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Abstract
The reactivity of aldehydes has been the subject of considerable interest in chemical kinetics, with propanal often chosen as 
the representative species. Despite its relevance, the reactivity of propanal is currently estimated from analogy and fitting 
of experimental data measured in limited temperature and pressure ranges, while the few literature theoretical studies have 
focused more on the exploration the potential energy surface (PES) than on the estimation of rate constants. The purpose 
of this work is to reinvestigate the propanal decomposition kinetics using the ab initio transition state theory based mas-
ter equation approach with the intent of: (1) Determining accurate rate constants of key reaction channels; (2) Updating 
and validating an existing kinetic model by simulating available experimental data on propanal pyrolysis. It is found that 
propanal decomposition at the initial stages of pyrolysis occurs through four unimolecular barrierless reactions to form 
CHO + C2H5, CH2CHO + CH3, CH3CHCHO + H, and CH3CH2CO + H, and a termolecular pathway leading to the forma-
tion of C2H4 + CO + H2. High pressure rate constants were determined for each barrierless reaction channel using Variable 
Reaction Coordinate Transition State Theory and used to estimate phenomenological temperature and pressure dependent 
channel specific rate constants integrating the 1 dimensional master equation over the whole PES. The decomposition rate 
constants so determined are in agreement with the few available experimental data and significantly faster than previous 
literature estimates. The estimated kinetic parameters were finally implemented into the CRECK kinetic mechanism, leading 
to an improved agreement with shock tube pyrolysis data from the literature.
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1  Introduction

Aldehydes are formed as intermediate species or products 
in many gas phase reactive systems of interest to the chemi-
cal kinetics community. They are recognized as possible 
precursors of complex organic molecules in the interstellar 
medium [1, 2] and are preferentially formed in low tem-
perature combustion environments from any hydrocarbon 
fuel [3]. Moreover, the interest in pyrolysis and combus-
tion of carbonyl compounds has increased due to the recent 
surge in popularity of sustainable fuels from biomass [4]. 
These are indeed complex mixtures of hydrocarbons car-
rying the chemical functionalities of the starting feedstock 
with high concentrations of oxygenated species with one or 

more substitutions (e.g. –OCH3, –OH). On one hand, such 
fuels are found to inhibit soot formation, on the other hand 
they lead to the formation of toxic side products, such as 
aldehydes and acids. High concentrations of oxygenated pol-
lutants have been observed in exhaust gases from internal 
combustion engines [5, 6] and from gasification processes 
of biomass wastes [7]. An experimental investigation by 
Pang et al. [8] examined the carbonyl emissions from a bio-
diesel–ethanol–diesel blend and a conventional diesel fuel 
from fossil sources in internal combustion engine experi-
ments. At every speed and engine load conditions inves-
tigated the most abundant carbonyl compounds, from the 
highest to the lowest, were acetaldehyde, formaldehyde, 
acetone, and propanal, thus highlighting the importance 
of investigating the reactivity of C3 oxygenated molecules. 
Also, low molecular weight molecules carrying different 
oxygenated functional groups (e.g. carbonyl, hydroxyl) are 
useful representative compounds to describe the reactivity 
of higher molecular weight molecules belonging to the same 
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family by means of the definition of analogy based rate rules 
[9].

Among the C3 oxygenated compounds, n-propanol 
and iso-propanol are probably the most largely character-
ized due to the long lasting interest in alcohol fuels. The 
combustion of propanol isomers has been widely analysed 
through experimental studies and modelling validations [10] 
in several reactor configurations [11], also pointing at the 
key role of aldehydes carrying the same C3 backbone in 
fuel ignition and flame propagation experiments [12]. The 
number of literature studies on propanal (C2H5CHO) how-
ever, is significantly more limited, although it is generally 
included in core subsets of kinetic mechanisms and used as 
an archetypal species to describe the pyrolysis and oxida-
tion of other organic compounds, including C3+ aldehydes 
[13, 14]. Overall, the characterization of propanal reactivity 
in pyrolysis and oxidation environments is of relevance to 
many aspects of sustainable energy, waste valorization, and 
climate change mitigation and emissions reduction [15]. A 
good number of detailed kinetic models have been proposed 
in the literature [16–25]. However, the kinetics of primary 
unimolecular decomposition steps has not been addressed 
with state of the art fundamental approaches.

The decomposition mechanism of propanal was first 
investigated by Lifshitz et al. [18]. The thermal decompo-
sition of propanal in argon was studied in a single-pulse 
shock tube behind reflected shocks over the 970–1300 K 
temperature range. They identified and quantified the main 
decomposition products with their relative abundance and 
proposed a free radical chain mechanism initiated by two 
unimolecular decomposition reactions:

Propanal decomposition was successfully modelled with 
a reaction scheme containing 22 species and 52 elementary 
reactions. Later, Kasper et al. [17] measured the concentra-
tion of several species, including radicals, in a stoichiometric 
propanal premixed flat flame using molecular beam mass 
spectroscopy. At a pressure of 5000 Pa and temperatures 
in the 1000–1500 K range, they observed the formation of 
C4–C6 oxygenated molecules, which were hypothesized to 
derive from C1–C3 radical additions to C2H5CHO or C3H4O. 
Only a qualitative proposal for the overall mechanism was 
made, highlighting the need for a comprehensive detailed 
kinetic model. Veloo et al. [16] pointed out the poor number 
and the limitations of previous experimental and modelling 
studies proposing new laminar flame speed measurements, 
jet stirred reactor speciation data, and a detailed kinetic 
model including 1618 reactions and 327 compounds to 
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interpret the experimental findings. In 2015, Pelucchi et al. 
[19] presented new single-pulse shock tube data and ignition 
delay times for the series of C3–C5 linear aldehydes (i.e., 
propanal, n-butanal, and n-pentanal) and released pyrolysis 
and high temperature oxidation sub-mechanisms, coupled 
to two known kinetic frameworks: the NUIG mechanism 
[26–30] and the CRECK model [19, 31–33]. Reaction 
classes included unimolecular initiation and H-abstraction 
reactions, radical decompositions, and isomerizations. The 
initiation reactions included the unimolecular dissociations 
to ethyl (R1) and methyl (R2) hypothesized by Lifshitz [18], 
in addition to three different H loss channels:

Temperature and pressure dependent rate constants were 
estimated from the inverse radical–radical recombination 
process by applying a simplified three frequency version of 
QRRK/MSC [34] that is, nowadays, largely overcome. The 
predicted branching ratios for R1-R5 were 66.5, 32.9, 0.6, 
0.0, 0.0 at 1000 K and 65.6, 31.4, 2.7, 0.2, 0.1 at 1500 K, 
respectively. Both NUIG and CRECK mechanisms repro-
duced the experimental behaviour of propanal in terms 
of temperature dependence of fuel decomposition and of 
products profiles, with some deviation in acetylene predic-
tions and underestimating the concentrations of propane and 
propene.

