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Tautomerism Propen-2-ol + HO2 ⟺ Acetone + HO2 Under Combustion, Atmospheric, and 

Interstellar Conditions   

M. Monge-Palacios, a* E. Grajales-González a and S. Mani Sarathya 

aKing Abdullah University of Science and Technology (KAUST), Clean Combustion Research Center 

(CCRC), Physical Science and Engineering (PSE), Thuwal 23955-6900, Saudi Arabia. 

 

ABSTRACT: Keto–enol tautomerisms are important reactions in gaseous and liquid systems with 

implications in different chemical environments, but their kinetics have not been widely investigated. These 

reactions can proceed via a unimolecular process or may be catalyzed by another molecule.  This work 

presents a theoretical study of the HO2-catalyzed tautomerism that converts propen-2-ol into acetone at 

conditions relevant to combustion, atmospheric and interstellar chemistry. We performed CCSD(T)/aug-

cc-pVTZ//M06-2X/cc-pVTZ ab initio and multi-structural torsional variational transition state theory 

calculations to compute the forward and reverse rate constants. These rate constants have not been 

investigated previously, and modellers approximate the kinetics by comparison to analogue reactions. Two 

features of the potential energy surface of the studied tautomerism are highlighted. First, the HO2 radical 

exhibits a pronounced catalytic effect by inducing a double hydrogen atom transfer reaction with a much 

lower barrier than that of the unimolecular process. Second, a pre-reactive complex is formed with a strong 

OH···π hydrogen bond. The role of the studied reaction under combustion conditions has been assessed via 

chemical kinetic modelling of 2-butanol (a potential alternative fuel) oxidation. The HO2-assisted process 

was found to not be competitive with the unimolecular and HCOOH-assisted tautomerisms. The rate 

constants for the formation of the pre-reactive complex were calculated with the variable reaction 

coordinate transition state theory, and pressure effects were estimated with the system-specific quantum 

Rice-Ramsperger-Kassel theory; this allowed us to investigate the role of the complex by using the 

canonical unified statistical model. The formation and equilibration of the pre-reactive complex, which is 

also important at low pressures, enhances the reactivity by inducing a large tunneling effect that leads to a 

significant increase of the rate constants at cold and ultracold temperatures. These findings may help to 

understand and model the fate of complex organic molecules in the interstellar medium, and suggest an 

alternative route for the high energy barrier keto−enol tautomerism which otherwise is not kinetically 

favored at low temperatures. 
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1. INTRODUCTION 

 Biofuels like ethanol, and other alcohols like 2-butanol are an interesting alternative to gasoline and 

diesel, representing a renewable, clean, and efficient source of energy. This is the case of higher alcohols 

(e. g., butanols, pentanols), for which many theoretical and experimental studies have been conducted on 

their pyrolysis and oxidation characteristics as reviewed by Sarathy et al.1 

 In order to optimize the combustion and pyrolysis processes of fuels and reduce their polluting 

emissions, a detailed understanding of the chemical reactions that rule their reactivity as well as the 

intermediates formed during those processes becomes critical. Kinetic models are useful tools to achieve 

these goals, but their performance strongly depends on how well the kinetics of those reactions is described. 

The tautomerism keto–enol, in which the keto form is usually favoured due to its larger stability, is an 

important process in the pyrolysis and combustion of alcohols and in hydrocarbon oxidation,2 and thereby 

these reactions are of especial interest in the development of kinetic models for those species.1,3 

We recently updated4 Sarathy’s model1 by calculating the rate constants for the forward and reverse 

reaction of the unimolecular keto–enol tautomerism that converts propen-2-ol (i-C3H5OH) into acetone 

(CH3COCH3), 

i-C3H5OH ⟺ CH3COCH3               (R1) 

and obtained what we call hereafter former model. In the original model, Sarathy et al. used for reaction R1 

the rate constants for the conversion of vinyl alcohol into acetaldehyde5 as an analogy, 𝑘(1300 𝐾) = 3.36 ∙

103 s-1; our calculated values in the high-pressure limit, using high level ab initio and multi-structural 

torsional transition state theory calculations with tunneling corrections, are larger, 𝑘(1300 𝐾) = 3.21 ∙ 104 

s-1,4 indicating that this analogy is not very appropriate. As a result, closed batch reactor simulations for the 

pyrolysis of tert- (t-C4H9OH) and 2-butanol (s-C4H9OH) using our calculated rate constants predicted a 

larger yield of acetone and a quicker consumption of propen-2-ol than those using the analogy. The 

unimolecular tautomerism R1 turned out to be a prominent pathway for the production of acetone, in line 

with the findings by Yasunaga et al.6  

Given the important role of the abovementioned keto–enol tautomerism in the combustion and 

pyrolysis of alcohols, the present work is aimed to further update kinetic models for butanol isomers in 

order to avoid the use of analogue reactions for those processes. Specifically, we investigated the HO2-

catalyzed keto–enol tautomerism that converts propen-2-ol into acetone, 

i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2              (R2) 

This reaction is included in current kinetic models by means of an analogy, adopting the rate constants 

calculated by da Silva and Bozzelli7 for the HO2-catalyzed tautomerism that involves vinyl alcohol 

(CH2=CHOH) and acetaldehyde (CH3CHO), 
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CH2=CHOH + HO2 ⟺ CH3CHO + HO2              (R3) 

who found that the reaction R3 can be rapid at combustion temperatures as long as the levels of the HO2 

radical are suitably high. Because the unsaturated alcohol i-C3H5OH is present in the combustion of butanol 

isomers, an investigation similar to that of da Silva and Bozzelli is warranted for the reaction R2.  

 The HO2 radical is an important species not only in combustion, but also in the atmosphere and 

interstellar medium. In addition, different alcohols have been detected in interstellar clouds, some of them 

in large amounts. Tuner and Apponi detected vinyl alcohol in the molecular cloud Sagittarius B2,8 and large 

amounts of methanol have been reported by Harvey-Smith and Cohen in the W3(OH) region of our galaxy.9 

Measurements of C3H6O isomers have reported the presence of acetone10,11 and propionaldehyde;12,13 given 

the role of isomerism at interstellar conditions, propen-2-ol may be present as well.14 Thus, a detailed kinetic 

study of the reaction R2 at low temperatures and pressures is also important to understand in what extent 

these keto–enol tautomerisms take place in the atmosphere and contribute to the consumption and formation 

of complex organic molecules in interstellar clouds.   

 In this work, we have characterized the potential energy surface (PES) of the reaction i-C3H5OH + HO2 

⟺ CH3COCH3 + HO2 by means of electronic structure calculations at the CCSD(T)/aug-cc-pVTZ //M06-

2X/cc-pVTZ level. Rate constants have been calculated within the multi-structural torsional variational 

transition state theory framework, including tunneling corrections. The calculated rate constants for the 

tautomerism R2 were implemented in the former model recently developed by us,4 which describes that 

tautomerism using the analogue reaction R3, resulting in a new version referred to as updated model. Both, 

former and updated models, were used to simulate the combustion of s-C4H9OH, allowing us to analyse the 

role of the studied reaction in the combustion of that butanol isomer as well as in the overall keto–enol 

tautomerism converting propen-2-ol into acetone. 

 We draw some conclusions about the atmospheric implications of the catalyzer HO2 by comparing its 

catalytic performance to that of other species like formic acid, HCOOH, which has been also proven to 

catalyse the studied tautomerism,15 and also by considering the levels of HO2 in the atmosphere. 

 Finally, we shed light into the role of the intermediate complex found on the entry channel of the PES 

of the reaction R2, hereafter called Complex-1, at very low temperatures when tunnelling effect becomes 

very important; to do so, we calculated the association rate constants for the formation of Complex-1 by 

using the variable reaction coordinate transition state theory and the canonical unified statistical model 

(CUS),16 considering the following step-wise mechanism 

i-C3H5OH + HO2 ⟺ Complex-1 → CH3COCH3 + HO2     (R4) 
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To investigate the role of Complex-1, which depends on the extent of its stabilization by collisions with 

other bodies, pressure effects were also considered with the system-specific quantum Rice-Ramsperger-

Kassel theory (SS-QRRK). 

 

2. COMPUTATIONAL DETAILS 

2.1. Ab initio calculations. We performed electronic structure calculations at the CCSD(T)/aug-cc-

pVTZ//M06-2X/cc-pVTZ level of theory using the Gaussian09 package17 to explore the potential energy 

surface (PES) of the reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2. For the geometry optimizations and 

frequencies calculations we used the M06-2X method18 and the cc-pVTZ basis set;19 the energy was refined 

using the CCSD(T) method20 with the aug-cc-pVTZ basis set.19 

The minimum energy path (MEP) was calculated with the Gaussrate-2016 code21 over the reaction 

coordinate range -2.4 bohr to +2.4 bohr, with a stepsize of 0.1 bohr in mass-scaled coordinates and a scaling 

mass equal to 1 amu; the Page and McIver’s algorithm22 was used. A stepsize of 4.72·10-2 bohr was used 

between -0.52 bohr and 0.52 bohr for a better description of the area near the saddle point, which is critical 

in determining the variational transition state and the tunneling contribution; hessian was evaluated every 

third step, and the normal modes along the MEP were defined by using interanl coordinates. This allowed 

us to calculate the vibrationally adiabatic potential energy curve, 𝑉𝑎
𝐺(𝑠), which was also used for the 

tunneling transmission coefficient calculations  

𝑉𝑎
𝐺(𝑠) = 𝑉𝑀𝐸𝑃(𝑠) + 𝑍𝑃𝐸(𝑠)                                                                                                                      (1) 

where 𝑉𝑀𝐸𝑃(𝑠) and 𝑍𝑃𝐸(𝑠) are the classical potential energy and zero point energy, respectively, as 

function of the reaction coordinate 𝑠.  

