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Investigation of Methyl-vinyl Ketone, 2- and 3-Butenal Decomposition 

pathways through semi-automated Variable Reaction Coordinate 

Transition State Theory

Andrea Della Libera, C. Cavallotti*

Dipartimento di Chimica, Materiali e Ingegneria Chimica,
Politecnico di Milano, 20131 Milano, Italy

ABSTRACT

The reactivity of unsaturated aldehydes and ketones is of interest both in combustion, as they are 

formed as intermediate species in the oxidation of biofuels, as well as in atmospheric chemistry, as 

they appear as intermediate products in the oxidation of alkenes, such as isoprene. In this work we 

investigate the reactivity of the simplest unsaturated aldehydes and ketones, namely methyl vinyl 

ketone (MVK), 2-, and 3-butenal(2- and 3-BUT), on the C4H6O singlet potential energy surface (PES). 

An important part of this study is the accurate determination of rate constants for the seven major 

barrierless decomposition channels: the bond fissions of MVK to 1) CH2CHCO+CH3 and 2) 

CH3CO+C2H3, the bond fissions of 2-BUT to 3) CH3CHCH+HCO, 4) CHCHCHO+CH3 and 5) 

CH2CHCHCHO+H, and the bond fissions of 3-BUT to 6) CH2CHCH2+HCO and 7) 

CH2CHCHCHO+H. Rate constants were determined using Variable Reaction Coordinate Transition 

State Theory (VRC-TST), as implemented in EStokTP, through the extensive use of automated 

procedures to exploit both single and multireference methodologies and to semi-automatically carry 

out the determination of minimum energy paths, the evaluation of geometric and high level correction 

potentials, and the definition of the pivot points necessary to construct the dividing surfaces. As a 

result of this investigation, we propose a novel mechanism for the decomposition of 2-butenal to 

carbon monoxide and propene, involving isomerization to 3-butenal through two keto-enol 

tautomerization steps. Rate constants for both the dissociation and the reverse recombination 

pathways, as well as for the whole PES are determined for all the investigated pathways by integrating 

the master equation as a function of temperature and pressure, finding a good agreement with 

available experimental data, and are reported in a format suitable to be used both for atmospheric and 

combustion kinetic simulations.

Keywords Unsaturated Ketones · Unsaturated Aldehydes · Transition state theory · Kinetics · Master equation · 
VRC-TST · Pyrolysis 
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1. Introduction

The comprehension of the reactivity of unsaturated aldehydes and ketones is important in 

combustion as it plays an important role in the oxidation of some important biofuels, where they are 

formed as intermediate decomposition products.1-3 Unsaturated aldehydes and ketones have also been 

observed as products in the atmospheric oxidation of alkenes.4 Despite of this, only a few studies 

have been dedicated to the investigation of the kinetics of these systems, in part because of the 

difficulty of estimating accurate rates of the many barrierless reaction channels ruling their reactivity. 

The present work has the aim of using a recently developed computational methodology to investigate 

the decomposition kinetics of the simplest unsaturated aldehydes and ketones: 2-butenal 

(crotonaldehyde, 2-BUT), 3-butenal (3-BUT), and methyl vinyl ketone, which are all C4H6O isomers.

The reactivity of MVK, the lowest energy C4H6O isomer among those here investigated, has been 

the subject of several studies. MVK is among the main decomposition products of cyclohexanone, 

whose decomposition mechanism was studied by Porterfield et al.5 Both MVK and its corresponding 

enol were identified with photoionization mass spectroscopy and matrix infrared absorption 

spectroscopy. Cyclohexanone decomposition could be interpreted only including the fragmentation 

of MVK by loss of H and CH3 in the main reaction steps. Also, the 0K heats of formation for both cis 

and trans MVK conformers were determined using a theoretical HEAT like approach6–8 and 

isodesmic reactions, obtaining results in agreement with previous investigations9. The relevance of 

enols as intermediates in combustion was proposed by Taatjes et al.10, while the existence of the keto-

enol tautomerization pathway for this specific system was recently proved by Couch et al.11 Since 

MVK atmospheric kinetics plays an important role in isoprene decomposition, its photoisomerization 

and decomposition pathways were recently investigated theoretically by So et al12. In their analysis 

of the ground state MVK potential energy surface (PES), which included both isomerization and 

dissociation pathways, a total of six wells, six fragmentation products, and 14 reaction channels were 

identified. The most relevant decomposition channels are two barrierless decomposition reactions, 

leading to CH3+CH2CHCO (1-oxoprop-2-enyl) and C2H3+CH3CO (acetyl), and molecular 

dissociation to C2H4+CH2CO. Tautomerizations to 2-hydroxybutadiene (HBD) and 1-

hydroxymethylallene were reported. The former is the favoured product of isomerization. Cyclization 

reactions, such as formation of 2-methyloxetene from MVK and cyclobutanone from 2-HBD were 

also described, though their formation requires overcoming significant energy barriers.

The decomposition kinetics of two other C4H6O isomers, 2-butenal and 3-butenal, has recently 

attracted interest in combustion. These species were in fact found as reactive intermediates in several 

cycloalkyl reactions with O(3P)13–16 and can be present in relevant concentrations in bio-oils.17 The 

high temperature decomposition of 2-BUT and its products distribution was studied by Lifshitz et 
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al.18 Two bond cleavages to CH3+CHCHCHO (3-oxo-1-propenyl) and HCO+CH3CHCH (1-

propenyl), and H migration resulting in CO+C3H6 (propene) were proposed to be the main initiation 

pathways for decomposition. The latter reaction presents a well-defined transition state and can be 

considered a quencher in combustion systems, as also suggested by Chaban et al.,19 who 

experimentally studied 2-BUT decarbonylation in the 653-763 K and 55.5-150 Torr ranges. Erastova 

et al.20 followed this lead and carried out a theoretical investigation of possible elimination 

mechanisms at the B3LYP and MP2 levels, estimating energies at the MP4 level. They proposed two 

pathways for 2-BUT decarbonylation: a single step concerted mechanism and a two-step mechanism 

that involves hydrogen migration followed by CO elimination. 3-BUT has been recently found among 

the decomposition products of furan,21 which motivated the recent study of H-abstraction reactions 

by atomic hydrogen on 3-BUT performed by Passos et al22.

The reactivity on the C4H6O PES is of interest for the atmospheric, combustion, and astrochemical 

kinetic communities as it is accessed following the addition of atomic oxygen in its ground state to 

1,3-butadiene and 1,2-butadiene, which are the simplest unsaturated conjugated alkenes, and the 

successive fast intersystem crossing (ISC) to the singlet PES. It occupies therefore a relevant place in 

the vast class of O(3P) reactions23, which we investigated systematically in the last years.24–30 In 

particular, it is known that O(3P) addition is one of the most sensitive reactions in 1,3-butadiene 

oxidation.32,31 The modeling of its reactivity however is hampered by a lack of knowledge concerning 

the branching fraction (BF) among the many possible reaction products. Recently we investigated the 

reactivity on the 1,3 C4H6 PES, as accessed following O(3P) addition, using rate constants calculated 

in the present work.33 A similar publication is in preparation for the reactivity of O(3P) with 1,2-

butadiene.