Only a few theoretical studies have investigated propanal 
reactivity. Chin and Lee [35] investigated the singlet C3H6O 
PES, accessed from C2H5CHO, including both bi- and ter-
molecular decomposition channels. Geometries and frequen-
cies were obtained with Density Functional Theory (DFT) at 
the B3LYP/6-311G(d,p) level, while energies were estimated 
at the CCSD(T)/6-311G(3df,2p) level. It was found that, in 
addition to the R1-R5 barrierless decomposition processes, 
a sixth termolecular decomposition channel contributes to 
propanal reactivity:

The calculated energy barrier and reaction enthalpy are 
72.2 and 26.7 kcal/mol, while reaction energies for the 
formation of ethyl (R1) and methyl (R2) radicals were 80.6 
and 81.1 kcal/mol, respectively. Branching ratios were 
computed using RRKM theory for the molecular chan-
nels and Variational Transition State Theory (VTST) for 
barrierless bond fissions. The reported secondary chan-
nels included direct dissociation to CO and ethane (bar-
rier of 83.7 kcal/mol), loss of H2 (barrier of 77.1 kcal/
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mol), propanal isomerization from cis (minimum energy) 
to gauche configuration, and homolytic H loss from the 
carbonyl group. Cavallotti et al., who studied extensively 
the reaction of O(3P) with unsaturated hydrocarbons using 
the ab initio transition state theory-based master equation 
(AITSTME) approach [36–40], recently investigated the 
portion of the C3H6O triplet PES accessed from the addi-
tion of O(3P) to propene [41, 42]. It was found that it can 
lead, upon terminal addition of oxygen to propene and 
Intersystem Crossing (ISC), to the singlet PES and even-
tually to the formation of propanal. Stationary points and 
transition states were studied at the CASPT2/aug-cc-pVTZ 
level with active spaces of different size. The energies of 
wells that did not exhibit multireference behavior were 
also computed at the CCSD(T) level with extrapolation 
to the complete basis set (CBS). The reactivity over the 
C3H6O PES was studied determining RRKM microcanoni-
cal rate constants and integrating stochastically the 1D 
master equation (ME), explicitly accounting for hindered 
rotations and including tunnelling contributions. The sin-
glet state propanal PES included dissociations to ethyl and 
methyl (R1, R2), the termolecular decomposition channel 
(R6), and isomerization to methyl oxirane, which has a 
barrier higher than R6. Rate constants of barrierless reac-
tions were determined with VTST.

In the present work the propanal singlet PES is re-exam-
ined with the intent of determining the main decomposi-
tion pathways in large temperature and pressure ranges. 
On the basis of the previous experimental and theoretical 
findings discussed above it was decided to focus the inves-
tigation on the R1-R4 barrierless decomposition reactions, 
and on R6 decomposition to ethylene, carbon monoxide, 
and molecular hydrogen, which is expected to be the fast-
est among the activated molecular channels. It should be 
noted that the level of theory used in the present work is 
much higher both with respect to the simple estimate based 
on analogy for high pressure rate constants, as well as for 
the QRRK estimate of the pressure dependence used in 
previous studies [19]. As a consequence, we expect that 
the rate constants determined in this work with state of the 
art computational methodologies constitute a significant 
step forward in the understanding of the chemical reactiv-
ity of aldehydes.

To explore the impact on existing mechanisms, the com-
puted rate constants were implemented in the latest version 
of the CRECK kinetic mechanism and used to simulate 
experimental data from the literature. The paper is organized 
as follows: the theoretical approach and methodology are 
described in Sect. 2. Section 3 reports the results covering 
the PES investigation, the determination of decomposition 
and recombination reaction rate constants, and the impact 
of these on kinetic simulations of the pyrolysis experiments 
of Lifshitz et al. [18] and Pelucchi et al. [19].

2 � Methods

2.1 � Ab initio simulations and rate constants 
estimation

The reactivity of propanal was theoretically investigated 
using the AITSTME approach [43] to compute rate con-
stants for the main reaction channels: homolytic bond 
scissions to produce ethyl, methyl, or hydrogen radicals 
(R1–R4), their reverse recombination (R1B–R4B), and 
the 3-body dissociation (R6). Structures, gradients, and 
Hessians of all stationary points, saddle points, and van 
der Waals wells were determined at the ωB97X-D/aug-cc-
pVTZ level using an ultrafine grid [44]. A conformational 
analysis over selected dihedral angles was performed at the 
ωB97X-D level with the 6–311 + G(d,p) basis set with the 
aim of determining minimum energy structures. An Intrin-
sic Reaction Coordinate (IRC) scan was performed for the 
R6 reaction at the ωB97X-D/jun-cc-pVTZ level. Internal 
torsional motions characterized by low energy barriers 
were treated as hindered rotors with hindrance potentials 
determined at the ωB97X-D/6–311 + G(d,p) level. Ener-
gies were computed at the CCSD(T)/aug-cc-pVTZ level 
and corrected for the inclusion of core electrons correla-
tion at the CCSD(T,core)/cc-pCVTZ level. An extrapola-
tion to the complete basis set (CBS) limit was performed 
using the scheme proposed by Martin [45] and density 
fitted (DF) MP2 energies, as recently described in [46]. 
On the basis of extensive comparison with experimental 
data, we expect that the accuracy of this method is within 
1 kcal/mol, or better, for 0 K reaction energy changes and 
of similar accuracy for energy barriers for systems that 
do not present multireference character. When available, 
energy differences were compared with the Active Ther-
mochemical Tables (ATcT) [47, 48] values and literature 
theoretical estimates.

