑘−𝑅1
𝑄𝑅𝑅𝐾,𝑑𝑖𝑠𝑠(𝐸) is a QRRK 

energy-resolved rate constant for the dissociation back to reactants of [benzyl hydroperoxide]*. They are 

calculated as 

𝑘𝑐(𝑇) = 𝑍𝛽𝑐                                                                                                                                                 (14) 
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𝑓(𝐸) =
𝑘−𝑅1

𝑄𝑅𝑅𝐾,𝑑𝑖𝑠𝑠
(𝐸)𝐾(𝐸)

∑ 𝑘−𝑅1
𝑄𝑅𝑅𝐾,𝑑𝑖𝑠𝑠

(𝐸)𝐾(𝐸)+∞
𝐸𝑜

                                                                                                           (15) 

𝑘−𝑅1
𝑄𝑅𝑅𝐾,𝑑𝑖𝑠𝑠

(𝐸) = 𝐴𝑄𝑅𝑅𝐾
𝑛! (𝑛 − 𝑚 + 𝑠 − 1)!

(𝑛 − 𝑚)! (𝑛 + 𝑠 − 1)!
                                                                                  (16) 

where 

𝐾(𝐸) = 𝑒𝑥𝑝 (
−𝑛ℎ𝑣

𝑘𝑏𝑇
) [1 − 𝑒𝑥𝑝 (

−ℎ𝑣

𝑘𝑏𝑇
)]

𝑠 (𝑛 + 𝑠 − 1)!

𝑛! (𝑠 − 1)!
                                                                    (17) 

𝐴𝑄𝑅𝑅𝐾 = 𝑘−𝑅1
𝑑𝑖𝑠𝑠(𝑇)𝑒𝑥𝑝 (

𝐸−𝑅1
𝑑𝑖𝑠𝑠(𝑇)

𝑅𝑇
)                                                                                          (18) 

𝑚 = 𝐸−𝑅1
𝑑𝑖𝑠𝑠/ℎ𝑐𝑣̅                                                                                                                                    (19) 

𝐴𝑄𝑅𝑅𝐾 is the frequency factor, 𝑍 and 𝛽𝑐  are the Lennard-Jones collision rate constant and the collision 

efficiency, respectively, 𝑛 is the number of quanta excited at energy 𝐸, 𝑚 is the number of quanta excited 

at energy 𝐸𝑜, and 𝑠 is the number of vibrational degrees of freedom of the adduct. 𝐸−𝑅1
𝑑𝑖𝑠𝑠 is the activation 

energy for the dissociation of the adduct into the reactants.  

First, we obtained 𝑘−𝑅1
𝑑𝑖𝑠𝑠  from the calculated 𝑘𝑎𝑠𝑠,𝑅1

𝐸,𝐽−µVT
 and the concentration equilibrium constant 

𝐾𝑐,−𝑅1
𝑑𝑖𝑠𝑠  (Eq. 2), and second, we fitted the high-pressure limit rate constants 𝑘−𝑅1

𝑑𝑖𝑠𝑠 to the following equation 

𝑘 = 𝐴 (
𝑇

300
)

𝑛

𝑒𝑥𝑝 [−
𝐸(𝑇 + 𝑇𝑜)

𝑅(𝑇2 + 𝑇𝑜
2)

]                                                                                                 (20) 

and determined the fitting parameters 𝐴, 𝑛, 𝐸, and 𝑇𝑜. These fitting parameters were then used to determine 

the threshold energy 𝐸𝑜, which is set equal to the high-pressure limit Arrhenius activation energy for the 

dissociation reaction, 𝐸−𝑅1
𝑑𝑖𝑠𝑠 

𝐸−𝑅1
𝑑𝑖𝑠𝑠 =

𝐸(𝑇4 + 2𝑇𝑜𝑇3 − 𝑇𝑜
2𝑇2)

(𝑇2 + 𝑇𝑜
2)2

+ 𝑛𝑅𝑇                                                                                   (21) 

Using the values yielded by Eq. 21, 𝐴𝑄𝑅𝑅𝐾 can be calculated by using Eq. 18, so that 𝑘𝑠𝑡𝑎𝑏 can be also 

estimated.  