The theoretical study of the reactivity of these molecules is complicated by the need to investigate 

at a proper level of accuracy the related singlet potential energy surfaces (PES). This is often a 

challenging task34,35 for at least two reasons. First, because it is necessary to determine a complete 

map of all stationary points that are relevant to the description of the specific portion of the PES that 

is under investigation. As it is difficult to prove that the search is complete, several automated 

methodologies to explore PESs have been proposed in the last years to address this issue.36–40 This 

investigation is even more complicated on singlet PESs, as some wells may be connected by saddle 

points that have diradical nature, which is badly described by black box, computationally efficient 

single reference ab initio theoretical methods routinely adopted to investigate PESs, such as density 

functional theory (DFT). The second motivation that further complicates singlet PES investigations 

is that usually the fastest exit (or entrance) channels are barrierless. In these cases, rate constants can 

be determined either through dynamic trajectory calculations, which require high quality 
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multidimensional PESs to be predictive, or using a variational form of transition state theory (TST). 

The latter, whose most advanced version is Variable Reaction Coordinate Transition State Theory 

(VRC-TST), requires if precision is desired the use of multireference ab initio methods.1,41,42 In this 

context, the approach we followed in investigating the reactivity on the C4H6O PES in the present 

work consisted in the systematic investigation of all the isomerization reactions that can be accessed 

by the MVK, 2-BUT, and 3-BUT wells, followed by the determination of the rate constants of the 

less endothermic homolytic decomposition pathways. In this last step we extensively used our recent 

partially automated protocol to compute rate constants using VRC-TST. This allowed us to estimate 

efficiently and accurately rate constants for seven barrierless reaction channels active on the C4H6O 

PES. 

This paper is organized as follows. In Section 2 the computational method used in this work are 

described in detail. A brief description of the adopted VRC-TST protocol, which has been 

implemented in EStokTP and is therefore available as open-source software 

(https://github.com/EStokTP/EStokTP),43 is reported as well in this section. The simulation results 

are discussed in section 3, where they are also compared to the available experimental data.

2. Methods

The reactivity on the C4H6O PES was investigated using the ab initio transition state theory-based 

master equation (AI-TST-ME) method.34 Details on the application of this approach to the specific 

system here investigated are reported in the following three sub-sections.

2.1 Ab Initio calculations and PES investigation

Structures, gradients, and Hessians of stationary points (both wells and saddle points) on the 

C4H6O PES were determined at the B97X-D/aug-cc-pVTZ level of theory. Preliminary explorations 

of the PES were performed using the 6-311+G(d,p) basis set. A conformational analysis was also 

carried out by contextual random rotations of all torsional dihedral angles for each investigated well 

to identify the minimum energy conformer. All calculations were performed using an ultrafine grid 

(99590 integration points per atom). Energies were evaluated at the CCSD(T)/aug-cc-pVTZ level and 

extrapolated to the complete basis set limit (CBS) as suggested by Martin,44 using density fitted MP2 

energies computed with the aug-cc-pVQZ and aug-cc-pVTZ basis sets. Energies were then corrected 

for the correlation of core electrons computing the difference between CCSD(T,core)/cc-pcVTZ and 

CCSD(T)/cc-pVTZ energies. When T1 diagnostics exceeded 0.025, energies were determined at the 

CASPT2/aug-cc-pVTZ level. This was the case for the transition states connecting 3-BUT and the 

vinyl oxirane species VO (TS01), VO and MVK (TS05), and MVK to the decomposition products 

CH2CO+C2H4 (TS07). Also the TS between 3-BUT and its enol tautomer BD (TS02), despite the 
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small T1 diagnostic (0.017), was investigated at the CASPT2 level, as it plays an important role in 

decomposition kinetics of 2-BUT and it was thus important to investigate whether it could have a 

relevant multireference character. All CASPT2 calculations were performed using B97X-D 

geometries, determined using an unrestricted formalism with wave functions computed with a broken 

symmetry guess. The selection of the most proper active spaces (AS) was performed at the 

CASSCF/cc-pVDZ level, using then the determined wavefunction as guess for successive 

CASSCF/aug-cc-pVTZ and CASPT2/aug-cc-pVTZ level calculations. A shift of 0.2 was used for all 

CASPT2 calculations. All CASPT2 energy barriers were computed performing two distinct 

calculations at the same level of theory to ensure consistency, one for the saddle point and one for the 

reference well. The AS used in the multireference calculations are summarized in Table 1 together 

with the well with respect to which energy barriers were computed. Particular care was placed in 

inspecting the orbitals of saddle points and wells to ensure consistency in the AS selection.

Table 1. Active spaces used in multireference calculations and wells relatively to which energy 

barrier were computed (in parenthesis).

Stationary points Active space

TS01 (VO) (14e,13o): (2e,2o) π and π* CC bond; (4e,4o) 2 σ and σ* CO bonds for the 

reactant and 1 σ and σ* CO bond plus 2 radical centers for the TS; (2e,2o) σ 

and σ* CC bond; (4e,4o) 2 σ and σ* CH bonds; (2e,1o) lone pair of O.

TS02 (3-BUT) (10e,9o): (2e,2o) π and π* CC; (2e,1o) lone pair of O; (2e,2o) σ and σ* CO 

bond; (4e,4o) σ and σ* CH bond and π and π* CO bond for the reactant, σ 

and σ* OH bond and π and π* CO (deformed) bond for TS.

TS05 (VO) (14e,13o): (2e,2o) π and π* CC bond; (4e,4o) 2 σ and σ* CO bonds for the 

reactant and 1 σ and σ* CO bond plus 2 radical centers for the TS; (4e,4o) 2 

σ and σ* CC bonds; (2e,2o) σ and σ* CH bond; (2e,1o) lone pair of O.

TS07 (HBD) (10e,10o): (4e,4o) 2 π and π* CC bonds for reactant, 1 π and π* CC bond and 

2 radical centers for TS; (2e,2o) σ and σ* CO bond; (2e,2o) σ and σ* CH bond 

for the reactant, OH bond for the TS; (2e,2o) σ and σ* central CC bond.

