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ABSTRACT: Vinyl alcohol (Vy) and hydroxyl radical (OH) are
involved in several processes, which take place in environments
characterized by very different physical−chemical conditions,
ranging from the low pressures and temperatures typical of the
interstellar medium (ISM) up to the high temperatures of interest
for combustion processes. A gas-phase reaction mechanism
involving Vy and OH has been proposed as a possible path for
the formation of (Z)-1,2-ethenediol (Et), a molecule recently
identified in the ISM. Et, the enolic form of glycolaldehyde, is
considered a key precursor for the formation of sugars in both
interstellar and prebiotic chemistry. We have therefore undertaken
a detailed quantum chemical study of possible reaction channels
starting from the interaction between the OH radical and both
conformers of Vy (syn and anti). The formation of a prereactive complex always represents the first step of the reaction, which can
then proceed through the attack to the C�C double bond (leading in turn to the formation of different dissociation products) or
through hydrogen abstraction, which eventually produces a radical species and water. Then, a master equation approach based on ab
initio transition state theory has been employed to calculate the reaction rate constants of different products for temperatures up to
500 K. A comparison of the kinetic results for the different reaction channels shows that hydrogen abstraction is strongly favored for
both Vy conformers and leads to the formation of water and CH2CHO radical. As a matter of fact, formation of Et is strongly
disfavored under the harsh conditions of the ISM from both kinetic and thermodynamic points of view because of the high activation
energy and strong endothermicity of the corresponding reaction path.
KEYWORDS: Astrochemistry, Interstellar species, Vinyl alcohol, Reactivity, Quantum chemistry, Kinetics

1. INTRODUCTION
A large number of studies have shown that vinyl alcohol (Vy)
and hydroxyl radical (OH) are involved in various types of gas-
phase processes like, for instance, the oxidation and
combustion of hydrocarbons,1 the formation of organic acids
in the atmosphere and troposphere,2 or the formation of
complex organic molecules (COM) in the interstellar medium
(ISM).3 While these molecules have been identified in
environments characterized by different physical−chemical
conditions, the experimental procedures required for their
synthesis and isolation are so challenging that a precise
characterization of the chemistry of these compounds is very
involved and, sometimes, even impossible.
Vy is the simplest enol and belongs to the family of C2H4O

species, which includes also acetaldehyde and oxirane. The
synthesis of Vy can be performed by a pyrolytic elimination
reaction of water starting from ethylene glycol at low pressure
and at a temperature of 900 K.4 The conversion of Vy into the
more stable acetaldehyde isomer is governed by a high energy
barrier, but the reaction is very fast at room temperature and

pressure in the presence of acid or basic catalysts. The
tautomerization can also take place through a photochemical
process at the low pressures and temperatures characterizing
Earth’s atmosphere and stratosphere.5,6 However, under these
conditions, the Vy lifetime is strongly enhanced by the
synergistic effect of its intrinsic kinetic stability and the absence
of chemical agents able to catalyze conversion into
acetaldehyde. This situation increases, in turn, the probability
of Vy reactions with other chemical species, and indeed, the
involvement of Vy in the production of organic acids in the
atmosphere has been demonstrated unambiguously.7,8 These
findings led da Silva et al.9 to compute accurately the
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thermodynamic properties of Vy in order to characterize its
reactivity in the atmosphere with OH and molecular oxygen
(O2). In even more extreme environments, such as those
characteristic of the ISM, the kinetic stability and lifetime of
thermodynamically unstable species increase considerably. In
fact, both conformers of Vy (syn and anti) were identified in
the molecular cloud of Sagittarius B2 thanks to accurate
infrared and rotational spectroscopic investigations.10 Both
conformers were recently detected also in the giant molecular
cloud G+ 0.693-0.027 by Jimeńez-Serra et al.,11 who were able
to derive the relative abundances and the column densities of
all the members of the family of C2H4O compounds. Careful
analysis of the spectroscopic data showed that the most stable
syn conformer of Vy is also the most abundant one. Several
reaction mechanisms involving reactions on cosmic dust,
interaction with galactic cosmic rays, or the gas-phase keto−
enol tautomerization of acetaldehyde have been proposed as
possible formation routes of Vy.12,13 However, neither
theoretical nor experimental conclusive proofs of the viability
of specific reaction mechanisms have been provided so far.
The other molecular hero of the present work is the OH

radical, whose central role in combustion processes, in the
chemistry of the atmosphere, in condensed-phase oxidations,14

and in ISM formation routes has been confirmed by several
studies. Indeed OH, which has been identified in the ISM
already in 1963 toward Cas A,15,16 is considered a key radical
in the interstellar chemistry of oxygen, because of its ability to
react with several other molecules under the harsh conditions
of the ISM.17,18 OH radical formation routes include
dissociative recombinations of electrons and molecular cations
formed by ion-neutral reactions (e.g., in cold interstellar
clouds), photodesorption from the surface of icy grains, and, at
much higher temperatures, gas-phase atom−molecule colli-
sions like, e.g., O + H2 and H + H2O.19 Photodissociation of
H2O, in the gas phase or in the mantle of icy grains, is another
potential OH source.20