To compute the Lennard-Jones collision rate constant we used the Lennard-Jones parameters 𝜎 = 6.000 

Å and 𝜀/𝑘𝑏 = 410.0 K for benzyl hydroperoxide, which have been used in other works for toluene.31 We 

used N2 as the bath gas in our calculations, whose Lennard-Jones parameters are 𝜎 = 3.798 Å and 𝜀/𝑘𝑏 = 

71.4 K.32  
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The collision efficiency 𝛽𝑐  calculated by the SS-QRRK utility code29 depends on the value of the 

thermal fraction of unimolecular states above the threshold energy, 𝐹𝐸,  

𝛽𝑐 = (
〈∆𝐸〉𝑑𝑜𝑤𝑛

〈∆𝐸〉𝑑𝑜𝑤𝑛 + 𝐹𝐸𝑘𝑏𝑇
)

2

                                                                                                                  (22) 

𝐹𝐸 ≃ ∑
(𝑠 − 1)!

(𝑠 − 1 − 𝑖)!
[

𝑘𝑏𝑇

𝐸𝑜 + 𝛼(𝐸𝑜)𝐸𝑍𝑃𝐸
]

𝑖𝑠−1

𝑖=0

                                                                                           (23) 

The definition given by Eq. 23 for 𝐹𝐸 was derived by Troe,33 where 𝛼(𝐸𝑜) is a correction factor and 𝐸𝑍𝑃𝐸  

is the zero point energy of the activated complex. It is well known that 𝐹𝐸  adopts too large values for 

molecules with more than 8 atoms at high temperatures, leading to an unphysical underestimation of 𝛽𝑐 and 

therefore to an underestimation of 𝑘𝑠𝑡𝑎𝑏. The net result is an overestimation of pressure effects at high 

temperatures in large systems; we have highlighted this behavior in previous works,34 and fixed it in a recent 

study.35  In our approach, we used a more accurate collision efficiency parameter by introducing the 

correction factor ∆ proposed by Gilbert et al.36 

𝛽𝑐
′ = (

〈∆𝐸〉𝑑𝑜𝑤𝑛

〈∆𝐸〉𝑑𝑜𝑤𝑛 + 𝐹𝐸𝑘𝑏𝑇
)

2
1

∆
                                                                                                                  (24) 

Eq. 24 allowed us to derive a more accurate 𝐹𝐸 parameter, called 𝐹𝐸 ′, which was used instead in our SS-

QRRK calculations as input. This corrected 𝐹𝐸 ′ parameter is not overestimated, adopting significantly 

lower values than the former one, and therefore correcting the described underestimation of the rate 

constants as temperature increases and pressure decreases.  

The de-activation averaged energy transferred value was determined in our calculations by using the 

following temperature-dependent function 

〈∆𝐸〉𝑑𝑜𝑤𝑛 = Θ (
𝑇

300
)

𝑛

                                                                                                                        (25) 

where Θ = 200 cm-1 and 𝑛 = 0.85.37 

 

3. Results and discussion 

3.1 Benchmark of the DFT methods against CCSD(T) 

The reactive system C7H7 + HO2 (R1) was used to test the performance of different functionals by 

comparing them to the benchmark CCSD(T)/aug-cc-pvtz level of theory. The comparison consisted of an 

evaluation of the potential energy profile as the association product C7H8O2 dissociates. We first used the 
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previously described functionals with the same basis set as that used in the benchmark level (as described 

in Section 2.1), and selected the one with the best performance, which turned out to be the M06-L 

functional. However, the M06-L/aug-cc-pvtz level of theory was too computationally expensive to perform 

VRC-E,J-µVT calculations for a system with 9 heavy atoms. We therefore reduced the basis set, and 

analyzed the performance of the M06-L/cc-pvtz level as well. These results are shown in Figure 2. 

 

 

Figure 2. Dissociation potential energy profile of the adduct C7H8O2 as function of the C–O bond distance. 

Energies are defined with respect to that of the optimized C7H8O2 species. CCSD(T)/aug-cc-pvtz, M06-

L/aug-cc-pvtz and M06-L/cc-pvtz levels are shown in the inset figure for a closer comparison. Orange and 

black lines overlap.  