Partition functions of internal rotations were calculated using the 1D hindered rotor (1DHR) model 

implemented in MESS.45 Torsional potentials were computed at the same level of theory used for 

geometry optimization. Methyl groups were always treated as 1DHRs. MVK and 2-BUT present a 

second rotor, in which CHO and C2H3 are the rotating moieties, respectively and 3-BUT presented 2 

additional rotors, with CHO and C2H3 as the rotating groups. For VO, and CH2CHCHCHO, only one 
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rotor was considered, the C2H3 rotating top. Tunneling corrections were evaluated using the Eckart 

model.

2.2 Rate constants estimation and Variable Reaction Coordinate Transition State Theory

Pressure-dependent rate constants were computed in the 300-2500 K temperature and 0.1-100 atm 

pressure ranges solving the one-dimensional multi-well Master Equation (ME) using the MESS 

solver.45 Collisional energy transfer parameters were computed in Ar bath gas as suggested by 

Jasper46 using the correlations provided for alcohols, as unsaturated aldehydes were not 

parameterized. The single exponential down model energy transfer parameter so determined is 

<ΔE>=395(T/300)0.49 cm-1, while the collisional frequencies for all wells were estimated using the 

Lennard-Jones model with  σ=4.21 Å and ε=331 K. 

Rate constants of reactions which involve a well-defined saddle point were determined using 

conventional TST, while those of barrierless channels were estimated with VRC-TST, which is the 

state of the art theory for the evaluation of rate constants for this reaction class. In VRC-TST, rate 

constants are evaluated by direct counting the density of states (DOS) of the transitions state over 

dividing surfaces constructed over pivot points placed in proximity of the reacting centres. Only the 

degrees of freedom (DOF) describing the relative orientation of the fragments, usually referred to as 

transitional DOFs, are considered in the DOS evaluation, while the geometry of the fragments is kept 

frozen. One of the main advantages of VRC-TST is the proper and computationally efficient 

evaluation of the DOS for the transitional DOFs that, being large amplitude motions, are highly 

anharmonic. This evaluation is performed through stochastic integration determining single point 

energies (SPE) through on the fly multireference calculations. More details on the implementation of 

VRC-TST  are reported in literature reference publications.41,48

VRC-TST calculations were performed for seven barrierless reactions, namely decomposition of 

MVK to CH2CHCO+CH3 and CH3CO+C2H3, decomposition of 2-BUT to CH3CHCH+HCO, 

CHCHCHO+CH3 and CH2CHCHCHO (1-oxo-n-butadienyl)+H, and decomposition of 3-BUT to 

CH2CHCH2 (allyl)+HCO and CH2CHCHCHO+H. The minimum energy paths (MEPs) of each bond 

fission reaction were evaluated as a function of the breaking bond length with a step of 0.2 Å in the 

1.8-4.0 Å range. 

Reaction fluxes were determined over multifaceted dividing surfaces performing both short range 

and long range simulations. For the former, spherical dividing surfaces were generated using pivot 

points positioned along the vector connecting the atoms whose bond is breaking, while in the latter 

they were placed on each fragment centre of mass. Microcanonical reaction fluxes were then 

minimized over an ensemble of dividing surfaces constructed varying the distance between the pivot 
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points which, in short range simulations, were initially placed on the reacting atoms and then 

displaced by 0.1 and 0.3 bohrs along the direction of the molecular bonding orbital being broken in 

the reaction. The distance between pivot points was varied between 2.5 and 10.0 bohrs for short range 

simulations, and between 10.0 and 20 for long range simulations. Reactive fluxes were computed 

through stochastic sampling with a 5% convergence threshold, taking a minimum of 200 points for 

each surface and multiplying by a factor 0.9 to account for dynamical recrossing effects, as described 

for example by Lupi.47 SPEs were computed as a function of the fragments orientation using 

stochastic sampling using at the CASPT2  level using the cc-pVDZ basis set and a minimal (2e,2o) 

active space. Fragments geometries, which are frozen in all VRC-TST calculations, were determined 

at the CASPT2/cc-pVDZ level of theory. Energies obtained in the Monte Carlo (MC) sampling were 

corrected to account for the low level of theory employed and geometry relaxation through the 

introduction of a distance dependent potential computed as:

𝐸𝑉𝑅𝐶―𝑇𝑆𝑇 = 𝐸𝑀𝐶 + ∆𝐸𝑒𝑛 + ∆𝐸𝑔𝑒𝑜𝑚 (1)

In Equation 1, 𝐸𝑀𝐶 is the energy obtained for a single MC sampling point. ∆𝐸𝑒𝑛 is defined as the 

difference between CASPT2(6e,6o)/aug-cc-pVTZ and CASPT2(2e,2o)/cc-pVDZ energies calculated 

on MEP geometries, which were obtained through constrained optimizations performed at the 

CASPT2(6e,6o)/cc-pVDZ level at fixed fragments separation. The (2e,2o) AS included the electrons 

involved in the breakage of the bond between the fragments and their bonding and antibonding 

orbitals, while the (6e,6o) AS always included the radical orbitals, the C-C and C-O π bonding and 

antibonding orbitals. ∆𝐸𝑔𝑒𝑜𝑚 was computed as the energy difference between MEP optimized 

geometries and geometry optimizations performed using frozen fragment geometries at the same level 

of theory. Thus only five degrees of freedom are optimized, corresponding to the variables that define 

the orientation of one fragment with respect to the other, namely two angles and three dihedral angles. 

All CASPT2 energies computed for VRC-TST calculations were used to determine interaction 

energies between two reacting fragments, whose energy was evaluated with a distinct calculation, in 

which a restrained geometry optimization was performed at the CASPT2(6e,6o)/cc-pVDZ level of 

theory with the distance between the fragments kept fixed at 10 Å, and the energy was evaluated with 

Equation 1. 

 The VRC-TST protocol was carried out using VaReCoF,41,48,49 which in turn relies on Molpro50,51 

for MC sampling and multireference calculations. The scan of the MEP and the preparation of the 

input files necessary to VaReCoF were performed with a semi-automatic protocol implemented in a 

modified version of EstokTP, as described in detail in the following section.