The rate constant for reaction R6, the only one with a 
barrier among those investigated, was determined using 
microcanonical variational transition state theory, as 
implemented in MESS [49], using vibrational frequencies 
computed after converting the Hessian in internal coordi-
nates, using the algorithms implemented in EStokTP [50]. 
Rate constants of barrierless reactions were determined 
using variable reaction coordinate transition state theory 
(VRC-TST) [51–53], as implemented in VaReCoF [54], 
using the semi-automatized procedure implemented in 
EStokTP. Briefly, the adopted approach consists in deter-
mining the minimum energy path (MEP) by performing 
constrained optimizations as a function of the breaking 
bond coordinate for about 10 points in the 2–4 Å range. 
Structures, energies, and Hessian for each point along the 
MEP were determined at the CASPT2/jun-cc-pVTZ level 
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using a (4e,4o) active space consisting of the σ and σ* 
bonding and antibonding orbitals of the breaking bond 
and of the π and π* orbitals of the carbonyl group. All 
CASPT2 calculations were performed using an IPEA level 
shift of 0.25. In order to test the impact of the size of 
the active space on the simulation results, for R2 a larger 
(10e,9o) active space was used. In addition to the (4e,4o) 
active space described above, it included the oxygen lone 
pair (2e,1o), and the C–O and C–C σ and σ* orbitals of the 
CH2CHO fragment (4e,4o). High level single point ener-
gies were determined for each optimized structure at the 
CASPT2(4e,4o)/aug-cc-pVTZ level. The correction poten-
tial used for VRC-TST simulations consists of two terms: 
geometry relaxation and high level energy correction. It 
was computed through two separate calculations: a con-
strained optimization performed at the CASPT2(4e,4o)/
jun-cc-pVTZ level, in which the fragment geometries are 
kept rigid and the only degrees of freedom that are opti-
mized are the five that determine the relative position of 
the fragments, and a CASPT2(2e,2o)/cc-pVDZ calculation 
performed using the same geometry adopted to compute 
the high level energy. The differences between complete 
and constrained geometry optimization and between high 
level single point and CASPT2(2e,2o)/cc-pVDZ ener-
gies determine the two additive terms of the correction 
potential. The correction potential was then added to the 
energies determined in the stochastic scan performed over 
the dividing surfaces by VaReCoF, which is used to deter-
mine the information necessary to estimate the reactive 
fluxes. Single point energies in VRC-TST simulations were 
determined at the CASPT2(2e,2o)/cc-pVDZ level, using 
an active space composed of the σ and σ* orbitals of the 
breaking bond.

VRC-TST calculations were performed using multifac-
eted spherical dividing surfaces constructed from pivot 
points placed along the breaking bond, whose direction 
vector was determined from a constrained optimization 
performed at a fragment separation of 2.4 Å. This geometry 
was chosen as reference as it allows identifying properly 
the direction of maximum interaction between the orbitals 
of the radical centers of the two fragments, thus that of the 
breaking bond, not only for this geometrical configuration, 
but for all the minimum energy geometries encountered 
along the reaction path during the recombination process, 
as found during the MEP scan that is performed preliminar-
ily to VRC-TST calculations. It should be noted that pivot 
points are shifted in VRC-TST to minimize variationally the 
reaction flux. Two pivot points, displaced perpendicularly 
to the molecular plane in opposite directions, were used for 
the CH3 and C2H5, fragments, while only one was used for 
the H atom fragment. Four pivot points were used for the 
CH2CHO and CH3CHCHO fragments, placed on the reac-
tion center and on the oxygen atom, above and below the 

molecular plane, and one on the CHO fragment, centered 
on the C atom. Two pivot points were used for CH3CH2CO, 
both placed on the plane of the carbon chain backbone in 
the direction of the breaking bond, on opposite sides of the 
radical carbon center. Pivot points centered on atoms were 
not shifted in the construction of the dividing surfaces, while 
those placed outside the molecular planes were displaced by 
0.01, 0.3, and 0.5 bohrs perpendicularly to the plane. For R1, 
additional surfaces were constructed by placing the pivot 
points at 0.1 bohrs from the atomic centers. If multifaceted 
dividing surfaces were built, the total flux was estimated on 
a single face accounting for the symmetry of the dividing 
surfaces through the proper proportionality factor. In the 
case of R3, two pivot points were placed on the first frag-
ment and shifted in opposite directions by 0.01, 0.3, and 0.5 
bohr. However, the reactive flux was estimated only from the 
side of the multifaceted surface containing the radical center 
orbital, as the back side was considered as non reactive. Dis-
tances between the radical centers of the fragments were 
varied between 2.25 and 6 Å. For reaction R1, two repulsive 
potentials were added to the correction potential. The first 
one between the oxygen atom and the methyl carbon atom, 
to cancel the contribution of fluxes leading to CH3 addition 
to O, and the second one between the ethyl radical center and 
the aldehydic hydrogen, in order to exclude the reaction flux 
leading to H abstraction. The use of repulsive potentials to 
eliminate the portions of the sampled reactive flux leading 
to unwanted reaction products is expected to have an impact 
on the simulation results similar to that obtained using mul-
tifaceted dividing surfaces and is necessary to cancel from 
the sampling performed on the spherical dividing surfaces 
the configurations that most likely lead to the formation of 
reaction products different from those studied. In the case of 
reaction R2, a repulsive potential was placed on the aldehy-
dic hydrogen for the same reason. In addition to VRC-TST 
calculations, high pressure rate constants of the barrierless 
channels were also determined using VTST, which allowed 
to perform a comparison of the rate constants calculated at 
the two levels of theory.

All recombination rate constants were multiplied by flat 
correction factors of 0.9 to account for recrossing, as often 
done in VRC-TST calculations [53].