 

The M06-L/aug-cc-pvtz level (orange line) yields the best agreement with the CCSD(T)/aug-cc-pvtz 

benchmark level (red line). Using a smaller basis set, that is, the M06-L/cc-pvtz level (black line), we 

obtained essentially the same results; both, orange and black lines, overlap. Therefore, we selected the M06-

L/cc-pvtz level of theory for the VRC-E,J-µVT calculations as it is computationally cheaper and made our 

calculations feasible; the corresponding frequency scale factor 0.994 was also use in the rate constants 

calculations.38 

It should be noted that those geometries with interatomic distances 𝑟𝐶𝑂 > 2.4 Å show multi-reference 

character, with larger T1 values39 than those with 𝑟𝐶𝑂 ≤ 2.4 Å (T1 < 0.025). This is the reason for the 

decrease in the potential energy predicted by the CCSD(T)/aug-cc-pvtz level beyond 𝑟𝐶𝑂 = 2.4 Å (Fig. (2)), 

leading to an unphysical bump. However, appropriate functionals, such as those used in the present work, 
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can correct this unphysical behavior and lead to smooth potential energy curves. The higher level of theory 

CCSD(T)/aug-cc-pvtz should be thus considered as benchmark in our calculations only for values of the 

reaction coordinate up to 2.4 Å; beyond that point, the abovementioned functionals perform better, 

predicting a physically correct behavior with a smooth asymptote at larger 𝑟𝐶𝑂 distances which reaches the 

correct dissociation limit. 

 

3.2 High-pressure limit rate constants of the association reactions R1 and R2: VRC-E,J-µVT 

calculations 

The calculated high-pressure limit association rate constants for R1, 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

, and R2, 𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

, are 

plotted as function of temperature in Figures 3(a) and 3(b), respectively, together with those previously 

reported by da Silva and Bozzelli4 for comparison; the rate constants as determined by the collision limit40 

are also plotted for further  discussion. Our calculated values are also tabulated in Table 1, and fitted to the 

following two-term Arrhenius expression (in cm3 molecule-1 s-1) 

𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

(𝑇) = 2.00 · 10−22 · 𝑇3.00 · 𝑒𝑥𝑝 (
−800

𝑅𝑇
) + 1.00 · 10−21 · 𝑇3.02 · 𝑒𝑥𝑝 (

−3500

𝑅𝑇
)        (26) 

𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

(𝑇) = 5.00 · 10−12 · 𝑇−0.25 · 𝑒𝑥𝑝 (
1650

𝑅𝑇
) + 5.00 · 10−15 · 𝑇0.90 · 𝑒𝑥𝑝 (

−8500

𝑅𝑇
)        (27) 

 

 

Figure 3. Calculated high-pressure limit rate constants for reactions R1 (a) and R2 (b) using the VRC-E,J-

µVT scheme (black solid line). Those calculated by da Silva and Bozzelli4 (black dashed line) with the 

VTST method and estimated by the collision limit40 (red markers) are also shown for comparison. 

 

Table 1. VRC-E,J-µVT high-pressure limit rate constants for reactions R1, 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

, and R2, 𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

. 
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T (K) 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

 (cm3 molecule-1 s-1) 𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

 (cm3 molecule-1 s-1) 

200 1.96·10-16 8.38·10-11 

250 5.91·10-16 4.32·10-11 

298 1.40·10-15 2.61·10-11 

350 3.14·10-15 1.67·10-11 

400 5.99·10-15 1.17·10-11 

450 1.04·10-14 8.66·10-12 

500 1.69·10-14 6.70·10-12 

600 3.29·10-14 4.44·10-12 

700 5.19·10-14 3.25·10-12 

800 8.27·10-14 2.57·10-12 

900 1.33·10-13 2.15·10-12 

1000 2.22·10-13 1.89·10-12 

1100 3.77·10-13 1.72·10-12 

1200 6.23·10-13 1.61·10-12 

1300 9.77·10-13 1.55·10-12 

1400 1.44·10-12 1.52·10-12 

1500 2.00·10-12 1.51·10-12 

1600 2.65·10-12 1.51·10-12 

1700 3.37·10-12 1.54·10-12 

1800 4.14·10-12 1.57·10-12 

1900 4.96·10-12 1.62·10-12 

2000 5.83·10-12 1.67·10-12 

2300 8.87·10-12 1.87·10-12 

2500 1.13·10-11 2.02·10-12 

  

Large discrepancies were observed between both series of data, especially in 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

 at low 

temperatures. We believe that these discrepancies are mainly due to the different methodologies used in 

both works to calculate the rate constants, VRC-E,J- µVT and VTST. The former (used in this work) is the 

methodology recommended for barrierless association reactions as the latter (used in Ref. (4)) may fail to 

locate the correct bottleneck or transition state. At 300 K, da Silva and Bozzelli located the transition state 
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of reaction R1 at 𝑟𝐶𝑂 = 2.9 Å, but our calculations reveal that a transition state located at 2.6 Å minimizes 

the rate constants much more efficiently. As temperature increases, the opposite trend was found. For 

instance, at 2000 K da Silva and Bozzelli found the transition state at shorter interatomic distances, 2.4 Å, 

while that found by our VRC-E,J-µVT calculations is located at a greater distance, 2.9 Å.       