2.3 VRC-TST semi-automatic protocol 
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2.3.1 Protocol overview  

The EStokTP protocol for VRC-TST is organized in a series of steps that can in principle be 

executed automatically and sequentially without human intervention once a set of input files are 

defined, as summarized in Figure 1. At the  present state of implementation however  few decisions 

and checks from the user are still necessary, as discussed in the following. Here we present an 

overview focused on the strategy of the protocol, while in the next section we report implementation 

details. The starting point (Step 0) are the optimized geometries, frequencies, and high-level (HL) 

energies of the reactant and the two radical fragments that are the products of the reaction. Then, a 

reference point along the MEP is selected and the whole system (made up of the fragments at fixed 

distance) is optimized at the chosen level of theory (Step 1). The geometry obtained is in turn used 

as reference for optimizing further geometries at different fixed fragments distances along the MEP 

(Step 2). Energies along the MEP are computed using a multireference approach, using an AS that 

includes all orbitals that are directly or indirectly involved in the bond formation/breakage process 

(usually the breaking bond, all  orbitals, their respective anti-bonding orbitals, and relevant lone pair 

electrons with their orbitals). The analysis of the MEP is a bottleneck for the process, since it is not 

guaranteed that the AS guess automatically generated will include the desired orbitals both in Step 1 

as well as throughout the calculations. Thus, a manual check on the orbitals included in the AS is at 

present required. EStokTP has at this point enough information to perform VTST calculations using 

the rigid rotor harmonic oscillator (RRHO) approximation both for the recombination and the inverse 

decomposition reactions, using multireference energies to determine MEP energies for the 

recombination reaction and 0K HL enthalpy changes for the decomposition reaction (Step 3). To 

proceed with the VRC-TST protocol, it is necessary to compute correction potentials for all the points 

along the MEP for the geometry (∆𝐸𝑔𝑒𝑜𝑚) and the energy (∆𝐸𝑒𝑛) (Step 4). The former requires an 

optimization of each MEP point with the fragments placed at fixed distances using the geometry 

optimized for the successive VRC-TST calculations. Only the five coordinates that determine the 

relative positions of the fragments are optimized (these become two or four degrees of freedom in the 

case of atomic or biatomic fragments, respectively). The computation of ∆𝐸𝑒𝑛 requires a single point 

energy calculation on MEP geometries at the level of theory of the successive VRC-TST calculations. 

Apart from the manual checks on the AS consistency, all the steps afore mentioned are automatically 

performed by EStokTP and lead to the creation of the input files used by VaReCoF for the VRC-TST 

computations (Step 5). 
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Figure 1. Scheme of the semi-automatic protocol implemented in EStokTP for preparing and running 

VRC-TST calculations with VaReCoF. Initially, reactant and products are optimized with black box 

single reference methods, then the MEP is analysed by optimizing the fragments at fixed distances 

with a multireference approach. The energies are corrected to account for the different levels of theory 

of the 0K HL enthalpy change computed for reactant and products, a step necessary for VTST 

computations. Then, the correction potential, accounting for both the different level of theory between 

the MEP scan and the MC sampling and the geometry relaxation of the fragments at different 

distances is computed. Finally, MC sampling for determination of the minimum reaction flux is 

performed.

2.3.2 Implementation

The steps of the protocol implemented in EStokTP to prepare and carry out VRC-TST calculations 

are summarized in Figure 2. 

In Step 0 all the information necessary to run the protocol are generated and the level of theories for 

the different steps of the calculations (LOT) and the Z-matrix of reactant and products are defined. 

Both reactant and products are optimized at a suitable LOT, B97X-D/aug-cc-pVTZ in this work, 

with HL energies computed at the CCSD(T)/aug-cc-pVTZ level and extrapolated to the CBS as 

described in section 2.1. Frequencies are determined at the same level used for the geometry 

optimization. The geometries of the two fragments are also optimized at the same LOT and basis set 
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used for the MEP simulations, CASPT2/cc-pVDZ for the present system. The sum of the electrons 

and orbitals included in the AS of the two fragments is used as guess for the successive calculations.

Step 1 determines the first reference point along the MEP initially creating a Z-matrix using 

information on the connectivity from the Step 0 reactant and performing a low level DFT optimization 

(B97X-D/6-311+G(d,p)). Then, it generates a guess for the AS of the MEP structure and uses it to 

run a multireference optimization (at the CASPT2/cc-pVDZ level in this work). Finally, the energy 

is computed at the same LOT increasing the basis set to aug-cc-pVTZ. 

Step 2 is the repetition of the previous step for additional fixed fragments distances along the MEP. 

The guess structure is taken as the one optimized in Step 1 by modifying the distance between the 

fragments. The guess for the AS is once again generated from the AS of the isolated fragments. The 

optimization and single point calculation on the fragments at ‘infinite’ distance (usually simulated 

with fragments placed at 10 Å) is also carried out. A human check of the automatically selected 

orbitals, usually performed through direct visualization, is generally recommended. 

Step 3 allows to run an optional VTST calculation in the RRHO approximation, which is not 

mandatory for the subsequent VRC-TST work but allows to compare the two approaches. The 

energies computed along the MEP are referred to the reactants using the 0K reaction enthalpy change 

computed in Step 0.

Step 4 determines the correction potential at the LOT described in section 2.2. For each point along 

the MEP one further optimization is performed at the same LOT of Step 2. Only up to five transitional 

coordinates are optimized, while the fragments geometries are fixed to those determined at the 

CASPT2 level in Step 0. Successively, SPE multireference calculations are performed on Step 2 

geometries at the LOT employed for the MC sampling to determine the ‘high level’ energy correction 

for the potential (the ∆𝐸𝑒𝑛 term of equation 1). For the fragments at ‘infinite’ distance, a further 

energy calculation is performed, with the fragment geometries frozen as done to compute the 

geometry correction, using the coordinates that define the relative position of the fragments taken 

from Step 2 at ‘infinite’ distance, but using the structures determined at the same LOT that will be 

used for the VRC-TST calculations (CASPT2/cc-pVDZ per the present system). This energy will be 

the reference to compute relative energies in the SPE estimates performed by VaReCoF in the 

stochastic sampling. Once again, a check on the consistency of the AS is recommended. 

Step 5 collects all information generated in the previous steps and generates the vrctst working 

directory, in which all input files are collected, including the geometries of the fragments, the number 

and positioning of the pivot points, and the distance dependent correction potential. Two subfolders 

are generated to differentiate between short and long-range calculations. For short range 

computations, the pivot points are placed on or in proximity of the dissociating atoms, and it is 
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possible to add additional pivot points or repulsive potentials between specific atoms to avoid the 

influence of secondary reaction pathways in the determination of the reactive flux. As a default, 

multifaceted dividing surfaces with spherical surfaces generated using radii between 4.5 and 10.0 

bohrs are used. For long range calculations, the pivot points are placed on the centres of mass of the 

fragments and distances between 10 and 20 bohr are explored. A reference geometry along the MEP, 

2.4 Å in this work, was used to characterize a direction vector for the breaking bond and thus the 

positions of the pivot points on each fragment. VaReCoF simulations can now be run and finally the 

short and long range microcanonical energy resolved fluxes can be computed and used to run multi-

well master equation simulations with MESS, thus obtaining temperature and pressure dependent 

phenomenological rate constants.
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Figure 2. Block diagram of the semi-automatic protocol implemented in EStokTP to prepare and run 

VRC-TST calculations.
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3. Results and discussion

The presentation of the results and the discussion of the investigation of the reactivity on the 

C4H6O PES is organized as follows. First, the main isomerization pathways between MVK, 2-BUT, 

and 3-BUT are discussed. Interestingly, this is the same portion of the C4H6O PES that determines 

the reactivity on the singlet PES in the reaction between O(3P) and 1,3-C4H6. As this PES was used 

in our previous study of O(3P)+1,3-C4H6,33 we dedicate part of the discussion to this aspect. The 

successive sections examine and discuss the decomposition pathways of MVK, 2-BUT, and 3-BUT. 