2.2. High-pressure limit rate constants calculations. The calculations of the forward, 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

, and 

reverse, 𝑘𝑀𝑆−𝑇(𝐶),𝑟
𝐶𝑉𝑇/𝑆𝐶𝑇

, rate constants (in units of cm3 molecule-1 s-1) for the concerted mechanism of the 

reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 were carried out with the multi-structural variational 

transition state theory with torsional anharmonicity and a coupled torsional potential, MS-T(C).23,24 The 

kinetic calculations were performed with the Polyrate-2016 code.25 To account for the effect of the multiple 

conformers of the reactants and saddle point on the rate constants, also known as multi-structural 

anharmonicity, we used MSTor.26 The term “conformers” refers to distinguishable structures that can be 

converted into each other by internal rotations.  

Under the MS-T(C) scheme, the conformational rovibrational partition function is defined as 

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑀𝑆−𝑇(𝐶)

= ∑ 𝑄𝑟𝑜𝑡,𝑗𝑒𝑥𝑝(−𝛽𝑈𝑗)𝑄𝑗
𝐻𝑂 ∏ 𝑓�̅�,𝜂

𝑡

𝜂=1

𝐽

𝑗=1

                                                                                  (2) 



5 

 

The set of conformers of each species (reactant or saddle point) is labeled as J, being j=1 the conformer 

with the lowest potential energy or global minimum; the potential energy of each conformer, 𝑈𝑗, is defined 

with respect to that of the global minimum, thus 𝑈𝑗=1= 0. 𝑄𝑟𝑜𝑡,𝑗 is the classical rotational partition function, 

and the factor 𝛽 is 1/𝑘𝑏𝑇; 𝑘𝑏 is the Boltzmann’s constant. The normal-mode harmonic oscillator partition 

function, 𝑄𝑗
𝐻𝑂, is adjusted to introduce the torsional anharmonicity associated to the coupled torsion 𝜂 by 

the term 𝑓�̅�,𝜂, and it is given by 

𝑄𝑗
𝐻𝑂 = exp (−ℎ𝜔/2𝑘𝑏𝑇)[1 − exp (−ℎ𝜔/𝑘𝑏𝑇)]−1                                                                             (3) 

In Eq. (3), ℎ, 𝜔, and 𝑇 are the Planck’s constant, frequency and temperature, respectively.  

The product term of Eq. (2) is defined as 

∏ 𝑓�̅�,𝜂

𝑡

𝜂=1

= (2𝜋ℏ𝛽)𝑡 2⁄
∏ 𝜔𝑗,𝑚

𝐹
𝑚=1

∏ �̿�𝑗,�̿�
𝐹−𝑡
�̿�=1

√𝑑𝑒𝑡𝑫𝑗

∏ 𝑀𝑗,𝜏
𝑡
𝜏=1

∏ exp (−
𝛽𝑊𝑗,𝜂

(𝐶)

2
) 𝐼0 (

𝛽𝑊𝑗,𝜂
(𝐶)

2
)

𝑡

𝜂=1

                             (4) 

where �̿�𝑗,�̿� and 𝑫𝑗 are the torsion-projected normal mode frequencies and the Kilpatrick and Pitzer 

torsional moment of inertia matrices, respectively. 𝑀𝑗,𝜏 are the local periodicity parameters for uncoupled 

torsions 𝜏, and 𝐼0 is a modified Bessel function.  

The effect of the multiple conformers is introduced by defining the multi-structural torsional 

anharmonicity factor 𝐹𝑋
𝑀𝑆−𝑇(𝐶)

, where X stands for the species involved in the reaction, that is, reactants, 

𝐹𝑅
𝑀𝑆−𝑇(𝐶)

, or saddle point, 𝐹𝑆𝑃
𝑀𝑆−𝑇(𝐶)

 

𝐹𝑋
𝑀𝑆−𝑇(𝐶)

= 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑋
𝑀𝑆−𝑇(𝐶)

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑋,𝑗=1
𝑆𝑆−𝑇(𝐶)

⁄                                                                                             (5) 

The term 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑋,𝑗=1
𝑆𝑆−𝑇(𝐶)

 is the single-structural rovibrational partition function for the global minimum 

conformer of the species X, including torsional anharmonicity and coupled torsion, and is given by 

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑗
𝑆𝑆−𝑇(𝐶)

= 𝑄𝑟𝑜𝑡,𝑗𝑒𝑥𝑝(−𝛽𝑈𝑗)𝑄𝑗
𝐻𝑂 ∏ 𝑓�̅�,𝜂

𝑡

𝜂=1

                                                                                       (6) 

The multi-structural torsional anharmonicity factors for the reactant and saddle point, 𝐹𝑅
𝑀𝑆−𝑇(𝐶)

 and 

𝐹𝑆𝑃
𝑀𝑆−𝑇(𝐶)

, allow us to compute that factor for the reaction, 

𝐹𝑀𝑆−𝑇(𝐶) = 𝐹𝑆𝑃
𝑀𝑆−𝑇(𝐶)

𝐹𝑅
𝑀𝑆−𝑇(𝐶)

⁄                                                                                                               (7) 

In the calculation of the partition functions we used scaled vibrational frequencies by a factor of 0.95527 

in order to improve the description of the torsional anharmonicity as well as to obtain a more accurate 

adiabatic potential energy curve (𝑉𝑎
𝐺(𝑠)). Quantum effects on the reaction coordinate were included with 

the small-curvature tunneling approach (SCT),25 obtaining the transmission coefficients 𝜅𝑆𝐶𝑇. The final rate 

constant has been calculated as 
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𝑘𝑀𝑆−𝑇(𝐶)
𝐶𝑉𝑇/𝑆𝐶𝑇

= 𝜅𝑆𝐶𝑇Γ
𝑘𝑏𝑇

ℎ

𝑄𝑒𝑙𝑒𝑐
≠ 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏

𝑀𝑆−𝑇(𝐶),≠

Φ𝑡𝑄𝑒𝑙𝑒𝑐
𝑅 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏

𝑀𝑆−𝑇(𝐶),𝑅
exp(−𝛽𝑉≠)                                                                     (8) 

where the superscripts ≠ and R stand for conventional transition state and reactants, respectively, and 𝑉≠ 

is the classical barrier height defined with the global minimum conformers. The factor Γ is the recrossing 

transmission coefficient, given by the ratio of the CVT rate constant to the TST one; CVT and TST stand 

for canonical variational and transition state theories, respectively. The relative translational and electronic 

partition functions are denoted as Φ𝑡 and 𝑄𝑒𝑙𝑒𝑐
𝑅 /𝑄𝑒𝑙𝑒𝑐

≠ , respectively. The terms 𝜅𝑆𝐶𝑇 and Γ are calculated 

using the global minimum structures and the harmonic oscillator approach.  

For the calculation of the periodicity parameters 𝑀𝑗,𝜏, which are necessary to evaluate the multi-

structural rovibrational partition functions (Eq. (2)) and thus the multi-structural anharmonicity factors (Eq. 

(5)), we used the schemes NS:SC = 3:0, 1:0, and 0:2 for the species i-C3H5OH, saddle point, and 

CH3COCH3, respectively, where NS and SC  respectively mean nearly separable and strongly coupled. The 

two torsions of the methyl groups of the species CH3COCH3 are strongly coupled, and thus the Voronoi 

tessellation method implemented in MSTor was used. For the i-C3H5OH and saddle point species, without 

coupled torsions, the parameters 𝑀𝑗,𝜏 could be determined manually.  

As for the step-wise mechanism R4, i-C3H5OH + HO2 ⟺ Complex-1 → CH3COCH3 + HO2, the high-

pressure limit rate constants for the barrier-less association of the reactants to form Complex-1 were 

calculated by using the variable reaction coordinate transition state theory, VRC-VTST,28,29 as implemented 

in Polyrate. This formulation of the transition state theory is appropriate for barrier-less association 

reactions in which the determination of the dividing surface is not straightforward. The rate constants were 

variationally determined by minimizing the number of transitional states N(E,J,s) as function of the total 

energy, E, angular momentum, J, and reaction coordinate, s, yielding an E and J resolved reactive flux, 

𝑁(𝐸, 𝐽, 𝑠)𝐸,𝐽−µVT, within the variable reaction coordinate VRC-E,J-µVT. 

Under the VRC-VTST formulation, the normal modes are sorted into two different kinds, conserved 

and transitional modes. The former are the internal vibrational modes of the reacting fragments, i-C3H5OH 

and HO2, whose character barely changes during the course of the reaction. The latter corresponds to the 

rotations of both fragments and their relative motion, which become vibrations and overall rotations as the 

two fragments approach to each other inducing bond formation. 