Phenomenological rate constants were determined using 
the MESS software and solving the multi-well 1D Master 
Equation (ME) over a PES consisting of reaction chan-
nels R1–R4 and R6 in the 300–2000 K and 0.1–100.0 atm 
temperature and pressure ranges, respectively. Collisional 
energy transfer parameters were computed as suggested 
by Jasper for a mixture with an Ar bath gas using the sin-
gle exponential down model [55]. Since aldehydes are not 
included in the set of chemical species parameterized by Jas-
per, it was assumed by analogy that propanal and the corre-
sponding alcohol, propanol, have a similar collisional energy 
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transfer behaviour. The downward energy transfer param-
eter so determined is < ΔEdown >  = 397(T/300)0.52 cm−1. The 
collisional frequency for C2H5CHO was estimated using a 
Lennard–Jones model with σ = 4.14 Å and ε = 224.0 K, also 
determined by analogy from the work of Jasper.

All DFT calculations were performed using Gaussian 
[56], while CCSD(T), MP2, and CASPT2 multireference 
energies were determined with Molpro [57]. Vibrational 
frequencies along the MEP were determined with EStokTP 
[50], which was also used to automate most of the calcula-
tion steps, such as conformational scans, 1DHR scans, deter-
mination of guesses for TSs, and evaluation of symmetry 
numbers. EStokTP also implements a protocol to prepare 
the inputs necessary for VTST and VRC-TST calculations.

2.2 � Kinetic simulations

Kinetic simulations were performed in order to test the 
impact of the calculated rate parameters on the predictivity 
of existing kinetic mechanisms, in particular, focusing on 
the latest version of the CRECK mechanism [58]. For this 
purpose, the computed rate constants were fitted in the modi-
fied Arrhenius form k = k0T

�e−Ea∕RT (units mol, cm3, s, cal) 
through nonlinear regression and expressed in CHEMKIN 
format. Pressure dependence was accounted for by fitting 
the rate constants determined through the ME integration 
at four different pressures, 0.1, 1.0, 10.0, and 100.0 atm in 
the PLOG format. Rate constants are reported in Section 
S1 of the Supplementary Information (SI). The latest ver-
sion of the CRECK mechanism contains the reactions of 
dissociation of propanal to C2H5 (R1) and CH3 (R2), and 
their reverse rates (R1B, R2B), computed through detailed 
balance. In the present work the rate constants of these 
reactions were updated with the computed estimates, while 
R3, R4, and the termolecular R6 reaction were added to the 
mechanism. The original and modified kinetic mechanisms 
were used to simulate the shock tube experimental studies 
of the pyrolysis of 3% propanal in Ar performed by Pelucchi 
et al. [19] and 1% propanal in Ar performed by Lifshitz [18] 
using the OpenSMOKE +  + suite of programs [59]. Simula-
tions were performed with the latest release of the CRECK 
mechanism [58] (CRECK 20_03, March 2020 version), in 
its original version and modified through the inclusion of 
the reaction rates estimated in this work. The CRECK 20_03 
kinetic mechanism, formulated so that it is apt to describe 
high temperature (HT) pyrolysis and combustion of C1–C3 
species, consists of 114 species and 1999 reactions prior to 
modifications. It should be noted that the shock tube simu-
lations were performed using a non isothermal model, as 
implemented in OpenSMOKE +  + , which is able to properly 
account for temperature changes with conversion that can be 
determined by the reaction endothermicity.

3 � Results

3.1 � Potential energy surface

The PES used to describe the propanal decomposition mech-
anism is shown in Fig. 1. It reports high level CCSD(T)/
CBS reaction energies computed as described in the method 
section with respect to the reactant well, C2H5CHO. A sum-
mary of the reaction energies computed in this work, previ-
ous literature estimates, and the ATcT values is reported in 
Tables 1 and 2 for values at 0 and 298.15 K, respectively.

It can be noticed that the 0 K energy changes of R1 and 
R2 in this work are close, differing by just 0.2 kcal/mol, 
with the channel leading to C2H5 + CHO being energetically 
favoured. This opens up the interesting question about which 
channel is going to be the fastest at equal reaction endother-
micity. While the energy changes calculated in the present 
work are in excellent agreement with the ATcT values, from 
which they differ by less than 0.2 kcal/mol, a difference can 
be observed with previous literature estimates. In particu-
lar, it is found that the reaction energy changes computed 
by Chin and Lee [35] at the CCSD(T)/6–311 + G(3df,2p)//
B3LYP/6-311G(d,p) level differ by the ATcT values by 
more than 1 kcal/mol. Leonori et al. [42] used an extrap-
olation to the CBS limit from the aug-cc-pVDZ and aug-
cc-pVTZ basis sets, finding a maximum error of 0.9 kcal/
mol. Part of it is due to neglecting core electron cor-
relation, which accounts for about 0.2 kcal/mol for the 
C2H5CHO→CHO + C2H5 reaction energy change. The 

Fig. 1   Portion of the propanal PES investigated in this work, contain-
ing all the reaction channels found to contribute significantly to the 
decomposition mechanism: four barrierless dissociation channels and 
the three-body dissociation (TS3b) to C2H4 + CO + H2
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remaining 0.4 kcal/mol of difference with respect to the 
present calculations can be explained by the use of smaller 
basis sets for the CBS extrapolation. Despite the difference 
in the theoretical estimates of 0 K bond enthalpies for R1 
and R2 performed at different theoretical levels, it is though 
interesting to notice that all calculations are in reasonable 
agreement with experimental data. This holds true also for 
the computations performed by da Silva and Bozzelli [60] 
and Pelucchi et al. [19] at 298 K, where the calculated endo-
thermicity of the reactions only slightly exceeds the ATcT 
reference enthalpies. The enthalpy difference between R1 
and R2 is the largest in the work of Pelucchi et al. (i.e., 
1 kcal/mol), which can be explained by the fact that bond 
energies were computed using an analogy-based group addi-
tivity method.