Phenomenological rate constants were computed through ME simulations performed over  the full 

PES described in the following, comprehensive of the isomerization pathways described in section 

3.1 and the decomposition pathways of sections 3.2-3.4. All rate constants computed in this work 

have been fitted in the PLOG format after having being post processed using the MEL approach52 to 

lump the BD and 2-BUT species in a unique well, and are reported as Supplemental Material (SM) 

to this paper. 

3.1 Isomerization pathways on the C4H6O PES

The main isomerization pathways explored in the present work are summarized in Figure 3. The 

three most stable wells are those whose reactivity is under investigation: MVK, 2-BUT, and 3-BUT. 

Isomerization of vinyl-oxirane (VO) to MVK requires overcoming an energy barrier of 57.8 kcal/mol. 

The TS that connects VO to MVK, TS05, has strong multireference character (0.097 T1 diagnostic). 

This is indirectly confirmed by the fact that energy barriers computed using single reference 

wavefunctions change significantly with the level of theory, going from the 58.8 kal/mol computed 

at the B97X-D/aug-cc-pVTZ level to the 47.6 kcal/mol values determined at the CCSD(T) level 

extrapolated to the CBS. The CASPT2 energy barrier, 57.8 kcal/mol, was determined using a 

(14e,13o) AS and the aug-cc-pVTZ basis set. TS05 also presents a low frequency (116.08 cm-1) 

associated to the rotation of the CHCH2 group, which was treated as a 1DHR. MVK is the most stable 

isomer identified on the PES and was assumed as reference for the computation of the relative energy 

of other wells, products, and TSs. MVK can undergo keto-enol tautomerization to 2-hydroxy-1,3-

butadiene (HBD) through a 64.5 kcal/mol energy barrier. The keto form (MVK) is more stable and 

hence favored. These results can be compared with the work of So et al.12, who focused on the ground 

state PES of MVK. The energy difference they calculated between the isomers HBD and MVK at the 

G3X-K level of theory is 9.4 kcal/mol, thus similar to the 10.0 kcal/mol here determined. So et al. 

identified two additional isomerization pathways. One is tautomerization to 1-hydroxymethylallene 

(barrier of 67.0 kcal/mol and endothermicity of 24.0 kcal/mol with respect to MVK) and the second 

is cyclization to 2-methyloxetene (barrier of 53.5 kcal/mol and endothermicity of 27.1 kcal/mol with 
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respect to MVK). These reactions were not included in the current investigation as they are 

significantly slower than the decomposition channels that can be accessed from MVK and the 

isomerization channel to HBD. This is the only relevant isomerization channel for MVK (even 

isomerization to VO is at least one order of magnitude slower at all temperatures and pressures 

included in the study), and the dominant pathway at all pressures between 500 and 1100 K.

Figure 3. Main isomerization pathways active on the singlet C4H6O PES, explicitly indicating the 

entrance channel for O(3P) addition to 1,3-C4H6. Energies are reported with respect to the most stable 

isomer, MVK. The energies of TS01 and TS05 (marked with an asterisk) were computed at the 

CASPT2/aug-cc-pVTZ level using the active spaces reported in Table 1. For TS02 both the 

CCSD(T)/CBS and CASPT2 (between parenthesis) energies are reported.

3-BUT is the well of the PES from which the fastest decomposition channels can be accessed. It is 

formed by isomerization of VO through the opening of the C3 cycle and the contextual transposition 

of one of the hydrogen atoms from the terminal to a central carbon. From 3-BUT, direct isomerization 

to 2-BUT requires 71.9 kcal/mol through a single step mechanism, largely unfavored with respect to 

the keto-enol-keto tautomerization that connects 2- and 3-BUT. The enol form of both 3-BUT and 2-

BUT is 1,3-butadien-1-ol (BD). The barrier between 3-BUT and BD is 60.5 kcal/mol when computed 

at the CASPT2 level and 62.2 kcal/mol at the CCSD(T)/CBS level, while enol-keto tautomerization 

to 2-BUT requires overcoming a small barrier of 22.1 kcal/mol with respect to BD, suggesting that, 

once formed, BD is rapidly converted to 2-BUT. The conversion pathway between 2- and 3-BUT 

here identified allows 2-BUT to access the fast decomposition pathways of 3-BUT which, as 

discussed in detail in section 3.2, plays a relevant role in the decomposition 2-BUT. 
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It is now interesting to discuss the reactivity on the singlet C4H6O PES when it is accessed following 

the addition of O(3P) to 1,3 C4H6. While the addition step takes place on the triplet PES, which is 

described in detail in our previous study,33 a significant portion of the reactive flux reaches the singlet 

PES through intersystem crossing (ISC). As shown in Figure 3, we propose that the ISC flux leads to 

the formation of vinyl-oxirane (VO). This is an effective description of what is a more complicated 

process and deserves some discussion. As mentioned, the ISC process is also described in detail in 

our previous study33 of the global reactivity of 1,3-C4H6 with ground state oxygen O(3P). There, ISC 

was studied theoretically and experimentally, finding its extent amounts to 67 and 66±20% in the 

investigated experimental conditions, respectively. The major role of ISC and the active channels on 

the singlet PES are in line with the findings of previous works on C4 hydrocarbons reactions with 

O(3P), namely 1-butene55 and 1,2-butadiene56, for which ISC amounted to 50% and 70%. These 

studies can be combined with the work of Li et al.57 on ethene and ground state atomic oxygen to 

better understand the evolution of systems of unsaturated hydrocarbons and oxygen when ISC is 

active. In fact, different reaction pathways are available to the singlet diradical that is formed 

following ISC. It can either isomerize to oxirane (VO, in the case of 1,3-butadiene), to an aldehyde 

(3-BUT), to a ketone (MVK) or break into ketene and H2. As shown in previous studies isomerization 

is faster than decomposition.24,26 In addition, it can be noticed that the barrier to the formation of 3-

BUT from VO is 41 kcal/mol, whereas formation of MVK from the same well requires overcoming 

an energy barrier of 57.8 kcal/mol. This is a consequence of the stabilization by resonance of the 

diradical transition state TS01 leading to 3-BUT. This suggests that the direct flux from ISC to MVK 

is likely smaller than that leading to VO and 3-BUT, which are then the most likely wells that can be 

accessed following ISC. In addition, since the only reactive pathway of VO is isomerization to 3-

BUT, it is possible to further simplify the treatment of ISC by considering that it completely goes to 

VO, which in turn isomerizes almost uniquely to 3-BUT. 