The transition state of R2 seems to be tighter and does not shift with temperature as that of reaction R1. 

Our calculations predict this transition state to be located at values of the 𝑟𝑂𝑂 distance of 2.3 Å at both 

temperatures, 300 K and 2000 K. This is in agreement with the results reported in Ref. (4), whose authors 

also found a tighter transition state located at 2.5 Å at 300 K and 2000 K. The agreement between both 

methodologies, VRC-E,J-µVT and VTST, in the location of the transition state of R2 is better than that 

found in reaction R1, and results from the tighter nature of the transition state of the former compared to 

that of the latter. This might be the reason why the discrepancies between the results reported in both works 

are smaller in reaction R2 than in R1. 

It is worth noting the presence of a very shallow minimum at 1500 K in the rate constants for R2, 

showing a non-Arrhenius behavior. This might be due to the presence of a shallow and non-bonded pre-

reactive intermediate complex with van der Waals and/or hydrogen bonds interactions located along the 

association reaction coordinate. These intermediate complexes sometimes induce a submerged barrier or 

transition state, resulting in rate constants with non-Arrhenius behavior as a consequence of a change in the 

sign of the activation energy.41,42 All our attempts to optimize and characterize such an intermediate 

complex failed, but if present, it might have been detected by the electronic structure calculations, affecting 

the determination of the reactive flux and therefore, the final VRC-E,J-µVT rate constant temperature 

dependence.  

An interesting feature of our calculated rate constants is the different temperature dependence in 

reactions R1 and R2. The former, with a positive temperature dependence, and thus a positive activation 

energy, is in stark contrast to the results reported in Ref. (4), which show the opposite trend. The latter, in 

agreement with the results in Ref. (4), show a negative temperature dependence, and therefore a negative 

activation energy.  

For a bimolecular reaction and in the absence of tunneling, as it is the case of reactions R1 and R2, the 

activation energy 𝐸𝑎 is given by 

𝐸𝑎 = ∆𝐻≠° + 𝑅𝑇 = ∆𝐺≠° + 𝑇(∆𝑆≠° + 𝑅)                                                                                          (28) 
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where ∆𝐻≠°, ∆𝐺≠° and ∆𝑆≠° are the activation enthalpy, free energy and entropy (barriers), respectively, 𝑇 

is temperature and 𝑅 is the ideal gas constant. Although the studied reactions are barrierless in terms of 

potential energy (∆𝐻≠°), they all are hindered by entropy (∆𝑆≠°), as two molecules are being brought 

together to form an adduct. The value and sign of 𝐸𝑎, and thus the temperature dependence of the rate 

constants, will be determined by the ability of the term ∆𝐻≠° to cancel out the hindering effect of ∆𝑆≠°. 

The more stabilizing is the interaction between the two associating radicals, the lower is ∆𝐻≠°, and therefore 

𝐸𝑎. This will be reflected in the evaluation of the flux 𝑁(𝐸, 𝐽, 𝑠)𝐸,𝐽−µVT used to calculate 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

(𝑇, 𝑠) in 

Eq. 1; 𝑁(𝐸, 𝐽, 𝑠)𝐸,𝐽−µVT is determined for each set of the parameters s and d by calculating the energy of 

the interacting system in thousands of configurations by means of electronic structure calculations, as 

explained in Section 2.2. 