The variable reaction coordinate s was set by defining a single-faceted dividing surface determined by 

two pivot points, one for each of the reacting fragments (see Figure 1). Pivot point 1 is equidistantly located 

along the line connecting the hydrogen atoms of the moieties −OH and =CH2 of the fragment i-C3H5OH; 

pivot point 2 is also equidistantly located along the line connecting the O and H terminal atoms of the 

fragment HO2. Both pivot points are separated by a distance 𝑟12 during the course of the reaction, so that 
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𝑠 = 𝑟12, and the reactive flux was variationally minimized within the interval 3.5 Å ≤ s ≤ 5.6 Å, also varying 

the location of the pivot points from its original location (Figure 1) up to a distance d of 0.1 Å along the 

perpendicular to the plane formed by the −OH and =CH2 moieties (pivot point 1, i-C3H5OH fragment), and 

along the plane formed by the O, O, and H atoms perpendicularly to the O and H terminal ones (pivot point 

2, HO2 fragment). The distances s and d were scanned using intervals of 0.1 Å and 0.02 Å, respectively. For 

each combination of the parameters s and d, an ensemble of 1000 configurations were examined in order 

to determine an average flux 𝑁(𝐸, 𝐽, 𝑠)𝐸,𝐽−µVT for each dividing surface. The high-pressure limit rate 

constant for the association reaction (in units of cm3 molecule-1 s-1) is 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                             (9) 

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, which are included as 𝜎≠, 𝜎1, and 𝜎2 for the transition state and reactants, respectively, 

and ℏ is the reduced Planck’s constant. Additional details on the calculations performed under the VRC-

VTST theory can be found elsewhere.25,28,29  

 

 

Figure 1. Location of the pivot points 1 and 2 in fragments i-C3H5OH and HO2, respectively, for the 

definition of the single-faceted dividing surface for the VRC-E,J-µVT calculations.  

 

As we will see in the next Section, Complex-1 is stabilized by conventional O···H and particularly 

strong OH···π type hydrogen bonds between the HO2 radical and the −OH and =CH2 moieties of i-C3H5OH. 

A more appropriate description of the dividing surface to the formation of the complex might be by defining 

a multi-faceted dividing surface with several pivot points for each fragment, that is, one for each binding 

site in order to describe the different intermolecular interactions that drive the double hydrogen atom 

transfer reaction. However, the presence of several heavy atoms and the large number of electronic structure 

calculations necessary to obtain the average flux make the calculations computationally expensive, and thus 

we opted for a single-faceted dividing surface. Given that the approach of the HO2 radical can take place 
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along any of the faces of the double bond of i-C3H5OH, the final reactive flux, and thus the rate constants, 

were multiplied by two. In addition, in order to make the VRC-E,J-µVT calculations computationally 

feasible, we used the M06-2X/6-311++G(2df,2pd) level of theory for the study of the step-wise mechanism, 

which still implies a relatively large basis set (larger than cc-pVTZ). Both, the higher level CCSD(T)/aug-

cc-pVTZ//M06-2X/cc-pVTZ and the lower level M06-2X/6-311++G(2df,2pd) predict very similar 

potential energy profiles, validating the use of the abovementioned computationally feasible level of theory 

for the VRC-E,J-µVT calculations. 

Finally, the high-pressure limit rate constants for the conversion of Complex-1 into the products 

CH3COCH3 and HO2,  𝑘𝑀𝑆−𝑇(𝐶),2
𝐶𝑉𝑇/𝑆𝐶𝑇

 (in units of s-1), were calculated with the MS-T(C) theory. Both, 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 

and  𝑘𝑀𝑆−𝑇(𝐶),2
𝐶𝑉𝑇/𝑆𝐶𝑇

, were based on M06-2X/6-311++G(2df,2pd) electronic structure calculations.  

2.3. Pressure dependent rate constants calculations. Pressure effects were included in the high-pressure 

limit association rate constants 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 by using the chemical activation mechanism for a bimolecular 

association reaction; the calculations were carried out using SS-QRRK theory,30 implemented as a utility 

code in Polyrate.25 This method applies the steady-state approximation to the chemical activation 

mechanism, yielding the following pressure dependent association rate constant 

𝑘𝑠𝑡𝑎𝑏 = 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

∑
𝑘𝑐[𝑀]𝑓(𝐸)

𝑘𝑐[𝑀] + 𝑘−1
𝑄𝑅𝑅𝐾(𝐸)

+∞

𝐸𝑜

                                                                                            (10) 

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

energy of the dissociation of Complex-1 to form the reactants, 𝑘𝑐 is the collisional deactivation rate constant 

for the activated complex Complex-1*, 𝑓(𝐸) is the fraction of energized species of Complex-1* at energy 

𝐸, and 𝑘−1
𝑄𝑅𝑅𝐾(𝐸) is a QRRK energy-resolved rate constant for the dissociation back to reactants of 

Complex-1. They are calculated as 

𝑘𝑐(𝑇) = 𝑍𝛽𝑐                                                                                                                                                 (11) 

𝑓(𝐸) =
𝑘−1

𝑄𝑅𝑅𝐾(𝐸)𝐾(𝐸)

∑ 𝑘−1
𝑄𝑅𝑅𝐾(𝐸)𝐾(𝐸)+∞

𝐸𝑜

                                                                                                                  (12) 

𝑘−1
𝑄𝑅𝑅𝐾(𝐸) = 𝐴𝑄𝑅𝑅𝐾

𝑛! (𝑛 − 𝑚 + 𝑠 − 1)!

(𝑛 − 𝑚)! (𝑛 + 𝑠 − 1)!
                                                                                      (13) 

where 

𝐾(𝐸) = 𝑒𝑥𝑝 (
−𝑛ℎ𝑣

𝑘𝑏𝑇
) [1 − 𝑒𝑥𝑝 (

−ℎ𝑣

𝑘𝑏𝑇
)]

𝑠 (𝑛 + 𝑠 − 1)!

𝑛! (𝑠 − 1)!
                                                                    (14) 

𝐴𝑄𝑅𝑅𝐾 = 𝑘𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

(𝑇)𝑒𝑥𝑝 (
𝐸𝑑𝑖𝑠𝑠

𝐸,𝐽−µVT
(𝑇)

𝑅𝑇
)                                                                                          (15) 
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𝑚 = 𝐸𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

/ℎ𝑐�̅�                                                                                                                                    (16) 

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 Complex-1. 𝑘𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

 and 𝐸𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

 

are the thermal rate constant and activation energy for the dissociation of Complex-1 into the reactants, 

respectively.  

First, we obtained 𝑘𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

 from the calculated 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 and the concentration equilibrium constant, 

defined as  

𝐾𝐶,𝑑𝑖𝑠𝑠 =
𝑘𝑑𝑖𝑠𝑠

𝐸,𝐽−µVT

𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT                                                                                                                                  (17)  

and second, we fitted the high-pressure limit rate constants 𝑘𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

 to the following equation 

𝑘 = 𝐴 (
𝑇

300
)

𝑛

𝑒𝑥𝑝 [−
𝐸(𝑇 + 𝑇𝑜)

𝑅(𝑇2 + 𝑇𝑜
2)

]                                                                                                 (18) 

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, 𝐸𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

 

𝐸𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

=
𝐸(𝑇4 + 2𝑇𝑜𝑇3 − 𝑇𝑜

2𝑇2)

(𝑇2 + 𝑇𝑜
2)2

+ 𝑛𝑅𝑇                                                                                   (19) 

Using the values yielded by Eq. (19), 𝐴𝑄𝑅𝑅𝐾 can be calculated by using Eq. (15), so that 𝑘𝑠𝑡𝑎𝑏 can be also 

estimated. We obtained negative values for 𝐸𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

, which would result in 𝑘−1
𝑄𝑅𝑅𝐾(𝐸) values larger than 

the frequency factor 𝐴𝑄𝑅𝑅𝐾; this nonphysical behaviour was fixed by assuming that 𝐸𝑑𝑖𝑠𝑠
𝐸,𝐽−µVT

= 0.0 kcal 

mol-1, and therefore 𝑘−1
𝑄𝑅𝑅𝐾(𝐸) would adopt the maximum possible value which is that of the frecuency 

factor 𝐴𝑄𝑅𝑅𝐾, that is, 𝐴𝑢𝑛𝑖
∞ (𝑇).  

To compute the Lennard-Jones collision rate constant we used the Lennard-Jones parameters for n-

propanol 𝜎 = 4.549 Å and 𝜀/𝑘𝑏 = 576.7 K, which have been used in other works for propen-2-ol systems.4 

Those for the bath gas Ar are 𝜎 = 3.542 Å and 𝜀/𝑘𝑏 = 93.3 K. The collision efficiency was calculated with 

a de-activation averaged energy transferred value of < ∆𝐸 >𝑑𝑜𝑤𝑛= 400 cm-1, which is a common value for 

the gas Ar;31,32 nevertheless, a sensitivity analysis on this parameter was performed to check its effect on 

the calculated rate constants.  

2.4. Numerical simulations of the combustion of s-C4H9OH. We implemented the rate constants for the 

reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 in the kinetic model for butanol isomers recently updated 

by us (former model)4 to assess the impact of the studied HO2-catalyzed tautomerism not only in the 
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combustion of 2-butanol (s-C4H9OH), but also in the overall keto–enol tautomerism that converts propen-

2-ol into acetone. Simulations were performed in a closed batch reactor and a perfectly stirred reactor (JSR) 

with the ANSYS CHEMKIN-PRO 18.1 software33 and the performance of the former and updated kinetic 

models was compared. 