To validate the adopted computational approach, reaction enthalpy changes calculated at 0 K are 

compared with those available in the ATcT (version 1.202)53,54 in Table 2, finding a good agreement.  

Table 2: Comparison of 0 K enthalpy changes (ΔH0
R) from this work and ATcT .

Reactants ΔH0
R (This work) ΔH0

R (ATcT)

MVK = C2H3 + CH3CO 93.78 93.97 ± 0.36

MVK = C3H6 + CO 3.45 3.99 ± 0.26

C3H6 + CO = C2H3 + CH3CO 90.33 89.99 ± 0.22
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3.2 Methyl Vinyl Ketone decomposition

The main decomposition pathways of MVK are summarized in Figure 4. MVK can either decompose 

to ketene and ethylene (with barrier TS08 of 79.5 kcal/mol) or dissociate to either methyl and 

CH2CHCO or vinyl and CH3CO. Among the concerted decomposition pathways we investigated, the 

fastest is the one leading to the formation of C2H4, which can be formed directly or through 

isomerization to HBD and its successive fragmentation. Since TS07 has a significant T1 diagnostic 

of 0.063, the energy barrier was determined at the CASPT2/aug-cc-pVTZ level, using the AS 

described in the method section. The energy barrier of TS07 is 5.4 kcal/mol higher than that of TS08, 

but the vibrational frequencies of TS07 are smaller, so that both pathways contribute to this reactions 

channel. H loss pathways were not considered as enthalpically and entropically unfavoured with 

respect to the competing pathways shown in Figure 4. The 0 K enthalpy change for the reaction 

leading to CH2C(O)CHCH2+H is 95.4 kcal/mol, which makes it considerably slower than all the other reaction 

channels.

Figure 4. Decomposition pathways of MVK and HBD. Relative energies in black refer to the results 

of this investigation, calculated at the CCSD(T)/CBS level, while red values are taken from literature 

computations carried out at the G3X-K level of theory.12 The energy of TS07 (marked with an 

asterisk) was computed at the CASPT2/aug-cc-pVTZ level using the active spaces reported in Table 

1.  

Rate constants for the barrierless decomposition channels were determined using VRC-TST. The 

decomposition of MVK to C2H3 and CH3CO was studied placing a pivot point on both fragments on 

the radical atom and shifting them in the direction of the lobes of the breaking bond orbital, while 

bond fission to CH3 and co-product included two pivot points for each fragment. Since methyl 
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reactivity is symmetric with respect to the molecular planes, a symmetry factor of 2 was used to 

account for the same reactivity of each methyl hemispheric facet. The correction potentials computed 

for both exit channels, together with their separate contribution for geometry and level of theory 

corrections, are reported in Figure 5, together with the MEP. In the case of decomposition to C2H3 

and CH3CO the energy correction is dominant along the whole MEP, while for the decomposition to 

methyl and co-product the geometry correction becomes relevant only at lower distances of the 

fragments, which is expected due to the change in methyl geometry from planar (at long distances) 

to umbrella configuration (at lower distances). 

Figure 5. Correction potential (solid), with geometry (dotted) and energy (dashed) contributions, and 

MEPs for decomposition of MVK to a) and c) C2H3+CH3CO and b) and d) CH3+ CH2CHCO.

Figure 6 reports the recombination rate constants calculated at the high pressure limit (HPL) as a 

function of the temperature. As it can be observed, the calculated rates have values comparable to the 

only literature reference but have a more significant temperature dependence. The literature estimate 

for the recombination process was performed by So et al.,12 who determined the HPL rate coefficients 

for the reverse recombination reactions selecting structurally similar reactions and the barrierless 

dissociation with a restricted Gorin model. In particular, MVK decomposition to vinyl and CH3CO 

was approximated with the reaction CH3CO + C2H5, whose rate was suggested by Tsang and 
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Hampson58 to be 3x10-11 cm3molec-1s-1. Similarly, the rate constant for CH2CHCO + CH3 was 

estimated from previous experimental studies for the reaction CH3CO + CH3. It is interesting to notice 

how the estimates by So et al. are quite reasonable, as they differ by no more than a factor of three 

from the present calculations, but that there is a qualitive difference between what is the dominant 

reaction pathway, especially at high temperatures. A comparison between the HPL rate constants for 

recombination for CH3CO + C2H3 computed using VRC-TST and VTST are reported in the SM, 

together with a brief discussion on the shortcomings of using VTST in the RRHO approximation to 

determine rate constants of barrierless reactions.

Figure 6. HPL recombination rate constants for C2H3 + CH3CO and CH3 + CH2CHCO to yield MVK. 

Solid lines represent rate constants computed in this work, dashed lines the reference values of the 

rate constants from So et al.41

Master equation simulations performed using the PES of Figure 4 show that the two barrierless 

channels dominate the decomposition at all the operating conditions considered. Dissociation to CH3 

and co-product is the fastest exit channel at all pressures and up to 750 K, while at higher temperatures 

the production of vinyl and CH3CO becomes significant above 1 atm. At 0.001 atm, the only 

important product of MVK decomposition is CH3. The rate constants for decomposition calculated 

at 0.1, 1, 10 and 100 bar are compared in Figure 7, while the calculated high pressure and PLOG rates 

are reported as SM.
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Figure 7. Main decomposition pathways of MVK reported at the HPL (solid line) and at 0.1 atm 

(dotted line), 1 atm (short dash line), 10 atm (long dash line), and 100 atm (long dash – dotted line).

3.3 3-Butenal decomposition

The decomposition pathways that can be accessed from the 3-BUT well play an important role in the 

reactivity of the singlet C4H6O PES. In addition to describing 3-BUT decomposition, they also 

describe the reactivity that follows ISC following O(3P) addition to 1,3 butadiene and contribute 

significantly to 2-BUT decomposition. Figure 8 reports the considered two barrierless exit channels 

and three molecular decomposition pathways. Fragmentation to HCO and CH2CHCH2 is favored by 

11.3 kcal/mol over the loss of a hydrogen atom from the secondary carbon adjacent to the HCO group, 

which is the most energetically favored among the H loss channels as it leads to the formation of the 

resonant stabilized CH2CHCHCHO radical. Indeed, the 0 K enthalpy change for H loss from the 3-

BUT acyl group, 87.8 kcal/mol, is considerably higher, while that for the barrierless decomposition 

channel to CH2CHO+C2H3 is 92.4 kcal/mol, which makes both reaction pathways not competitive with 

those here considered. Among the bimolecular exit channels with a barrier, decomposition to propene 

and CO through TS09 requires overcoming the smallest barrier with respect to the reactant, 43.2 

kcal/mol. The loss of molecular hydrogen is associated to the formation of a π CO bond and a 

transition state, TS10, which lies at 70.0 kcal/mol, while fragmentation through TS11 to ethene and 

CH2CO requires overcoming a slightly smaller energy barrier of 65.5 kcal/mol. 
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Figure 8. Decomposition pathways of 3-BUT, taken as reference for the energies (kcal/mol).