The relative strengths of the C–H bonds indicate that the 
aldehydic H loss is favoured among the H loss channels, 
as found also by da Silva and Bozzelli [60] and Pelucchi 
et al. [19]. The calculations of Chin and Lee [35] underes-
timate the present theoretical estimate by about 2 kcal/mol. 

It can also be noticed that the reaction endothermicity for 
H loss from the C2 carbon atom is similar, differing only 
by 1.3 kcal/mol. The C–H bond dissociation enthalpy for H 
loss from the terminal methyl group was computed as well 
and it was found, as expected, that the energy change for this 
reaction channel (R5) is considerably higher. The calculated 
value of 100.3 kcal/mol is indeed in line with bond enthalp-
ies of primary hydrogen atoms found in hydrocarbons [9]. 
The high endothermicity of the R5 channel is the reason 
why it was not included among the investigated propanal 
reaction pathways.

The concerted decomposition reaction to form 
CO + C2H4 + H2 (R6) was included among the main path-
ways contributing to propanal decomposition since, as found 
in previous literature studies [35, 42], it is the channel with 
the lowest energy barrier among those that proceed through 
a saddle point. Therefore, though entropically unfavoured 
with respect to bond scission reactions, it is likely to con-
tribute significantly to the reactivity at low temperatures. 
It is interesting to compare the 0 K bond enthalpies com-
puted in this work with the enthalpies calculated using the 
thermochemical database by Klippenstein et al. [61], who 
determined 0 K enthalpies of formation for 348 hydrocar-
bons, oxygenated, and nitrogen containing species relevant 
in combustion systems, at the very accurate ANL0 level 
of theory. The endothermicity of R1 and R2 is once more 
found to be similar, with R2 being slightly more endother-
mic (0.3 kcal/mol against the 0.2 kcal/mol from this work). 
The ANL0 database reports additional data with respect 
to the ATcT [62], which allowed us to compare the bond 
enthalpies of R3, R4, R5, and R6 calculated in this work 
with the ANL0 estimates. The agreement between the two 
sets of calculations is quite good, and it is interesting to 
notice that all bond enthalpies from this work differ by less 
than 0.4 kcal/mol with respect to the results obtained with 
the ANL0 method.

Table 1   Comparison of calculated bond dissociation enthalpies [kcal/
mol] at 0  K, inclusive of ZPE corrections, with literature estimates 
from Leonori et al. [42], Chin and Lee [34], Klippenstein et al. [61] 

and ATcT [62] reference values. Missing ATcT values indicate the 
absence from the database of at least a species involved in the reac-
tion

a 0 K—aCCSD(T)/CBS + core energies on ωB97X-D/aug-cc-pVTZ structures
b 0 K—CCSD(T)/CBS or CASPT2/aug-cc-pVTZ energies on CASPT2/aug-cc-pVTZ structures
c 0 K—CCSD(T)/6–311 + G(3df,2p) energies on B3LYP/6-311G(d,p) structures
d 0 K—ANL0 method

Reaction channel C2H5CHO→ This worka Leonorib Chinc Klippensteind ATcT

CH3CH2 + CHO (R1) 82.2 81.6 80.6 81.8 82.17 ± 0.13
CH2CHO + CH3 (R2) 82.4 81.3 81.1 82.1 82.21 ± 0.21
CH3CH2CO + H (R3) 88 86.1 88.2
CH3CHCHO + H (R4) 89.3 89
CH2CH2CHO + H (R5) 100.3 100.3
CO + C2H4 + H2 (R6) 27.9 27.9 26.7 27.9 28.26 ± 0.09

Table 2   Comparison of literature bond dissociation enthalpies [kcal/
mol] at 298.15 K from da Silva and Bozzelli [60], Pelucchi et al. [19] 
and ATcT [62] reference values. Missing ATcT values indicate the 
absence from the database of at least a species involved in the reac-
tion

a 298 K—CBS-APNO method
b 298 K—evaluation of bond dissociation energies by analogy

Reaction channel C2H5CHO→ ATcT da Silvaa Pelucchib

CH3CH2 + CHO (R1) 83.37 ± 0.13 83.8 84.4
CH2CHO + CH3 (R2) 83.45 ± 0.21 83.7 83.5
CH3CH2CO + H (R3) 89.3 89
CH3CHCHO + H (R4) 90.2 91.9
CH2CH2CHO + H (R5) 102.4
CO + C2H4 + H2 (R6) 30.69 ± 0.09



Theoretical Chemistry Accounts (2023) 142:118	

1 3

Page 7 of 15  118

3.2 � Barrierless channels

The MEP potentials calculated for the four barrierless 
reaction channels investigated in this work are reported in 
Fig. 2. Each potential was estimated at two different lev-
els of theory. At the highest, energies are computed at the 
CASPT2(4e,4o)/aug-cc-pVTZ (atz) level on geometries 
optimized at fixed lengths of the breaking bond at the 
CASPT2(4e,4o)/jun-cc-pVTZ level. At the lowest, energies 
are computed at the CASPT2(2e,2o)/cc-pVDZ (dz) level on 
the geometries used for the successive VRC-TST stochastic 
sampling.

All the reported MEP potentials do not include ZPE cor-
rections. Regarding R2, the MEP built with a larger (10e,9o) 
active space was also reported to show the limited influ-
ence of the size of the active space in the calculations. It is 
observed that the MEP profiles with an atz basis set com-
puted with the two active spaces are almost superimposed 
when the fragment separation is above 3 Å. Below this 
threshold, the larger active space is more attractive, which 
leads to a slight decrease of the correction potential. In all 
cases, it is found that the CASPT2(2e,2o)/dz MEP potential 

underestimates the interaction between the fragments. This 
is accounted for in the VaReCoF implementation of VRC-
TST through a correction potential, whose geometric and 
energetic contributions are reported in Fig. 3.