For the closed batch reactor simulations, the initial conditions were 1.9 atm and temperatures of 700, 

800, and 1300 K (similar to those used in the shock tube pyrolysis experiments by Yasunaga et al.6 but 

extended to lower temperatures) for stoichiometric mixtures of fuel:air. As for the JSR simulations, s-

C4H9OH was diluted in O2 and N2 with molar fractions 0.01:0.1:0.89 at 1 atm and temperatures in the 800–

1200 K range, with a residence time of 2 seconds. 

 

3. RESULTS AND DISCUSSION  

3.1 Stationary points and topology of the PES. The adiabatic potential energy profile, which includes 

ZPE corrections, of the reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 at the CCSD(T)/aug-cc-

pVTZ//M06-2X/cc-pVTZ level is shown in Figure 2. Two conformers, separated by 1.45 kcal mol-1, were 

found for the i-C3H5OH reactant when the H–O–C–C dihedral angle was rotated. The saddle point and 

Complex-1 have a non-superimposable mirror image (enantiomer), equivalent in energy (not shown in 

Figure 2), as the result of the attack of the HO2 radical along the other side of the double bond. No 

conformers were found for the CH3COCH3 product. All the conformers were included in the calculation of 

the rate constants, as was explained in Section 2.2. 

The multi-reference character of the stationary points was addressed by means of the T1 diagnostic.34 

All the stationary points but the HO2 radical show T1 values lower than 0.02, indicating that the static 

correlation is not a problem. For the HO2 radical, this magnitude shows a value of 0.028, which is also 

much lower than the value of 0.04 considered as acceptable for open-shell systems. We therefore concluded 

that a single-reference treatment is appropriate. 

The radical HO2 promotes a concerted double hydrogen atom transfer reaction which induces a low 

barrier height to the tautomerism; this barrier height is 46.71 kcal mol-1 lower than that to the unimolecular 

tautomerism i-C3H5OH ⟺ CH3COCH3 we calculated in our previous work.4 The standard free energy 

barriers of the HO2-catalyzed and non-catalyzed tautomerisms are 17.9 and 53.64 kcal mol-1, respectively. 

The potential energy profile plotted in Figure 2 also shows two intermediate complexes, Complex-1 and 

Complex-2, located in wells of -7.18 and -22.09 kcal mol-1, respectively. Both complexes are stabilized by 

hydrogen bonds between the HO2 radical and the molecules i-C3H5OH or CH3COCH3, but the electronic 

structure of Complex-1 shows some special features that deserve special attention. 
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Figure 2. CCSD(T)/aug-cc-pVTZ//M06-2X/cc-pVTZ adiabatic potential energy profile (kcal mol-1) of the 

reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2. The energy is defined with respect to the energy of the 

global minimum structures of the reactants. Carbon, oxygen and hydrogen atoms are shown in black, red 

and white, respectively. 

 

We performed a natural bond orbital (NBO) analysis on the optimized geometry of Complex-1, shown 

in Figure 3, with the Gaussian09 package17 in order to determine the nature of the intermolecular 

interactions between the fragments HO2 and i-C3H5OH. NBOs can be sorted into one center localized (lone 

pairs) and two center localized (bonds) orbitals as in a Lewis structure, and they are obtained by the 

transformation of the canonical orbitals of the basis set using atomic natural and natural hybrid orbitals 

(ANO and NHO). We analyzed the interactions between the antibonding, bonding, and lone pair orbitals 

of both fragments, and identified two kinds of hydrogen bonds. The first one is a conventional hydrogen 

bond HO−O(13)···H(10)−OC which results from the interaction between the lone pair orbitals of the atom 

O(13) and the antibonding orbital associated with the H(10)–O(9) bond, 𝑛𝑂(13) → 𝜎𝐻(10)−𝑂(9)
∗ , with 

stabilization energies as high as 1.78 kcal mol-1. The second one is an OO−H(12)···π hydrogen bond 

resulting from the interaction of the π electron density of the C(1)=C(6) double bond and the antibonding 

orbital associated with the H(12)–O(11) bond, π𝐶(1)=𝐶(6) → 𝜎𝐻(12)−𝑂(11)
∗ . This π electron density is 

perpendicular to the double bond, and thus is located along the approaching axis of the HO2 radical, 

favouring an even stronger interaction with stabilization energies as high as 3.96 kcal mol-1. The net result 

of the described intermolecular interactions is a large stabilization of the intermediate Complex-1. 
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The O−H···π hydrogen bond, and its analogues N−H···π and C−H···π, have been reported as weak 

interactions that induce to some stabilization35-37 and have implications in the folding of biomolecules.36 

However, they are not usually as strong as conventional hydrogen bonds, which is in stark contrast to our 

findings on Complex-1, wherein the O−H···π hydrogen bond stabilizes the complex to a larger extent. The 

strong interaction between the fragments HO2 and i-C3H5OH in Complex-1 can be also exemplified by the 

large vibrational frequency of the intermolecular stretching mode, with a value of 232 cm-1; this value is 

larger than, for example, that reported by Mukhopadhyay et al. for the C−H···π bonded complex formed 

by p-fluorophenol and 2,5-dihydrofuran,37 with a value of 213 cm-1. The eigenvector of this normal mode 

is also represented in Figure 3; it can be seen that it is exclusively localized along the intermolecular 

stretching coordinate. The reason why the O−H···π hydrogen bond is remarkably strong might be the more 

pronounced acidity of the O(11)–H(12) group due to the larger polarization of the O–H bond compared to 

its C–H and N–H counterparts. 

 

 

Figure 3. CCSD(T)/aug-cc-pVTZ//M06-2X/cc-pVTZ optimized geometry of Complex-1. The eigenvector 

of the intermolecular stretching mode (232 cm-1) is also shown.  

 

3.2. Rate constants calculations. We first calculated the multi-structural torsional anharmonicity factors 

for the species i-C3H5OH, saddle point, and CH3COCH3. For the reactant i-C3H5OH, with two non-

equivalent conformers, this factor is 1 at low temperatures (200 K) and becomes 2 as temperature increases 

and makes the higher energy conformer energetically accessible. The species saddle point and CH3COCH3, 

with two equivalent and zero conformers, respectively, show values for this factor of 2 and 1 across the 

entire temperature range, respectively. As a result, 𝐹𝑀𝑆−𝑇(𝐶) for the forward reaction varies from 2 at 200 

K to 1 in the limit of high temperatures, while that for the reverse reaction shows a constant value of 2. 

With the factors 𝐹𝑀𝑆−𝑇(𝐶), the rate constants for the forward and reverse reactions i-C3H5OH + HO2 

⟺ CH3COCH3 + HO2 were calculated. These rates, including tunneling and multi-structural torsional 

anharmonicity corrections, are plotted in Figure 4 and tabulated in Table 1; the rate constants calculated by 

da Silva and Bozzelli7 for the analogue reaction CH2=CHOH + HO2 ⟺ CH3CHO + HO2 used in current 
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kinetic models are also represented in Figure 4 for comparison. Our calculated rate constants in the 

temperature range 200–3000 K were fitted to the following two-term Arrhenius equation (in cm3 mol-1 s-1) 

in order to perform our simulations with CHEMKIN 

𝑘𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = 1 ∙ 10−1 ∙ 𝑇3.1 exp (−
1600

𝑅𝑇
) + 1.5 ∙ 𝑇3.0 exp (−

10000

𝑅𝑇
)                                                       (20) 

𝑘𝑟𝑒𝑣𝑒𝑟𝑠𝑒 = 2 ∙ 10−6 ∙ 𝑇4.4 exp (−
11900

𝑅𝑇
) + 3 ∙ 102 ∙ 𝑇0.9 exp (−

11000

𝑅𝑇
)                                                (21) 

where R and T are the ideal gas constant and temperature with units of cal mol-1 K-1 and K, respectively.  

Tunneling in the reaction coordinate is relatively important in the studied reactions, especially in the 

reverse reaction due to its larger barrier height. At 200 K, the small curvature transmission coefficients 

𝜅𝑆𝐶𝑇of the forward and reverse reactions adopt values of 1.68·103 and 1.69·105, respectively. Tunneling 

effect rapidly vanishes as temperature increases. 

 

 

Figure 4. Plots of k (cm3 molecule-1 s-1) versus T (K) of the calculated forward (black solid line, left y-axis) 

and reverse (red solid line, right y-axis) i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 reactions at the 

CCSD(T)/aug-cc-pVTZ//M06-2X/cc-pVTZ level. The forward rate constants of the analogue reaction 

CH2=CHOH + HO2 ⟺ CH3CHO + HO2 from Ref. (7) are also plotted (black dashed line, left y-axis). 