The rate constants for the two considered barrierless decomposition channels, to CH2CHCH2 + HCO 

and to CH2CHCHCHO + H, were computed with VRC-TST. The former was studied placing four 

pivot points on the allyl fragment and one on the HCO fragment, using a symmetry factor of 4 to 

account for the fourfold degeneracy of the resulting diving surface. The latter included a pivot point 

on the hydrogen atom and 2 pivot points, placed above and below the molecular plane, for 

CH2CHCHCHO. Figure 9 reports the computed correction potentials and MEPs for the two 

barrierless exit channels of 3-BUT. In both cases, the geometry correction is significant only below 

2.6 Å, where the larger fragment geometries change from a planar to an out-of-plane configuration. 
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Figure 9. Correction potentials (solid) with geometry (dotted) and energy (dashed) contributions, and 

MPEs for 3-BUT decomposition to a), c) HCO+C3H5 and b), d) H+CH2CHCHCHO.

The recombination rates of HCO with C3H5 and CH2CHCHCHO with atomic hydrogen to form 3-

BUT are shown in Figure 10. It can be observed that the recombination reaction of HCO with C3H5, 

has a significant negative temperature dependence, and intersects the  2x10-11 cm3molec-1s-1 estimate 

of Tsang59 at about 1000 K. The recombination of atomic hydrogen shows an inverse trend and a 

weaker temperature dependence, as also reported in the literature for similar processes60.

Figure 10. HPL recombination rate constants of HCO with CH2CHCH2 and H with CH2CHCHCHO 

to form 3-BUT. The dotted line is the Tsang and Hampson58 estimate.

The decomposition rate constants calculated at 0.1, 1, 10, and 100 atm of the main decomposition 

channels are reported in Figure 11, while the calculated high pressure and PLOG rates are reported 

as SM. The main exit channels of the PES are molecular fragmentation to propene and CO and bond 

scission to HCO and CH2CHCH2. The former accounts for more than 95% of the reactivity at all 

pressures and temperatures below 900 K. Bond scission to HCO and allyl becomes competitive at 
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both atmospheric and high pressures and temperatures above 1200 K, while decomposition to CH2CO 

and C2H4 is always several order of magnitudes slower. At the HPL and above 1700 K, the barrierless 

channel to HCO becomes dominant.

Figure 11. Main decomposition pathways of 3-BUT reported at the HPL (solid line) and at 0.1 atm 

(dotted line), 1 atm (short dash line), 10 atm (long dash line), 100 atm (long dash – dotted line).

3.4 2-Butenal decomposition

The main decomposition pathways directly accessible from the 2-BUT well, reported in Figure 12, 

are the three barrierless channels leading to the formation of CH3, H, or HCO and the respective co-

fragments, and the molecular pathway leading to the formation of CO and propene. The radical 

fragments with the lowest relative energy are atomic H and CH2CHCHCHO, at 84.8 kcal/mol with 

respect to the reactant. The other two channels require 12.9 (CH3) and 17.5 kcal/mol (HCO) more to 

break the respective bonds. The considered H loss channel is the most energetically favored with 

respect to the others possible hydrogen bond fissions from 2-BUT, as it leads to the formation of a 

secondary radical stabilized by resonance. As a comparison, the 0 K enthalpy change for the relatively 

facile H loss from the 2-BUT acyl group, 89.2 kcal/mol, is about 4 kcal/mol higher.
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Figure 12. Decomposition pathways of 2-BUT. The 2-butenal well is taken as reference for the 

calculation of relative energies for the respective reaction pathways. 

The rate constants for the three considered barrierless decomposition channels were computed using 

VRC-TST. The bond fission to atomic hydrogen and CH2CHCHCHO was studied placing one pivot 

point on the hydrogen atom and two pivot points shifted from and symmetric with respect to the 

molecular plane for the CH2CHCHCHO fragment. Bond fission to methyl and CHCHCHO was 

investigated using dividing surface constructed using two pivot points for CH3 and one for the other 

fragment, variationally shifted in the direction of the breaking bond, while for dissociation to 

CH3CHCH + HCO we used one pivot point for the formyl radical and one for the CH3CHCH fragment, 

both centred on the radical atom. Figure 13 reports the contributions to the correction potentials 

determined for the three barrierless exit channels and the respective MEPs. In all cases, the energy 

contribution becomes dominant above 3 Å. The energy contribution is almost constant at different 

fragments distances for decomposition to methyl, while it is always relevant and monotonically 

increasing for the HCO channel. The geometry contribution rapidly goes to zero for all the channels 

considered in the study. 

          
a) b) c)
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Figure 13. Correction potential (solid), with geometry (dotted) and energy (dashed) contributions, 

and MEPs for decomposition of 2-BUT to a), d) CH2CHCHCHO+H, b), e) CH3 + CHCHCHO, and 

c), f) HCO + CH3CHCH.

Figure 14 shows the temperature dependence of all three barrierless channels at the HPL. The rate 

constant for the hydrogen recombination channel is almost constant and slightly increases 

approaching 2000 K.

Figure 14. Temperature dependent HPL recombination rate constants of CH2CHCHCHO+H, CH3 + 

CHCHCHO, and HCO + CH3CHCH to yield 2-BUT. 

The rate constants for decomposition calculated at 0.1, 1, 10 and 100 atm are reported in Figure 15, 

while the calculated high pressure and PLOG rates are reported as SM.
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Figure 15. Rate constants of the main decomposition pathways of 3-BUT reported at the HPL and at 

different pressures: 0.1 atm (dotted line), 1 atm (short dash line), 10 atm (long dash line), 100 atm 

(long dash – dotted line), and HPL (solid line). 