Therefore, we attempt to explain the observed temperature dependence of the calculated rate constants 

from a fundamental point of view. An important factor that should be considered to estimate the energy and 

stability of a configuration resulting from two associating radicals is the extent of the overlap between each 

of the single occupied molecular orbitals (SOMOs) of both radical fragments. These SOMOs are combined 

during the association reaction to form a new molecular orbital (MO) in the incipient/final association 

product. Two SOMOs, 𝜓𝐴(𝑟) and 𝜓𝐵(𝑟), that overlap very efficiently, as determined by the overlap 

integral, 

𝑆𝐴𝐵 = ∫ 𝜓𝐴(𝑟)𝜓𝐵(𝑟)𝑑𝑟
+∞

−∞

                                                                                                                      (29) 

will yield highly stabilized configurations (which will eventually lead to an adduct) with respect to the 

separated radicals 𝐴 and 𝐵, yielding low values of ∆𝐻≠° and therefore of 𝐸𝑎, and thus favoring a negative 

temperature dependence of the rate constant. Similarly, low values of ∆𝐻≠° would enhance large values of 

the reactive flux 𝑁(𝐸, 𝐽, 𝑠)𝐸,𝐽−µVT and therefore large rate constants 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

(𝑇, 𝑠) (Eq. 1). The degree of 

overlapping between any two MOs, SOMOs in the case of radical-radical association reactions, will be 

largely determined by their nature and energy. In reaction R1, the SOMO orbital of benzyl radical, 𝐶𝑠𝑝3, 

does not overlap as efficiently with the SOMO orbital of the HO2 radical, 𝑂2𝑝, as occurs between the two 

𝑂2𝑝 SOMOs in reaction R2. In the former and latter SOMOs pairs, the differences in energy between both 

orbitals are respectively 28.9 and 20.2 kcal mol-1 (using the same level of theory as that for the VRC-TST 

calculations). This is exemplified in Figure 4; SOMOs with similar nature and energy, as those in the 

benzoxyl (𝑂2𝑝) and hydroxyl (𝑂2𝑝) radicals (reaction R2), lead to a larger overlap and more stabilized 
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configurations, and this may explain the observed negative activation energy and negative temperature 

dependence of the rate constants, as opposed to the trend observed in reaction R1.  

For comparison purposes, it is useful to look into a similar radical-radical association reaction between 

the allyl and the HO2 radicals, which forms allyl hydroperoxide. This reaction has been investigated by 

Goldsmith et al.,43 who also ran VRC-TST calculations to calculate the rate constants, and the energy gap 

between the SOMOs of the allyl and HO2 radicals is only 21.9 kcal mol-1 (Figure 4), that is, much smaller 

than that between the benzyl and HO2 pair and similar to that between the benzoxyl and OH pair,  and 

suggests that the radicals allyl and benzyl may not be so similar. Based on this analysis of the MOs, one 

could also expect a more similar trend between the 𝐸𝑎  values of the reactions R2 and the association 

reaction between the allyl and HO2 radicals; in fact, the rate constants reported by Goldsmith et al.43 for the 

latter show a negative temperature dependence as those we calculated for the reaction R2, as opposed to 

those calculated for the reaction R1. These conclusions on the differences in the reactivity of the 

investigated radical species can be also inferred from the values of the rate constants; at low temperatures, 

when the rate constants are more sensitive to the ∆𝐻≠° and 𝐸𝑎  magnitudes, we find the following rate 

constants (in cm3 molecule-1 s-1) at 500 K: 𝑘𝑎𝑠𝑠,𝑎𝑙𝑙𝑦𝑙+𝐻𝑂2

𝐸,𝐽−µVT
= 1.93·10-11,43 𝑘𝑎𝑠𝑠,𝑅2

𝐸,𝐽−µVT
= 6.70·10-12 and 𝑘𝑎𝑠𝑠,𝑅1

𝐸,𝐽−µVT
= 

1.69·10-14. 

The reason for the differences between the SOMOs of the benzyl and allyl radicals (Figure 4), and 

therefore for their different reactivity towards association with the HO2 radical, might be the lower 𝑝 

character of the 𝐶𝑠𝑝3 SOMO of benzyl, which actually shows some 𝐶𝑠𝑝2 character because three of its five 

resonant structures, also shown in Figure 4, display a double bond in that carbon center. This is not the case 

with the vinyl radical. That lower 𝑝 character of the SOMO of benzyl, compared to that of allyl, leads to a 

poorer mixing with the 𝑝 SOMO of the 𝑂2𝑝 center of the HO2 radical, as was previously discussed (Eq. 

29).  