The energy correction term of the correction potential 
originates from the difference between the high level ener-
gies computed with a larger basis set and active space and 
the energies calculated at the level of theory used for the 
VRC-TST stochastic sampling. The geometry relaxation 
term of the correction potential stems from the use of fixed 
fragments geometries in the stochastic sampling and hence 
it accounts for the energy gained for fragments relaxation 
along the MEP. The geometry correction term shown in 
Fig. 3 generally decreases at lower fragments separation, but 
this is not the case for R3. Comparing the loss of the H atom 
from the carbonyl group (R3) and the central carbon (R4), 
the latter involves a change of hybridization of the formed 
CH3CHCHO radical from sp3 to sp2, which leads to a greater 
geometry contribution to the correction potential as the frag-
ments are brought closer to each other. On the other hand, 
the separation of the H atom from the CH3CH2CO radical 
does not imply a major conformational change, so that at low 

Fig. 2   MEP potentials for propanal decomposition reactions leading 
to a CH3CH2 + CHO (R1), b CH3 + CH2CHO (R2), c CH3CH2CO + H 
(R3), and d CH3CHCHO + H (R4) calculated at the CASPT2(4e,4o)/

aug-cc-pVTZ (dashed) and CASPT2(2e,2o)/cc-pVDZ (dotted) levels. 
The MEP for R2 was also determined using the (10e,9o) active space 
(solid)
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fragments separation the energy difference between relaxed 
and constrained geometries does not decrease systematically. 
The energy contribution shows a similar trend, decreasing at 
lower fragments distance. For R4, it reaches an almost con-
stant value below 2.4 Å. The energetic correction is always 
the dominant contribution to the correction potential above 
3 Å. All MEP and correction potential calculations for R2 
were performed only above 2.4 Å, as the molecular con-
figuration along the MEP changes significantly below this 
threshold, since the methyl radical orientation with respect 
to the CH2CHO fragment changes from in plane to out of 
plane relatively to the CCHO backbone.

While the experimental estimation of decomposition 
rates is complicated by the need of accounting for second-
ary reactivity, the determination of elementary rate constants 
for the inverse recombination processes can be performed in 
temperature and pressure conditions where their impact is 
negligible. Thus, experimental data for radical recombina-
tion reactions forming aldehydes is available in the literature 
for reaction R1B. This type of study usually exploits photo-
dissociation of the parent molecule. An example is the work 
of Zhu et al. [63], who post-processed the time dependent 

profiles of the radicals generated via photolysis at 293 ± 2 K 
and 3 torr of propanal partial pressure in the 280–330 nm 
region to estimate the rate constants of three recombination 
reactions. These included formyl and ethyl recombination to 
propanal, for which a rate constant of kR1B = 6.5 ± 1.5 × 10–11 
cm3/s was reported. Baggot et al. [64] studied the photoly-
sis of five C2–C4 aldehydes at 308 nm, by using both end-
product analysis and time-resolved techniques. They moni-
tored the concentration of CHO over time following flash 
photolysis at 297 ± 2 K. Rate constants were determined for 
different recombination reactions, including the recombi-
nation of formyl and ethyl radicals: kR1B = 7.2 ± 1.6 × 10–11 
cm3/s. Results from theoretical calculations are compared 
with experimental values in Fig. 4, showing, in the case of 
VRC-TST, an excellent agreement (i.e., < 20%).

The high pressure recombination rate constants calcu-
lated in this work in the 300–2000 K temperature range 
are reported in Fig. 5. It can be observed that, as expected, 
H atom recombination reactions are the fastest. There is 
though a significant difference in the computed temperature 
dependence, with H recombination on the aldehydic car-
bon the fastest and almost temperature independent, while 

Fig. 3   Correction potential (solid) and its geometry (dash-dot) and energy (dashed) contributions for reactions leading to a CH3CH2 + CHO 
(R1), b CH3 + CH2CHO (R2), c CH3CH2CO + H (R3) and d CH3CHCHO + H (R4)
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the recombination rate on the secondary carbon radical site 
increases almost by a factor of three between 300 and 2000 
K. Such a high temperature dependence is rarely observed 
in H recombination reactions (see for example [65]), and it 
may be determined by the fact that in the calculations the 
competitive H recombination channel on the oxygen atom, 
leading to the formation of the enol adduct, has not been 
considered. This may lead to a decrease of the low tempera-
ture reactive flux, as the multifaceted dividing surface for 
the two reactive channels, being farther from the reactive 
centers, may partially overlap and have similar potential, 
thus becoming a competitive reaction channel. On the other 
side, the recombination of formyl (R1B) and methyl radi-
cals (R2B) with the respective co-products shows an inverse 

trend, slowing down as the temperature increases. The HPL 
rate constants for the investigated recombination reactions 
are reported in the SI.

It is worth to focus on the R1B reaction, namely the 
recombination of C2H5 and CHO, for which experimen-
tal data are available at room temperature as anticipated 
in Fig. 4. In addition to the experimental values [63, 64] 
the recommendation by Tsang and Hampson [66] is also 
reported in Fig. 4 together with the results from the present 
ME simulations, performed using both VRC-TST and VTST 
theories. It can be noted that the rate constant computed 
with VRC-TST is in good agreement with experimental data, 
which are overestimated by VTST by about a factor of 2 at 
300 K. As the temperature increases, the VTST and VRC-
TST rate constants become similar, differing by just 10% at 
2000 K. The loss of accuracy observed for VTST at low tem-
peratures can be explained in terms of the loss of accuracy 
of the harmonic approximation used to compute the density 
of states along the MEP in VTST. In fact, as the tempera-
ture decreases the dividing surface position moves to larger 
fragment separation, where the attractive potential is small. 
In these conditions, the Rigid Rotor Harmonic Oscillator 
approximation used in VTST fails to describe properly the 
large amplitude motions of the transitional degrees of free-
dom describing the relative orientation of the two fragments.