The analysis of the decomposition pathways of 2-BUT shows that at most temperatures and pressures 

the main products are CO and propene. Interestingly, it can also be noticed that the phenomenological 

reaction rate of this channel increases with the decrease of the pressure, with the slowest rate found 

at the high pressure limit. While this seems counterintuitive, the motivation is that, according to the 

PES used for the ME simulations, decomposition to CO takes place through preliminary 

isomerization to 3-BUT and its successive decomposition to CO through TS09. The pressure 

dependence of the rate constant for this channel is therefore determined by the fact that, increasing 

the pressure, collisional stabilization of the wells visited before reaching TS09, which are BD and 3-

BUT as shown in Figure 3, increase of relevance. In this context, the HPL rate constant for 

decomposition to CO+propene of Figure 15 is the one occurring through TS12, which is hindered by 

a high energy barrier of 86.8 kcal/mol. The identification of the pathway of formation of CO in 2-

BUT decomposition has been the subject of some research in the literature. Erastova et al.20 proposed 

a two-steps elimination mechanism that takes place though the formation of the ethylketene 

intermediate, followed by its decomposition to CO and propene. The energy barriers for the two 

isomerization steps, calculated at the B3LYP/6-31+G(d,p) level, are 76.0 and 77.3 kcal/mol, thus 

significantly higher than those found in this work for isomerization to 3-BUT. These high barriers for 

the direct decomposition of 2-BUT to propene and CO are in contrast with experimental data 

extrapolated from previous works.18,61 Grela et al. studied the stability of the furan ring62 as a relevant 

member of the family of five-membered heteroaromatic rings, which naturally occurs in coal and oil, 

to investigate  the behavior of these compounds at high temperatures. Following this, they focused 
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on the pyrolysis of the most important furan derivative, 2-furaldehyde, together with benzaldehyde, 

and 2-BUT61. They employed a flow reactor operated at very low pressures and slow flow rates, 

which allowed extrapolation to the HPL when collision with the walls was accounted for. Under these 

conditions, they studied the extent of decomposition of 2-BUT as a function of temperature, between 

1040 and 1180 K. Lifshitz et al.18 also investigated the reactivity of 2-BUT, as a major product of 

2,3-dihydrofuran pyrolysis. They commented on the absence of other products in the study conducted 

by Grela et al.61 and prepared an experimental set-up to investigate the products distribution of the 

unimolecular decomposition 2-BUT. They employed reflected shocks in a single pulse shock tube 

reactor to study the pyrolysis of 0.5% crotonaldehyde in Ar between 987 and 1353 K. CO is the major 

product over the whole temperature range, together with C2H2, whose concentration is around half of 

that of CO over most temperatures investigated. Other relevant products (the ratio of their 

concentration with respect to the major product CO is always less than 25%) are CH4, C2H4 (at higher 

temperatures), and C3H6. To compare the results of the present calculations with the experimental 

CO measurements of Grela et al. and Lifshitz et al. it is necessary to account for the reaction fluxes 

coming from 2-BUT, as well as from the wells that can be accessed through isomerization from 2-

BUT in the investigated operating conditions and have phenomenological rates leading to CO, which 

are mostly BD and 3-BUT. To do that it is necessary to know the relative concentration of both BD 

and 3-BUT with respect to 2-BUT, which can either be determined through integration of the 

phenomenological rates computed by MESS, or assuming that BD and 3-BUT reach rapidly a steady 

state concentration. In the present work we used the second approach, which allowed to compute the 

rate of CO formation reported in Figure 16, where it is compared with the available experimental 

data. The calculated decomposition rates are sensitive to the TS02 energy barrier, with the 

experimental data being underestimated by the present calculations by a factor of 2-3 when using 

CASPT2 energies and by a factor of 4-5 when using CCSD(T) energies. The underestimation of the 

experimental data may be due to several reasons, among which the main are: i) the contribution of 

secondary reactivity, and in particular of radical chain pathways; ii) the existence of an alternative 

decomposition channel; iii) an overestimation of the energy barrier of TS02. In particular it would be 

possible to fit experimental data well if the energy barrier of TS02 is lowered by about 1 kcal/mol 

with respect to the value calculated at the CASPT2 level. It should though be noted that in the 

investigated temperature and pressure ranges the calculated rate of decomposition to HCO+C3H5 is 

about 10% of that of decomposition to CO and C3H6. As HCO will rapidly decompose to H and CO, 

it follows that this channel will lead to the formation of a considerable concentration of radical species, 

which may accelerate relevantly the 2-BUT reactivity, thus motivating the observed underestimation 

of the experimental data.
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Figure 16. Comparison of the calculated decomposition rate of 2-BUT to CO with the experimental 

measurements of Grela et al.61 (diamonds) and Lifshitz et al.18 (squares). Rate constants determined 

in this work were computed with the energy barrier of TS02 evaluated at the CASPT2 (continuous 

line) and the CCSD(T)/CBS (dashed line) levels of theory by solving the ME over the full PES to 

determine phenomenological rate constants and accounting for reaction fluxes coming from all wells.

4. Conclusions

This work focused on the study of the reactivity on the C4H6O singlet state PES by means of high-

level theoretical calculations. The theoretical investigation of a singlet state PES poses different 

challenges, which were addressed by employing both single and multireference approaches aided by 

the EStokTP software, and by relying on the VRC-TST theoretical framework to study barrierless 

exit channels. In particular, VRC-TST was applied with a semi-automated procedure implemented in 

EStokTP to calculate rate constants for the recombination of seven barrierless channels. The 

procedure involved the computation of a correction potential along the MEP of each barrierless 

channel and the preparation of the input files for the VRC-TST software VaReCoF. Multireference 

methods were used to sample stochastically the PES in VRC-TST simulations, and the only manual 

interventions required were due to checks of the consistency of the AS automatically selected 

throughout the protocol. The novel semi-automated procedure we implemented in EStokTP was 

successful in computing the correction potential for all seven barrierless exit channels. For these, rate 

constants were obtained through master equation simulations and are reported in the SM in PLOG 

form, for perspective successive use in kinetic simulations. Temperature dependent recombination 

rate constants were also derived for the investigated barrierless channels, which had previously not 

been determined at this level of theory in the literature.

The main decomposition pathways from the three most stable isomers on the C4H6O PES, namely 

MVK, 2-BUT and 3-BUT, were then studied. Rate constant of the main isomerization channels were 
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determined using both single reference methods as well as multireference approaches to determine 

energy barriers of saddle points having bi-radical nature. A new mechanism for the decomposition of 

2-BUT to CO and propene was proposed, which involves isomerization to 3-BUT through an enol 

intermediate. The calculated rate of formation of CO underestimates experimental data by a factor 

comprised between 2 and 5, depending on the level of theory at which the energy barrier for the 

isomerization step is computed. The disagreement may be determined either by the impact of 

secondary chemistry, as it is found that radical formation pathways are active parallel to CO 

decomposition at relevant rates, or to an underestimation of the calculated energy barrier. It would be 

useful to address this point through successive studies in which kinetic simulations are used to 

interpret experimental measurements. The rate constants computed in this work, reported in the SM 

in the PLOG format in ample temperature and pressure ranges, provide a useful resource both to 

further investigate the systems here studied, as well as to be included in kinetic mechanisms dedicated 

to the study of the reactivity of biofuels in which unsaturated aldehydes and ketones may appear as 

intermediate species. 
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