Our findings indicate that the rate constants reported in Ref. 4 for reactions R1 and R2 are 

overestimated, and our calculated rate constants represent a more accurate estimation. This conclusion is 

supported by the collision limit rate constants we estimated for the investigated reactions based on the work 

by Chen et al,40 which are plotted in Figure 3. Our calculated rate constants for reactions R1 and R2 are 

below that limit within the whole temperature range we considered; this is not the case of the rate constants 

reported in Ref. (4), which are affected by a collision limit violation at low and intermediate temperatures. 
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This violation is especially pronounced at 300 K in reaction R2, with a reported rate constants that exceeds 

the collision limit by 5 orders of magnitude. 

 

 

Figure 4. Energy diagrams of the SOMO of the radicals involved in the studied reactions. Those of the 

radical-radical association reaction allyl + HO2 → allyl hydroperoxide investigated in Ref. 43 are also 

shown for comparison. Energies were calculated at the M06-L/cc-pvtz level, and those of the OH and HO2 

radicals were arbitrarily set as zero. 

 

3.3 Thermochemistry of the benzyl hydroperoxide adduct and high-pressure limit rate constants of 

the dissociation reactions -R1 and -R2. 

Using the methodology described in Section 2.3 and the M06-L/cc-pvtz level for the electronic structure 

calculations, we obtained the thermodynamic functions 𝐺 , entropy 𝑆, 𝐻  and 𝐶𝑝  of the species C7H8O2 

which results from reactions R1 and R2. In our calculations, we considered the effect of the multiple 

conformers or multi-structural anharmonicity, which was missed in previous studies,4 and included 

torsional anharmonicity as well. We found 3 different conformers, each of them with a non-superimposable 

specular image, by rotating the dihedrals H−O−O−C, O−O−C−C and O−C−C−C. In total, a set of 6 

distinguishable conformers were considered in our calculations, whose optimized geometries are shown in 

Figure 5; the global minimum is shown in Figure 5(a), and the others are 0.76 kcal mol-1 (b) and 1.44 kcal 

mol-1 (c) higher in energy.  
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The thermodynamic functions are given in the NASA polynomials format (Eqs. 7, 8 and 9), which is a 

common format in kinetic models. The fitted parameters of those polynomials are tabulated in Table 2 

discerning two temperature intervals. The standard enthalpy of formation of the adduct C7H8O2 was 

determined by using the following isodesmic reactions that involve the species methane (CH4), toluene 

(C7H8), methyl hydroperoxide (CH3OOH), propane (CH3CH2CH3), and 1-methylethyl hydroperoxide 

(CH3CH(HOO)CH3),  

C7H8O2 + CH4 → C7H8 + CH3OOH          (R6) 

C7H8O2 + CH3CH2CH3 → C7H8 + CH3CH(HOO)CH3          (R7) 

All the enthalpies of formation were obtained from the Active Thermochemical Tables44 except that of the 

CH3CH(HOO)CH3 species, which was obtained from NIST database.38 At the M06-L/cc-pvtz level, the 

heat of reactions at 298 K of reactions R6 and R7 are 5.39 and -4.44 kcal mol-1, respectively, yielding an 

average value for the enthalpy of formation for the adduct C7H8O2 of -5.87 kcal mol-1; this value is in 

agreement with that calculated by da Silva and Bozzelli, who reported -5.00 kcal mol-1. 

 

 

Figure 5. Optimized geometries of the conformers found for C7H8O2 at the M06-L/cc-pvtz level. 

 

Table 2. Fitted parameters of the NASA polynomials for C7H8O2. 

Fitting parameter Low temperature (<1100 K) High temperature (1100–2500 K) 

a1 4.00 8.38·10-11 

a2 4.80·10-2 4.32·10-11 

a3 -1.00·10-5 2.61·10-11 
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a4 1.00·10-15 1.67·10-11 

a5 -5.00·10-12 1.62·10-12 

a6 -6.00·103 1.67·10-12 

a7 11.00 1.87·10-12 

 

The calculated change in the Gibbs free energy, ∆𝐺𝑅, of the dissociation reactions -R1 and -R2, was 

used to calculate their concentration dissociation equilibrium constants 𝐾𝑐
𝑑𝑖𝑠𝑠 (Eq. 12) in order to determine 

the corresponding high-pressure limit dissociation rate constants (Eq. 2), 𝑘−𝑅1
𝑑𝑖𝑠𝑠 and 𝑘−𝑅2