3.3 � Propanal decomposition mechanism and rate 
constants

Phenomenological rate constants for the five decomposition 
rate channels of propanal here investigated were determined 
through the integration of the one-dimensional ME in the 
0.1–100 atm and 300–2000 K pressure and temperature 
ranges, respectively. As expected, and in agreement with 
previous literature studies performed for this system [19], 
the dominant reaction is R1, closely followed by R2 above 
1000 K at all the considered pressures. The channel spe-
cific rate constants computed in the 900–1400 K tempera-
ture range at the HPL are compared in Fig. 6a. This is the 
temperature range where the decomposition of propanal has 
been experimentally measured [19] and in which the kinetic 
simulations described in Sect. 3.4 were performed. It can 
be noted that the contribution of the 3-body dissociation 
pathway is heavily influenced by the temperature: it plays a 
minor role at high temperature, but it approaches and sur-
passes R2 at low temperature. The H loss channels R3 and 
R4 are significantly slower than the other dissociation chan-
nels at all conditions; at 2000 K they are more than 2 orders 
of magnitude slower with respect to R1, and the difference 
grows as the temperature decreases. The pressure-depend-
ent PLOG Arrhenius equation parameters, computed at 0.1, 
1.0, 10.0, and 100.0 atm are reported in the SI, while the 

Fig. 4   Comparison between the R1B rate constant (C2H5 + CHO → 
C2H5CHO) as evaluated with VTST (dashed) and VRC-TST (solid), 
experimentally measured by Baggot [64] and Zhu [63], and recom-
mended by Tsang [66] (dotted)

Fig. 5   High pressure recombination rate constants reported as a func-
tion of the inverse of temperature in the 300–2000 K range for the 
investigated reaction channels
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modified Arrhenius equation parameters for the HPL rate 
constants, interpolated between 400 K and 2000 K, (with R 
expressed in kcal/mol/K and T in K) are:

The rate constants from Pelucchi et al. [19] and those 
computed in the present work at the HPL and 1 atm for reac-
tion R1 are compared in Fig. 6b. Fall off effects are present 
in both studies, and it can be noted that the rate constants 
from the literature are around one order of magnitude slower 
both at 1 atm and at the HPL when compared to those com-
puted in the present study. This is expected to affect the 
outcome of kinetic simulations of propanal decomposition, 
given that R1 is its main decomposition pathway. A more 
detailed comparison of the R1 rate constant computed in 
this work and that reported in the CRECK 2015 mechanism 
in the 300–2000 K temperature range at the HPL is avail-
able in the SI. The branching fractions (BF) among the main 
reaction channels are summarized in Table 3 at the HPL, 
as they are only slightly affected by the pressure. It can be 
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noted how the molecular channel R6 is dominant at low 
temperatures, while R1 becomes the fastest reaction above 
1000 K, accounting for about 76% of the system reactivity. 
R2 contribution is also important, accounting for about 24% 
of the system reactivity up to 2000 K. The R6 reaction chan-
nel is dominant below 600 K at all the considered pressures.

3.4 � Kinetic simulations

The shock tube experiments of the pyrolysis of 3% 
C2H5CHO in Ar by Pelucchi et al. [19] were simulated 
with the intent of investigating the impact on propanal 
reactivity of the calculated decomposition rate constants. 
For the experimental concentrations of small hydrocarbons 
measured in the post-shock mixtures, uncertainties lower 
than 2% were reported, while the estimated uncertainty for 
propanal was less than 8%. Simulations were performed 
in the 900–1500 K temperature range at 1.8 atm follow-
ing the approach described in Sect. 2.2. Figure 7 compares 
the experimental data, the simulations results of Pelucchi 
et al. [19] (CRECK 15_02), and the results obtained with 
the current release version of the CRECK mechanism as it 
is (CRECK 20_03) [58] and updated with the rate constants 
from this study (CRECK 20_03mod). The concentration 
profiles of C2H5CHO, CO, C2H2, C2H4, C2H6, and C3H8 
were normalized over the initial propanal concentration 
and are reported in Fig. 7 as a function of the inlet mixture 

Fig. 6   a HPL rate constants for the five fastest decomposition reactions of propanal. b Comparison of the R1 rate constant with that estimated 
through analogy by Pelucchi et al. [19] at different pressures

Table 3   Branching fractions 
computed at the high 
pressure limit as a function of 
temperature for the dominant 
reaction channels (R1, R2, and 
R6)

T[K] R6 R1 R2

500 0.83 0.15 0.02
1000 0.05 0.76 0.19
1500 0.03 0.75 0.22
2000 0.02 0.74 0.24
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temperature. Furthermore, normalized concentration profiles 
of CH4 and C3H6 were reported in the SI.

It can be noted that both the CRECK 15_02 and CRECK 
20_03 models underestimate the decomposition of propanal 
(Fig. 7a). A better agreement with the experiments though is 
observed using the CRECK 20_03mod mechanism. Indeed, 
the propanal conversion increases by 8% at 1120 K and 37% 
at 1340 K with respect to what predicted by the CRECK 
20_03 model. This difference is consistent with the fact 
that the rate constant calculated in this work for the fast-
est decomposition reaction, R1, is one order of magnitude 
higher than that used in both the CRECK 15_02 and CRECK 
20_03 mechanisms. The comparison of the R1 (and R2) rate 
constants computed in this work and in the literature [19] at 
the HPL is reported in the SI. Both experiments and simu-
lations show that the onset of propanal decomposition is 
at around 1050 K. The CRECK 15_02 and CRECK 20_03 
models underestimate the formation of CO (Fig. 7b), which 
is more accurately predicted by the CRECK 20_03mod 
model. This is compatible with the higher consumption of 
propanal predicted by the latter mechanism, which in turn 
leads to a higher concentration of the main pyrolysis product, 
CO. Similar considerations apply to other relevant molecular 
products, such as C2H2 (Fig. 7c) and C2H4 (Fig. 7d). Also in 
the cases of C2H6 (Fig. 7e) and C3H8 (Fig. 7f), differences 
are noticeable between the CRECK 20_03mod results and 

the other mechanisms, with the former providing a more 
accurate reproduction of the experimental results, especially 
between 1100 and 1300 K. Analogous trends were observed 
comparing the results of the three models with the shock 
tube experiments of Lifshitz et al. [18] of the pyrolysis of 1% 
propanal in Ar. The comparison between the predicted and 
experimental concentration profiles are reported in the SI.