 

The analogue reaction CH2=CHOH + HO2 ⟺ CH3CHO + HO2 (R3) used by Sarathy et al.1 to describe the 

studied reaction in the original model is appropriate only at temperatures between 400 and 600 K. However, 

at lower and higher temperatures, which are respectively the regimes of interest in atmospheric and 

combustion chemistry, this analogy fails. For instance, at 200 and 1000 K the analogue forward rate 

constants are around 682 lower and 5 times higher, respectively, than the calculated forward rate constants 

for i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2. We infer that the larger discrepancies observed at low 

temperatures are due to the larger sensitivity of the rate constants to the barrier height, which is not so 

important at high temperatures. Tunneling may be also responsible for those differences at low 



14 

 

temperatures. The observed discrepancies proves the usefulness of our calculated rate constants for the 

modelling of atmospheric and combustion processes. The analogue reaction used in current kinetic models 

may underestimate the role of the studied reaction in atmospheric modelling.  

In Table 1 we also tabulate the high-pressure limit rate constants of the non-catalyzed tautomerism R1 

previously calculated by us,4 𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖
𝐶𝑉𝑇/𝑆𝐶𝑇

, for comparisson porposes. In order to compare 𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖
𝐶𝑉𝑇/𝑆𝐶𝑇

 to 

the rate constants calculated in this work for the HO2-catalyzed tautomerism, the latter should be converted 

into pseudo-first order rate constants by multiplying them by the concentration of the HO2 radical, obtaining 

𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖∗
𝐶𝑉𝑇/𝑆𝐶𝑇

. To do so, we have assumed a concentration for the HO2 radical in the atmosphere equal to 

8·108 molecule cm-3.38 Under these conditions, the pseudo-first order HO2-catalyzed reaction is more 

efficient in converting propen-2-ol into acetone than the unimolecular reaction at temperatures below 600 

K; at higher temperatures, of interest in combustion, the opposite is true. Different concentrations of the 

HO2 radical, which is assumed to be in general larger than the concentration of propen-2-ol, would change 

this picture. 

 

Table 1. Thermal rate constants (cm3 molecule-1 s-1) for the forward, 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

, and reverse, 𝑘𝑀𝑆−𝑇(𝐶),𝑟
𝐶𝑉𝑇/𝑆𝐶𝑇

, 

i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 reactions calculated at the CCSD(T)/aug-cc-pVTZ//M06-2X/cc-

pVTZ level. The high-pressure limit rate constants for the non-catalyzed tautomerism calculated in our 

previous work,4 𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖
𝐶𝑉𝑇/𝑆𝐶𝑇

 (s-1), as well as the pseudo-first order rate constants for the HO2-catalyzed 

tautomerism, 𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖∗
𝐶𝑉𝑇/𝑆𝐶𝑇

 (s-1), are also shown for comparisson purposes. 

T (K) 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇  𝑘𝑀𝑆−𝑇(𝐶),𝑟

𝐶𝑉𝑇/𝑆𝐶𝑇  𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖
𝐶𝑉𝑇/𝑆𝐶𝑇

 𝑘𝑀𝑆−𝑇(𝐶),𝑈𝑛𝑖∗
𝐶𝑉𝑇/𝑆𝐶𝑇

 

200 4.20·10-20 6.09·10-32 1.10·10-21 3.36·10-11 

298 4.10·10-19 8.18·10-28 8.45·10-18 3.28·10-10 

400 2.02·10-18 2.28·10-25 2.27·10-13 1.61·10-09 

500 6.43·10-18 1.02·10-23 2.07·10-09 5.14·10-09 

600 1.60·10-17 1.73·10-22 3.75·10-06 1.28·10-08 

700 3.36·10-17 1.56·10-21 1.23·10-03 2.69·10-08 

800 6.28·10-17 9.08·10-21 1.11·10-01 5.02·10-08 

900 1.08·10-16 3.86·10-20 3.93·1000 8.62·10-08 

1000 1.73·10-16 1.30·10-19 7.13·1001 1.39·10-07 

1100 2.65·10-16 3.66·10-19 7.85·1002 2.12·10-07 

1200 3.87·10-16 9.00·10-19 5.90·1003 3.10·10-07 

1400 7.54·10-16 4.01·10-18 1.46·1005 6.03·10-07 
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1600 1.34·10-15 1.33·10-17 1.67·1006 1.07·10-06 

1800 2.20·10-15 3.57·10-17 1.14·1007 1.76·10-06 

2000 3.41·10-15 8.26·10-17 5.34·1007 2.73·10-06 

2300 6.06·10-15 2.35·10-16 3.34·1008 4.85·10-06 

2500 8.51·10-15 4.26·10-16 8.98·1008 6.81·10-06 

2800 1.34·10-14 9.21·10-16 3.06·1009 1.07·10-05 

3000 1.76·10-14 1.45·10-15 6.06·1009 1.41·10-05 

 

To cast light into the role of the intermediate complex in the forward reaction of the studied keto−enol 

tautomerism, and thus in the value of the previously calculated rate constant 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

, we calculated the 

rate constants of the barrier-less association reaction to the formation of Complex-1, 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

, by running 

VRC-E,J-µVT calculations, and applied the CUS model which includes both free energy bottlenecks, that 

is, the outer bottleneck to the formation of Complex-1, and the inner bottleneck to the formation of the final 

products (used in the calculation of 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

 and 𝑘𝑀𝑆−𝑇(𝐶),𝑟
𝐶𝑉𝑇/𝑆𝐶𝑇

); the association rate constants 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 are 

tabulated in Table 2. The reverse reaction CH3COCH3 + HO2 → Complex-1 is not a favored process 

compared to the forward one due to its much larger energy barrier. The rate constants 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 show very 

large values which monotonically decrease, within a small interval, as temperature increases. 

Because VRC-E,J-µVT calculations are computationally demanding, specially if several heavy atoms 

are present as in the studied system, we used the lower level of theory M06-2X/6-311++G(2df,2pd). This 

level of theory was validated by comparisson to the higher level CCSD(T)/aug-cc-pVTZ//M06-2X/cc-

pVTZ used for our previous calculations. The ZPE-corrected barrier height predicted by the higher level is 

7.2 kcal mol-1, while that of the lower level is 5.7 kcal mol-1, that is, 1.5 kcal mol-1 lower. These differences 

are even smaller for the case of Complex-1 (this portion of the PES is the critical one in the VRC-E,J-µVT 

calculations), with ZPE-corrected energies (with respect to the reactants i-C3H5OH + HO2) of -7.2 and -8.0 

kcal mol-1 with the higher and lower level, respectively. However, these differences may pose a source of 

error in our calculations, as will be discussed later. 

For the step-wise mechanism i-C3H5OH + HO2 ⟺ Complex-1 → CH3COCH3 + HO2, the CUS model 

defines the rate constant as 

1

𝑘𝐶𝑈𝑆
=

1

𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT −

1

𝑘𝐶
+

1

𝑘
𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

                                                                                                     (22) 

where 𝑘𝐶 is a rate constant calculated for a dividing surface that is located at the free energy minimum 

corresponding to Complex-1. In the studied reactive system, this complex is much lower in energy than the 

reactants and the saddle point that defines the inner bottleneck, and thus the term 1 𝑘𝐶⁄  can be neglected. 
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The term 1 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT⁄  can be neglected as well given the very large values of 𝑘𝑎𝑠𝑠

𝐸,𝐽−µVT
; as a result, Eq. (22) 

leads to similar rate constant values to those calculated by considering only the inner free energy bottleneck, 

𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

, which were also calculated at the M06-2X/6-311++G(2df,2pd) level to carry out this analysis. 

These results indicate that the studied reaction is controlled by the inner dividing surface over the 

temperature range 200–3000 K, and our approach to consider it as a direct mechanism is appropriate within 

that wide temperature range, validating our calculated rate constants (Table 1) for combustion and 

atmospheric modelling. 

 

Table 2. Thermal rate constants 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 (cm3 molecule-1 s-1) calculated at the M06-2X/6-

311++G(2df,2pd) level.  

T (K) 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT 

200 4.43·10-09 

298 3.52·10-09 

400 3.27·10-09 

500 2.47·10-09 

600 1.99·10-09 

700 1.73·10-09 

800 1.58·10-09 

900 1.48·10-09 

1000 1.42·10-09 

1100 1.37·10-09 

1200 1.33·10-09 

1400 1.29·10-09 

1600 1.26·10-09 

1800 1.23·10-09 

2000 1.21·10-09 

2300 1.19·10-09 

2500 1.17·10-09 

2800 1.15·10-09 

3000 1.14·10-09 

 

3.3. Role of the tautomerism i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 in the combustion of s-C4H9OH. 

In order to assess the role of the calculated rate constants for the titled reaction at the CCSD(T)/aug-cc-
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pVTZ//M06-2X/cc-pVTZ level, we compared the performance of the former and updated kinetic models 

in the combustion of s-C4H9OH by running closed batch reactor and JSR simulations with CHEMKIN. 

The species concentration profiles of key species in the combustion of a stoichiometric mixture of s-

C4H9OH:air at 1.9 atm and 1300 K in a closed batch reactor using the updated model are plotted in Figure 

5. Despite the differences between our rate constants and those from the analogy at this temperature, the 

results predicted by the former model are similar and thus they are not shown. We observed that the reaction 

i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 does not play an important role, although it is responsible for a 

minor CH3COCH3 production. Instead, the unimolecular tautomerism i-C3H5OH ⟺ CH3COCH3 and the 

HCOOH-catalyzed tautomerism 

i-C3H5OH + HCOOH ⟺ CH3COCH3 + HCOOH     (R5) 

play the major role in the consumption and production of i-C3H5OH and CH3COCH3, respectively. 