𝑑𝑖𝑠𝑠. These rates are 

shown in Table 3 and plotted in Figures 6(a) and 6(b), respectively. The results reported in Ref. 4 are also 

plotted for comparison. The rate constants 𝑘−𝑅1
𝑑𝑖𝑠𝑠 and 𝑘−𝑅2

𝑑𝑖𝑠𝑠 were fitted to the following two-term Arrhenius 

expressions (s-1) within the 200–2500 K and 400–2000 K temperature intervals, respectively 

𝑘−𝑅1
𝑑𝑖𝑠𝑠(𝑇) = 9.50 · 104 · 𝑇5·10−7

· 𝑒𝑥𝑝 (
−51330

𝑅𝑇
) + 1.16 · 10−6 · 𝑇3.1 · 𝑒𝑥𝑝 (

−56619

𝑅𝑇
)        (30) 

𝑘−𝑅2
𝑑𝑖𝑠𝑠(𝑇) = 1.00 · 10−9 · 𝑇5·10−3

· 𝑒𝑥𝑝 (
−11000000

𝑅𝑇
) + 1.20 · 10−1 · 𝑇1.0 · 𝑒𝑥𝑝 (

−28000

𝑅𝑇
)        (31) 

 

 

Figure 6. Calculated high-pressure limit rate constants for reactions -R1(a) and -R2(b). Those calculated 

by da Silva and Bozzelli4 (dashed line) are also shown for comparison. 

 

Table 3. High-pressure limit rate constants for reactions -R1, 𝑘−𝑅1
𝑑𝑖𝑠𝑠, and -R2, 𝑘−𝑅2

𝑑𝑖𝑠𝑠. 

T (K) 𝑘−𝑅1
𝑑𝑖𝑠𝑠 (s-1) 𝑘−𝑅2

𝑑𝑖𝑠𝑠 (s-1) 

200 5.22·10-52 2.84·10-33 

250 1.07·10-40 1.03·10-25 
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298 2.18·10-33 6.51·10-21 

350 1.02·10-27 2.94·10-17 

400 1.18·10-23 1.11·10-14 

450 1.68·10-20 1.04·10-12 

500 5.65·10-18 3.72·10-11 

600 2.90·10-14 7.07·10-9 

700 1.14·10-11 2.69·10-7 

800 1.05·10-9 3.82·10-6 

900 3.71·10-8 2.86·10-5 

1000 6.95·10-7 1.38·10-4 

1100 8.15·10-6 4.86·10-4 

1200 6.48·10-5 1.37·10-3 

1300 3.72·10-4 3.22·10-3 

1400 1.62·10-3 6.66·10-3 

1500 5.64·10-3 1.24·10-2 

1600 1.63·10-2 2.11·10-2 

1700 4.05·10-2 3.37·10-2 

1800 8.87·10-2 5.06·10-2 

1900 1.75·10-1 7.26·10-2 

2000 3.20·10-1 9.98·10-2 

2300 1.35·100 2.15·10-1 

2500 2.85·100 3.16·10-1 

  

Large discrepancies are also observed between the two series of high-pressure limit dissociation rate 

constants we are comparing. Our rate constants for -R1 and -R2 are much smaller than da Silva’s (also 

calculated with the VTST methodology at the G3B3 level), especially at intermediate and high 

temperatures, predicting a much slower dissociation back to reactants of the adduct C7H8O2 and probably a 

significantly larger lifetime towards decomposition. In addition to the limitations of the VTST methodology 

to tackle the studied reactions, the inclusion of multi-structural anharmonicity in the calculation of the 

partition functions of C7H8O2 may be also responsible to some extent for the observed discrepancies. This 

slower decomposition of C7H8O2 predicted in our study may change the picture drawn by da Silva and 

Bozzelli,4,12 who concluded that reaction R4 may not play any role in toluene oxidation due to a quick 
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decomposition of the adduct through reactions -R1 and -R2, supporting the exclusion of the adduct as an 

intermediate from kinetic models.  