In order to determine which are the main reaction path-
ways a sensitivity analysis was performed for propanal 
decomposition at 1300 K. The results, reported in Fig. 8, 
show that both R1 and R2 are among the most sensitive 
reactions, indicating that propanal is mostly influenced by 
the unimolecular decomposition to ethyl and formyl radi-
cals (R1), followed by ethyl decomposition to ethylene and 
hydrogen (C2H5 = H + C2H4). Other important reactions, 
that present a negative sensitivity coefficient and thus con-
tribute to propanal consumption, are H abstraction from 
C2H5CHO, its isomerization to propenol, H abstraction 
from ethyl followed by decomposition to C2H5 and CO, 
and the decomposition reaction R2, leading to methyl and 
CH2CHO. Focusing on channels that show a positive sen-
sitivity coefficient, i.e. that inhibit reactivity, it is interest-
ing to notice the role of the ethyl radical self recombina-
tion reaction (C2H5 + C2H5 = C4H10), which acts as a sink 
of ethyl radicals, thus decreasing the reactivity compared 

Fig. 7   Predicted concentration profiles from the shock tube pyrol-
ysis of 3% propanal in Ar in the 900–1500  K temperature range at 
1.8  atm. Both experimental data and simulations (residence time 
2.5  ms) with three different mechanisms, namely CRECK 15_02 

(dotted line), CRECK 20_03 (dashed) and CRECK 20_03mod (solid) 
are reported. a C2H5CHO, b CO, c C2H2, d C2H4, e C2H6, and f C3H8 
concentrations were normalized over the initial reactant concentration 
C0
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to the propagation channel C2H5 = H + C2H4. Overall, the 
ethyl radical chemistry onset, initiated by the dominating 
decomposition reaction R1, governs propanal reactivity in 
the high temperature pyrolysis conditions.

Finally, additional simulations were performed in order 
to test the impact of the shock tube effective reaction time 
on the simulations results and how the sensitivity analysis 
changes with temperature. In particular, the effective reac-
tion time was varied between 0.002 s and 0.003 s, while 
the sensitivity analysis for propanal decomposition was 
performed also at 1150 K, thus at lower propanal conver-
sion. The results, reported in the SI, show that both kinetic 
simulations and sensitivity analysis are not influenced by 
these changes.

4 � Conclusions

This study investigated the unimolecular decomposition 
mechanism of propanal, determining channel specific tem-
perature and pressure dependent rate constants using state 
of the art theoretical methods. It was found that propanal 
decomposition is controlled by four barrierless decompo-
sition pathways and one molecular channel. The compari-
son between calculated and available experimental reaction 
energy changes showed a remarkable agreement, with a 
maximum difference of 0.3 kcal/mol. The fastest decompo-
sition channels lead to the formation of the ethyl and formyl 
radicals (R1), followed by the methyl and vinoxy radicals 
at temperatures higher than 600 K. As the temperature 

decreases below 600  K the main channel becomes the 
molecular decomposition to ethane, CO, and hydrogen.

The calculated bimolecular high pressure rate constants 
for barrierless recombination reactions are in quantitative 
agreement with the experimental measurement for the 
HCO + C2H5 recombination channel (R1B), thus increasing 
confidence in the rate constants estimations of the inverse 
unimolecular decomposition channels, for which no direct 
experimental measurements are available. Notably, both the 
high pressure and pressure dependent computed decomposi-
tion rate constants differ by about a factor of 10 from the rate 
constants presently included in reference literature kinetic 
mechanisms [58]. A theoretical assessment of the impact of 
using VRC-TST and VTST for the estimation of rate con-
stants for barrierless reactions for the HCO + C2H5 channel 
was also provided in this study. It was found that at low 
temperatures the VTST rate constant is twice as fast as the 
VRC-TST prediction, which is in quantitative agreement 
with experimental data. Increasing the temperature leads to 
better consistency between the two approaches, which are 
in good agreement at 2000 K. While the good performance 
of VRC-TST was expected, there is much less evidence 
that reasonable predictions can be obtained using VTST. 
In this regard, it is likely that relatively good predictions 
were obtained with VTST in this work as Hessians, and thus 
harmonic frequencies, were determined using the CASPT2 
multireference approach with a relatively large basis set 
(aug-cc-pVTZ), treating anharmonic torsional frequencies 
as hindered rotors. The accuracy of this approach is expected 
to be reasonable when the minimum of the reacting flux is 
located at short fragment separations, as is the case for high 
temperature conditions, and thus when the relative motions 
of the molecular fragments can be properly described with 
a harmonic model.

Finally, to test the impact of the updated reaction mecha-
nism for propanal decomposition on the prediction of its 
reactivity, kinetic simulations of shock tube pyrolysis data 
from the literature were performed. It was found that the new 
set of rate constants leads to an improved agreement with 
experimental decomposition profiles, intermediates, and 
products formation. The temperature and pressure dependent 
calculated rate constants are reported in the SI for implemen-
tation in other kinetic models. We believe that the current 
results constitute an important reference for future kinetic 
investigation of propanal reactivity, as well as for the re-
estimation of the decomposition rate constant of larger alde-
hydes. It is in fact likely that the rate parameters presently 
included in existing kinetic mechanisms are underestimated, 
as they were determined using the same approach, based on 

Fig. 8   Sensitivity analysis performed for propanal decomposition at 
1300 K. The sensitivity coefficients were normalized with respect to 
the decomposition of propanal to formyl and ethyl radicals
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analogy rules, that we found to significantly underestimate 
propanal decomposition rates.

5 � Supplementary Information

The supplementary information contains the following infor-
mation, available free of charge:

•	 All the input files necessary to run the 1D multiwell ME 
simulation as a zip file. These include the MESS text 
input file and the text files containing the VRC-TST reac-
tive fluxes.

•	 The rate constants derived in this study, reported in 
PLOG Chemkin format, the comparison of the HPL 
recombination rate constants over the 300–2000 K tem-
perature range, and the comparison of R1 and R2 HPL 
rate constants against the one reported by Pelucchi et al. 
[19] and employed in the CRECK kinetic model.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00214-​023-​03060-2.
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