Although the unimolecular tautomerism has an adiabatic barrier that is 46.71 kcal mol-1 higher than that to 

the HO2-catalyzed process, the former plays a role as long as temperature is high enough to promote 

reactivity by surmounting its barrier height. In addition, the catalyzed reactions require a large enough 

concentration of catalyzer, which might not be the case for the HO2-catalyzed reaction (see Table 1). 

Despite the larger concentration of HO2 compared to that of HCOOH (Figure 5), the reaction R5 plays a 

more important role because the catalytic effect of HCOOH is more pronounced and leads to a lower barrier 

height.  

The reaction R5 is included in the model by analogy to the reaction of vinyl alcohol with HCOOH 

studied by da Silva,15  

C2H3OH + HCOOH ⟺ CH3CHO + HCOOH     (R6) 

who predicted a much lower activation energy and thus significantly larger rate constants. For instance, at 

temperatures of 298, 700, 1300 and 2000 K, the rate constants values reported by da Silva15 for the reaction 

R6, and therefore adopted for the reaction R5 in the kinetic model, are, respectively, 1.28·10-14, 2.67·10-15, 

4.57·10-15 and 1.02·10-14 cm3 molecule-1 s-1, that is, 3.1·104, 79.5, 7.6 and 3.0 times higher than those 

calculated in this work for the studied reaction at the corresponding temperatures. This makes reaction R5 

the second most prominent reaction in the consumption of i-C3H5OH and production of CH3COCH3 during 

the combustion of the fuel, contributing to make the HO2-catalyzed reaction not competitive and 

unimportant. We have recently described a remarkable catalytic effect of carboxylic acids in other reactive 

systems of importance in atmospheric chemistry, which also promotes a concerted double hydrogen atom 

transfer reaction.39 Our findings show that these acids might be an efficient catalyzer even at relatively low 

concentration (as that in the atmosphere), and that the role of the studied HO2-catalyzed tatutomerism might 
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be subjected to an accurate study of the analogy used to describe its main competitive reaction, that is, the 

reaction R5. Similar simulations were run at 700 and 800 K and the same conclusions were drawn. 

JSR simulations were performed for a lean mixture s-C4H9OH:O2:N2 with mole fractions 0.01:0.1:0.89 

at 1.0 atm and 800 K using both kinetic models. The species concentration profiles of the species involved 

in the studied tautomerism, as well as that of the fuel s-C4H9OH, are represented in Figure 6. The differences 

between the two models are subtle, both predicting exactly the same results. The most important reaction 

consuming i-C3H5OH during the combustion process is the unimolecular reaction i-C3H5OH ⟺ 

CH3COCH3. With the former model, when half of the initial amount of fuel has been consumed and beyond, 

the HCOOH-catalyzed tautomerism becomes important too; however, before this reaction starts playing a 

role, the HO2-catalyzed tautomerism consumes some i-C3H5OH (not observed with the updated model), 

although to a lesser extent than the non-catalyzed tautomerism. This is probably due to the low 

concentration of HO2 radicals (see Table 1). JSR simulations were conducted at higher temperatures and 

similar results were observed.  

 

 

Figure 5. Species concentration profiles for key species in the combustion of a stoichiometric mixture s-

C4H9OH:air at 1.9 atm and 1300 K using the updated model in a closed batch reactor. 
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Figure 6. Species concentration profiles for key species in the combustion of a s-C4H9OH:O2:N2 mixture 

with mole fractions 0.01:0.1:0.89 at 1.0 atm and 800 K, using a JSR with the updated (solid line) and former 

(dashed line) models.  

 

3.4. Rate constants calculations at ultracold temperatures. In Section 3.2 we demonstrated that 

considering the reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 as a one-step mechanism with a single 

free energy bottleneck, and thus neglecting the effect of Complex-1 on the kinetics, is a good approach 

within the 200–3000 K temperature range. Nevertheless, under certain conditions of pressure and 

temperature, the role of this complex should be considered more carefully. If pressure is high enough, 

Complex-1 can be collisionally stabilized and equilibrated, and may become a long-lived intermediate 

complex. In addition, at very low temperatures quantum effects become important, and the double hydrogen 

atom transfer reaction studied in this work may be facilitated by tunneling through the barrier separating 

the equilibrated Complex-1 and the post-reactive Complex-2, which is significantly larger than that defined 

from the reactants i-C3H5OH + HO2.  

Assuming a collisionally and equilibrated pre-reactive intermediate complex, which is feasible in the 

high-pressure limit, the rate constant within the CUS model can be calculated by Eq. (22) but considering 

that tunneling can also take place at energies below and above those of the reactants i-C3H5OH + HO2 and 

Complex-1, respectively. Therefore, the transmission coefficients 𝜅𝑆𝐶𝑇 were recalculated considering as 

the low energy limit the ground state energy of Complex-1, obtaining new values for 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

, which are 

now labeled as 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

. The rate constants 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

 also include multi-structural torsional 

anharmonicity, and the only different between these rates and 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

 is the way in which the 
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transmission coefficients were calculated, that is, 𝜅𝑆𝐶𝑇 or 𝜅𝑆𝐶𝑇∗
. The values of the magnitudes 𝑘𝑀𝑆−𝑇(𝐶),𝑓

𝐶𝑉𝑇/𝑆𝐶𝑇∗

, 

𝜅𝑆𝐶𝑇, and 𝜅𝑆𝐶𝑇∗
 are shown in Table 3, and the rate constants 𝑘𝑀𝑆−𝑇(𝐶),𝑓

𝐶𝑉𝑇/𝑆𝐶𝑇
 and 𝑘𝑀𝑆−𝑇(𝐶),𝑓

𝐶𝑉𝑇/𝑆𝐶𝑇∗

  are plotted for 

comparison in Figure 7 in the temperature range 100–3000 K. Additional details regarding the transmission 

coefficient calculations are provided in the supplementary information.  

At temperatures above 500 K tunneling is essentially the same considering either the ground state of 

the reactants i-C3H5OH + HO2 or that of Complex-1. However, as temperature decreases the differences 

become larger. For instance, at temperatures as low as 100 K, 𝜅𝑆𝐶𝑇∗
 is 3.06·1006 larger than 𝜅𝑆𝐶𝑇. These 

differences are reflected in the rate constants plots of Figure 7, showing a non-Arrhenius behavior at 

temperatures below 250 K when Complex-1 is used as the lower energy limit to calculate the tunneling 

contribution. Non-Arrhenius temperature dependence is common in reactions with deep pre-reactive 

complexes and submerged barriers which make the activation energy becomes negative as temperature 

decreases.40,41 In this case, the pre-reactive complex induces this non-Arrhenius behavior by facilitating the 

hydrogens transfer reaction by tunneling through the larger barrier that Complex-1 has to overcome after 

being stabilized and equilibrated in the high-pressure limit. At temperatures higher than 250 K, both models, 

that is, assuming that Complex-1 has or has not been stabilized, predict similar results; the differences arise 

at lower temperatures due to the prominence of the tunneling mediated mechanism. 

 

Table 3. Transmission coefficients 𝜅𝑆𝐶𝑇 and 𝜅𝑆𝐶𝑇∗
, and thermal rate constants 𝑘𝑀𝑆−𝑇(𝐶),𝑓

𝐶𝑉𝑇/𝑆𝐶𝑇∗

 (cm3 molecule-1 

s-1) at the M06-2X/6-311++G(2df,2pd) level.  

T (K) 𝜅𝑆𝐶𝑇  𝜅𝑆𝐶𝑇∗  𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

 

100 1.81·1007 5.54·1013 3.40·10-14 

150 9.72·1003 1.43·1006 1.21·10-17 

200 2.98·1002 1.86·103 1.90·10-18 

250 4.40·1001 8.88·1001 1.64·10-18 

298 1.46·1001 1.96·1001 2.35·10-18 

400 4.28·1000 4.51·1000 6.61·10-18 

500 2.48·1000 2.50·1000 1.63·10-17 

600 1.85·1000 1.85·1000 3.41·10-17 

700 1.56·1000 1.56·1000 6.28·10-17 

800 1.40·1000 1.40·1000 1.05·10-16 

900 1.30·1000 1.30·1000 1.66·10-16 

1000 1.24·1000 1.23·1000 2.48·10-16 
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1100 1.19·1000 1.19·1000 3.57·10-16 

1200 1.16·1000 1.16·1000 4.97·10-16 

1400 1.11·1000 1.11·1000 8.96·10-16 

1600 1.09·1000 1.08·1000 1.49·10-15 

1800 1.07·1000 1.07·1000 2.27·10-15 

2000 1.05·1000 1.05·1000 3.22·10-15 

2300 1.04·1000 1.04·1000 5.14·10-15 

2500 1.03·1000 1.03·1000 6.78·10-15 

2800 1.03·1000 1.03·1000 9.25·10-15 

3000 1.02·1000 1.02·1000 1.12·10-14 

 

Variational effect, also known as recrossing Γ, was also evaluated within this wide temperature range 

as was explained in Section 2.2. This effect is not remarkable, specially at high temperatures, and varies 

from a factor of 1.68 at 100 K to a factor of 1.15 at 3000 K. 