The relative importance of the pathways for the dissociation of the adduct in the high-pressure limit 

might be better addressed by analyzing their corresponding branching ratios, defined as 𝑘−𝑅1
𝑑𝑖𝑠𝑠/(𝑘−𝑅1

𝑑𝑖𝑠𝑠 +

𝑘−𝑅2
𝑑𝑖𝑠𝑠) and 𝑘−𝑅2

𝑑𝑖𝑠𝑠/(𝑘−𝑅1
𝑑𝑖𝑠𝑠 + 𝑘−𝑅2

𝑑𝑖𝑠𝑠) for the reactions -R1 and -R2, respectively. These branching ratios and 

those calculated with the rate constants reported by da Silva and Bozzelli4 are plotted in Figure 7. At low 

temperatures both works predict similar results, and the adduct dissociates exclusively to the reactants 

C7H7O + OH, remaining the dissociation channel to C7H7 + HO2 unimportant. However, as temperatures 

increases, our results predict a larger role of the -R1 dissociation channel, which becomes prominent at 

temperatures beyond 1700 K, as opposed to the behavior observed in Ref. 4 in which -R1 remains 

unimportant over the entire temperature range. 

 

 

Figure 7. High-pressure limit branching ratios for the dissociation reactions -R1 (solid line) and -R2 

(dashed line). 

 

3.4 Low-pressure rate constants of the association reactions R1 and R2: SS-QRRK calculations 

We calculated the rate constants 𝑘𝑎𝑠𝑠,𝑅1
𝐸,𝐽−µVT

 and 𝑘𝑎𝑠𝑠,𝑅2
𝐸,𝐽−µVT

 at pressures below the high-pressure limit with 

the SS-QRRK theory (Section 2.4), and observed no pressure effects even at pressures as low as 0.001 atm.  

The reason for this behavior, which is in contrast to that found by da Silva and Bozzelli,4 is the much 

lower values we obtained for the dissociation rate constants 𝑘−𝑅1
𝑑𝑖𝑠𝑠 and 𝑘−𝑅2

𝑑𝑖𝑠𝑠, which make the frequency 

factor 𝐴𝑄𝑅𝑅𝐾 (Eq. 18) and the microcanonical rate constant 𝑘−𝑅1
𝑄𝑅𝑅𝐾,𝑑𝑖𝑠𝑠(𝐸) (Eq. 16) adopt very small values. 
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This makes 𝑘𝑠𝑡𝑎𝑏 (Eq. 13) insensitive to the collisional deactivation rate constant 𝑘𝑐  and the concentration 

of the bath gas M, and thus to pressure effects.  

 

4. Conclusions 

We conducted a theoretical kinetic study of the radical-radical barrierless association reactions benzyl 

+ HO2 → benzyl hydroperoxide (R1) and benzoxyl + OH → benzyl hydroperoxide (R2). These reactions 

are important in combustion of aromatic fuels and may play a role in poly-aromatic hydrocarbons (PAHs) 

chemistry. The rate constants previously calculated for these reactions [4] were revisited using higher levels 

of theory and more sophisticated methodologies. 

We used the variable reaction coordinate (VRC) formulation of the variational transition state theory 

(VTST) and obtained significantly lower rate constants than those previously reported. Pressure effects 

were estimated with the System-Specific Quantum Rice-Ramsperger-Kassel theory (SS-QRRK), and 

turned out to be negligible. In addition, rate constants for the dissociation of the adduct benzyl 

hydroperoxide were calculated by detailed balance using multi-structure torsional partition functions, also 

obtaining much lower values than those previously reported. Based on our calculated rate constants, we 

conclude that the adduct benzyl hydroperoxide is not as prone to dissociate back to either benzyl + HO2 (-

R1) or benzoxyl + OH (-R2) as previously suggested, and may show larger lifetimes, and therefore a more 

important role during the combustion of aromatic fuels. At low temperatures dissociation to C7H7O + OH 

is the prominent dissociation channel, but beyond 1700 K dissociation to C7H7 + HO2 takes over. 

Our calculations indicate a different trend of the rate constants of the reactions R1 and R2 with 

temperature; the latter, with larger rate constants and negative temperature dependence, shows a similar 

trend to that reported in a previous work [43] for the radical-radical barrierless association reactions allyl + 

HO2 → allyl hydroperoxide, as opposed to the former with lower rate constant values and positive 

temperature dependence. These differences are explained by the degree of the overlap between the SOMO 

orbitals of the associating radicals. The SOMOs of the radical pairs benzoxyl–OH and allyl–HO2 overlap 

very efficiently as the result of their similar 𝑝 character, but this is not the case for those of the pair benzyl–

HO2 due to the less pronounced 𝑝 character of the SOMO of the radical benzyl as the result of its numerous 

resonant structures which instead introduce some 𝑠 character into the SOMO.  
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