 

 

Figure 7. Plots of k (cm3 molecule-1 s-1) versus T (K) of the M06-2X/6-311++G(2df,2pd) calculated forward 

rate constants of the reaction i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2 considering the reactants i-C3H5OH 

+ HO2 (𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇

) and the intermediate Complex-1 (𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

) as the low energy limit for the 

transmission coefficients calculations in the high-pressure limit. 

 

In the high-pressure limit, it is likely that Complex-1 becomes stabilized and equilibrated, thus inducing 

the above described tunneling driven mechanism at very low temperatures. However, the following 

question arises: Is Complex-1 stabilized and equilibrated at lower pressures to an extent that the tunneling 

driven mechanism may play a role at very low temperatures? To address this question, we have calculated 
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the association rate constants 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 as funcion of pressure as well, and used these rate constants within 

the framework of the CUS theory (Eq. (22)) in order to estimate the total rate constant at low pressuress 

too.  

Complex-1 can be stabilized by intermolecular collisions; lowering pressure tends to lower 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 

(𝑘𝑠𝑡𝑎𝑏 as defined in Eq. (10)) as these collisions become a rare event. This behaviour is shown in Figure 8, 

where it can be seen that this effect is especially important at high temperatures.   

 

 

Figure 8. Plots of 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 (cm3 molecule-1 s-1), calculated at the M06-2X/6-311++G(2df,2pd) level, as 

function of temperature and pressure. HP stands for high-pressure. 

 

The total 𝑘𝐶𝑈𝑆 rate constant, calculated by Eq. (22), is also affected by the pressure dependence shown 

by the 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 rate constants. However, the final value of 𝑘𝐶𝑈𝑆 is the result of the competition between 

the pressure effects when it comes to stabilize Complex-1, and the tunneling effect through the barrier 

separating that complex and the final products, that is, the 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

(𝑃, 𝑇) and 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

(𝑇) contributions 

to Eq. (22), respectively. Both contributions were considered to calculate 𝑘𝐶𝑈𝑆(𝑃, 𝑇), whose values are 

represented in Figure 9 at differents pressures between the high-pressure limit (𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

 values in Table 

3 and Figure 7) and a lower-pressure limit set to 1·10-10 atm.  

At high temperatures, when the tunneling effect contribution is negligible, the trend of 𝑘𝐶𝑈𝑆 is governed 

by pressure effects; this is the reason for the observed decline as temperature increases, which is the result 

of the decrease of 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 as pressure is lowered. At low temperatures tunneling effect takes over and 

pressure effects are cancelled out, resulting in an increase in the values of 𝑘𝐶𝑈𝑆. In the limit of low pressure 
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(1·10-10 atm), pressure effects are so pronounced that the increment in the value of 𝑘𝐶𝑈𝑆 at low temperatures 

as consequence of tunneling is not observed. Therefore, Figure 9 shows how tunneling and pressure effects 

compete to determine the final value of 𝑘𝐶𝑈𝑆.  

 

 

Figure 9. Plots of 𝑘𝐶𝑈𝑆 (cm3 molecule-1 s-1), calculated at the M06-2X/6-311++G(2df,2pd) level using Eq. 

(22) with the 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

(𝑃, 𝑇) and 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

(𝑇) rate constants, as function of temperature and pressure. HP 

stands for high-pressure. The inset figure shows the values of 𝑘𝐶𝑈𝑆 only at 1·10-5 atm and temperatures 

between 50 and 750 K. The data labelled as “1E-5 corrected” (dotted line, 1·10-5 atm) were obtained with 

a temperature-dependent 〈Δ𝐸〉𝑑𝑜𝑤𝑛 parameter by using Eq. (23).  

 

Since 〈Δ𝐸〉𝑑𝑜𝑤𝑛 may have a marked temperature dependence, a sensitivity test on this parameter was 

performed to check how it affects the calculated rate constants. In our calculations, the value of 〈Δ𝐸〉𝑑𝑜𝑤𝑛 

was 400 cm-1 for the reasons explained in Section 2.3. Our calculations were also carried out using the 

following temperature-dependent relation for 〈Δ𝐸〉𝑑𝑜𝑤𝑛 

〈Δ𝐸〉𝑑𝑜𝑤𝑛 = Θ (
𝑇

300
)

0.85

                                                                                                                           (23) 

where Θ = 300 cm-1. Eq. (23) yields values of  〈Δ𝐸〉𝑑𝑜𝑤𝑛 that varies from 117.9 cm-1 at 100 K to 2123.8 

cm-1 at 3000 K, and the resulting rate constants are also represented in Figure 9 at 1·10-5 atm (dotted line). 

At low temperatures, the enhancement of the reactivity is still present, and the new definition of 〈Δ𝐸〉𝑑𝑜𝑤𝑛 

does not significantly affect the results. For instance, at 100 K and 1·10-5 atm the values of 𝑘𝐶𝑈𝑆 with values 

of 〈Δ𝐸〉𝑑𝑜𝑤𝑛 of 400 cm-1 and 117.9 cm-1 (according to Eq. (23)) are, respectively, 3.04·10-16 and 1.52·10-16 

cm3 molecule-1 s-1. 
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It should be noted that the decline predicted by the SS-QRRK calculations at low pressures when 

temperature rises above 700 K is overestimated, and results from the large value of the thermal fraction of 

unimolecular states above the threshold energy, 𝐹𝐸, which is an estimation of the density of states 𝜌(𝐸),42 

defined by Troe43 as 

𝐹𝐸 ≃ ∑
(𝑠 − 1)!

(𝑠 − 1 − 𝑖)!
[

𝑘𝑏𝑇

𝐸𝑜 + 𝛼(𝐸𝑜)𝐸𝑍𝑃𝐸
]

𝑖𝑠−1

𝑖=0

                                                                                                (24) 

where 𝛼(𝐸𝑜) is a correction factor43 and 𝐸𝑍𝑃𝐸  is the ZPE of the activated complex. 𝐹𝐸 is used to determine 

the collision efficiency 𝛽𝑐, which is used to calculate the collisional deactivation rate constant 𝑘𝑐 (Eq. (11)), 

and is defined as44 

𝛽𝑐 = (
〈Δ𝐸〉𝑑𝑜𝑤𝑛

〈Δ𝐸〉𝑑𝑜𝑤𝑛 + 𝐹𝐸𝑘𝑏𝑇
)

2

                                                                                                                  (25) 

Troe pointed out that 𝐹𝐸 adopts values near 1 for moderately sized molecules at not too high temperatures 

(≈ 1000 K), and adopts values much larger than 1 for molecules with more than around eight atoms in that 

high temperature regime.43 A decrease in the values of the collision efficiency when large 𝐹𝐸 values are 

obtained at high temperatures, and therefore a decrease in the collisional deactivation rate constant too, is 

physically correct; however, the description obtained by Eq. (25) might be unrealistic for large systems and 

temperatures above 1000 K,44 yielding too low values of 𝛽𝑐 and therefore understimating 𝑘𝑠𝑡𝑎𝑏 (𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 

in our formulation) and 𝑘𝐶𝑈𝑆 at high temperatures, as shown in Figures 8 and 9. 

A better description of 𝛽𝑐 which would help to correct the observed overestimated decrease in the rate 

constants would be that proposed by Gilbert et al.,44  

𝛽𝑐
′ = (

〈Δ𝐸〉𝑑𝑜𝑤𝑛

〈Δ𝐸〉𝑑𝑜𝑤𝑛 + 𝐹𝐸𝑘𝑏𝑇
)

2
1

Δ
                                                                                                               (26) 

in which a correction factor ∆-1 is used in order to obtain more realistic values. This correction factor can 

be calculated if the functions 𝐹𝐸 and 𝜌(𝐸) are known. In this work, we did not attempt to calculate ∆-1 to 

correct 𝛽𝑐. However, we show that under the strong-collision assumption, which assumes that every 

collision of the energized complex leads to de-energization (𝛽𝑐 = 1), Eq. (11) becomes 

𝑘𝑐(𝑇) = 𝑍                                                                                                                                                    (27) 

Therefore, at very low pressures the term 𝑘𝑐[𝑀] in the denominator of Eq. (10) can be neglected, and the 

pressure dependent rate constants can be redefined as  

𝑘𝑠𝑡𝑎𝑏 = 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

∑
𝑍[𝑀]𝑓(𝐸)

𝑘−1
𝑄𝑅𝑅𝐾(𝐸)

+∞

𝐸𝑜

                                                                                                             (28) 
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We used Eq. (28) and corrected 𝑘𝑠𝑡𝑎𝑏 at 0.01 and 0.001 atm, obtaining corrected 𝑘𝐶𝑈𝑆 values as well. These 

corrected 𝑘𝐶𝑈𝑆 rate constants are plotted in Figure 10 together with those calculated using the former 

definition of 𝑘𝑠𝑡𝑎𝑏 (non-corrected, Figure 9), showing that the decreasing trend beyond 700 K is 

significantly mitigated. They are also tabulated in Table 4. The correction of that trend is practically 

complete due to the use of the strong-collision assumption (negligible differences can be observed at very 

high temperatures in the inset figure though). Values of 𝛽𝑐 lower than 1 would lead to a partial correction 

and migth be more realistic, but would require the determination of the correction factor ∆-1, which is 

beyond the scope of the present work. 

 

 

Figure 10. Plots of the corrected and non-corrected 𝑘𝐶𝑈𝑆 values (cm3 molecule-1 s-1), calculated at the M06-

2X/6-311++G(2df,2pd) level using Eq. (22) with the 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

(𝑃, 𝑇) and 𝑘𝑀𝑆−𝑇(𝐶),𝑓
𝐶𝑉𝑇/𝑆𝐶𝑇∗

(𝑇) rate constants, as 

function of temperature and pressure. High pressure values (HP) are also shown.  

 

Table 4. Thermal corrected rate constants 𝑘𝐶𝑈𝑆 (cm3 molecule-1 s-1) at the M06-2X/6-311++G(2df,2pd) 

level at 0.01 and 0.001 atm. 

T (K) 𝑘𝐶𝑈𝑆(0.001 atm) 𝑘𝐶𝑈𝑆(0.01 atm) 

100 1.94·10-14 3.16·10-14 

150 1.21·10-17 1.21·10-17 

200 1.90·10-18 1.90·10-18 

250 1.64·10-18 1.64·10-18 

298 2.35·10-18 2.35·10-18 

400 6.61·10-18 6.61·10-18 
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500 1.63·10-17 1.63·10-17 

600 3.41·10-17 3.41·10-17 

700 6.27·10-17 6.27·10-17 

800 1.05·10-16 1.05·10-16 

900 1.65·10-16 1.66·10-16 

1000 2.47·10-16 2.48·10-16 

1100 3.55·10-16 3.57·10-16 

1200 4.94·10-16 4.97·10-16 

1400 8.84·10-16 8.95·10-16 

1600 1.46·10-15 1.49·10-15 

1800 2.20·10-15 2.26·10-15 

2000 3.09·10-15 3.21·10-15 

2300 4.82·10-15 5.11·10-15 

2500 6.24·10-15 6.72·10-15 

2800 8.31·10-15 9.15·10-15 

3000 9.90·10-15 1.11·10-14 

 

The net result of the observed trade-off between pressure and tunneling effects is an enhancement of 

the i-C3H5OH + HO2 → CH3COCH3 + HO2 process at ultracold temperatures and even at low pressures 

(above 1·10-5 atm), leaning the keto−enol tautomerism even more to the keto form. This tunneling mediated 

mechanism has been suggested as a precursor and processor of complex organic molecules in interstellar 

clouds, in which the ultracold temperatures hinder the reactivity. This is the case of the reaction between 

methanol and the hydroxyl radical, which has been proven, theoretically and experimentally, as a sink of 

this alcohol in that medium. Theoretically, a pronounced tunneling effect associated to the presence of a 

pre-reactive complex was found for this reaction.45,46 For instance, Gao et al.46 calculated a value of 3.06·10-

13 cm3 molecule-1 s-1 at 100 K and 1.6·10-3 atm, which is around one order of magnitude larger than the 

value we calculated at the same temperature and 1.0·10-3 atm; this suggests that the reaction studied in this 

work may be also competitive under these conditions of low temperature and pressures. Our work is also 

helpful to understand and model the formation and consumption of complex organic molecules with several 

heavy atoms in the interstellar medium. Our rate constants and findings at very low temperatures and 

pressures can be also used as analogies to model similar keto−enol tautomerisms involving other enols that 

may be present in these environments. 

Not only the tunneling effect, but also the large values of 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 obtained in our calculations 

contributed to mitigate the negative effect that pressure has on 𝑘𝐶𝑈𝑆, and therefore to the observed tunneling 
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mediated mechanism even in the low pressure regime; 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 is still very large even at low temperatures 

and low pressures, with values of, for example, 3.1·10-14 cm3 molecule-1 s-1 at 100 K and 0.001 atm (Figure 

8). However, some possible sources of error in our calculations should be discussed. The level of theory 

used to analyze the effect of the intermediate Complex-1, M06-2X/6-311++G(2df,2pd), was chosen as a 

compromise between accuracy and computational cost. In our analysis of the effect of the intermediate 

complex, the VRC-E,J-µVT calculations represent a bottleneck, and thus a higher level of theory is not 

feasible. Nevertheless, its predictions are in good agreement to those at the higher level CCSD(T)/aug-cc-

pVTZ//M06-2X/cc-pVTZ, as was explained in Section 3.2. The ZPE-corrected energy of Complex-1, with 

respect to that of the reactants, predicted by the lower level is 0.8 kcal mol-1 lower than that of the higher 

level. This suggests that the values of 𝑘𝑎𝑠𝑠
𝐸,𝐽−µVT

 at the M06-2X/6-311++G(2df,2pd) level might be slightly 

overestimated, and therefore, the increase of 𝑘𝐶𝑈𝑆 observed at very low temperatures might be less 

pronounced when a more accurate level is used. Tunneling through the barrier separating Complex-1 and 

Complex-2 should be similar with both levels of theory though, as these barriers are 14.4 and 13.7 kcal mol-

1 with the higher and lower level, respectively; however, some differences may also arise.  

 

4. CONCLUSIONS 

In this work, a theoretical kinetic study of the HO2-catalyzed tautomerism converting propen-2-ol into 

acetone, i-C3H5OH + HO2 ⟺ CH3COCH3 + HO2, has been carried out by running CCSD(T)/aug-cc-

pVTZ//M06-2X/cc-pVTZ ab initio calculations and using the multi-structural torsional variational 

transition state theory with tunneling corrections, the variable reaction coordinate theory, and the system-

specific quantum Rice-Ramsperger-Kassel theory. We have demonstrated the pronounced catalytic effect 

of the HO2 radical, which promotes a double hydrogen atom transfer reaction and lowers the adiabatic 

barrier from 54.0 kcal mol-1 in the non-catalyzed process to 7.2 kcal mol-1. A wide temperature range, 100–

3000 K, and pressures as low as 1·10-5 atm have been covered in our kinetic study; to the best of our 

knowledge, no rate constants have been reported for the studied reaction yet. Therefore, our calculated rate 

constants are useful to avoid the use of analogue reactions when it comes to model combustion, 

atmospheric, and interstellar processes in which the studied tautomerism could play a role.  

An interesting feature of the PES of the studied reaction is the formation of an intermediate complex, 

Complex-1, on the entry channel as a result of a highly stabilizing OH···π hydrogen bond between the HO2 

radical and the double bond of the i-C3H5OH molecule. The rate constants for the formation of Complex-1 

were calculated with the variable reaction coordinate theory, which allowed us to apply the canonical 

unified statistical model to determine the effect of this intermediate on the calculated forward rate constants. 

At temperatures between 250 K and 3000 K, covering temperatures of interest in atmospheric and 
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combustion processes, Complex-1 has no effect on the kinetics, and the reaction i-C3H5OH + HO2 ⟺ 

CH3COCH3 + HO2 takes place in a single-step mechanism. 

We have updated a former kinetic model for the pyrolysis and combustion of butanol isomers with our 

calculated rate constants in order to assess the importance of the studied reaction in the combustion of 2-

butanol, s-C4H9OH. In the former model, this reaction is included by means of an analogy to the HO2-

catalyzed tautomerism that converts vinyl alcohol into acetaldehyde. Then, we compared the performance 

of the two models, former and updated, in the combustion of s-C4H9OH by running closed batch and 

perfectly stirred reactor simulations in CHEMKIN. Despite the catalytic effect of the HO2 radical, the HO2-

catalyzed reaction turned out to be unimportant in the consumption of i-C3H5OH and production of 

CH3COCH3 during the combustion of the fuel, which may be due to the low concentration of HO2. Instead, 

the tautomerism converting i-C3H5OH into CH3COCH3 is governed by the reactions i-C3H5OH ⟺ 

CH3COCH3 and i-C3H5OH + HCOOH ⟺ CH3COCH3 + HCOOH. The unimolecular tautomerism 

consumes i-C3H5OH since the very beginning as there is no need of a second partner. The HCOOH-

catalyzed reaction is much more favorable due to the more efficient catalytic effect of HCOOH, which is 

present in a lower concentration than HO2. However, the rate constants for the reaction i-C3H5OH + 

HCOOH ⟺ CH3COCH3 + HCOOH are also included in current models by means of an analogy to the 

reaction of vinyl alcohol, and no calculated rate constants are available. Therefore, these findings might be 

subjected to a proper description of the HCOOH-catalyzed tautomerism. 

At ultracold temperatures, of interest in the chemistry of interstellar environments such as interstellar 

clouds, the pre-reactive complex can play a role in the kinetics of the studied tautomerism as it can be 

stabilized even at very low presures. Under this scenario, the canonical unified statistical model predicts a 

significant enhancement of the reactivity at temperatures within the 100–250 K range as the result of a 

tunneling driven process, suggesting a step-wise mechanism i-C3H5OH + HO2 ⟺ Complex-1 → 

CH3COCH3 + HO2. Our calculations at ultracold temperatures and low pressures help to understand and 

model the fate of complex organic molecules, such as i-C3H5OH and CH3COCH3, in the interstellar 

medium. In addition, given the abundance of different alcohols in interstellar clouds, other enols that can 

undergo a similar keto−enol tautomerism could be also modelled with the rate constants reported in this 

work as an analogy. 
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SUPPORTING INFORMATION 

Electronic supplementary information available with details regarding the transmission coefficients 

calculations. The updated kinetic model is also provided as supporting information. 
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