Recently, gas-phase reaction mechanisms involving Vy and
the OH radical have been proposed as possible formation

routes of (Z)-1,2-ethenediol (Et), a molecule recently detected
in the ISM.21 Et is the enolic form of glycolaldehyde and is
considered a key precursor in the formation of sugars in both
interstellar and prebiotic chemistry, possibly through the so-
called formose reaction. Rivilla et al.21 proposed another
formation path for this molecule in the gas phase, namely the
reaction between formaldehyde and hydroxyl methyl radical
(CH2OH), a species not yet identified in the ISM.
Based on these premises, we decided to perform a

comprehensive study of the reaction between Vy and OH by
means of a computational protocol22 based on the generation
of plausible reaction mechanisms with the help of unsupervised
explorations of reactive potential energy surfaces (PES), the
refinement of structural and energetic parameters by a
composite quantum chemical method, and the computation
of kinetic parameters (reaction rate constants and branching
ratios) by the master equation (ME) approach based on ab
initio transition state theory (TST). While additional reaction
channels involving electron transfer would also be possible,
they are beyond the scope of the present study, whose focus is
the analysis of low-energy formation routes in the ISM.
The article is organized as follows. In Section 2, the

computational methods are described. In Section 3, the
computed reaction mechanisms are discussed with reference
to the stationary points of the pertinent reactive PESs and the
kinetics of all the reactions is addressed. In Section 4, the main
conclusion and perspectives are summarized.

2. COMPUTATIONAL DETAILS
2.1. Reaction Mechanism Discovery. The AutoMeKin

(AMK) program23−25 was used for the unsupervised
generation of plausible reaction mechanisms. Unlike other
programs that require the initial optimization of the energy
minima characterizing the mechanism and then the calculation
of the transition states (TSs), the methodology on which AMK
is built relies on the initial optimization of TS structures. Then,
the connected minima are obtained from each TS by
computing intrinsic reaction coordinates (IRCs).26 In this

Figure 1. An example of a reaction network generated by amk_tools. The circles are the energy minima of the reaction network, while the
connecting lines are the TSs.
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way, plausible reaction mechanisms can be generated by
connecting all energy minima through the initially calculated
TSs. In this framework, a very effective workflow is obtained in
AMK by combining molecular dynamics (MD) simulations,
postprocessing, and careful selection of the TS molecular
structures obtained with MD.
MD simulations have been performed using the semi-

empirical PM7 method27 implemented in the MOPAC
software.28 100 trajectories per iteration were set through the
keyword ntraj for a total of 10 iterations. The following values
were set for the parameters employed by AMK to minimize the
redundancy of the guess TS structures: 100 cm−1 for the lowest
imaginary frequency (imagmin keyword), 0.1 for the lowest
eigenvalue of the Laplacian (eigLmax keyword) in order to
differentiate the structures resulting from the fragmentation of
an intermediate, and 0.002 and 1.5 (mapemax and bapemax
keywords, respectively) for the descriptors employed in the
screening of the structures obtained from the MD simulations.
Optimized geometries and zero-point corrected electronic

energies of reactants, TSs, intermediates, and products along
the different reaction pathways were obtained using the rev-
DSD-PBEP8629-D3BJ30 double-hybrid functional in conjunc-
tion with the jun-cc-pVTZ basis set.31 This combination of
functional and basis set will be referred to in the following
simply as rDSD. All the critical points belonging to the
reaction pathways were characterized as minima (reactants,
intermediates, and products) and saddle points (TSs) based on
the diagonalization of analytical rDSD Hessians.32 The nature
of the minima connected by the TSs obtained in this way was
determined by following IRCs at the same level of theory.
Several studies have shown that this combination of functional
and basis set provides accurate geometrical structures33,34 and
vibrational frequencies.35

The results of the simulations were analyzed using
amk_tools,36 a graphic visualizer that allows for the
examination of the extremely complex reaction networks
generated by AMK. A typical reaction network drawn by
amk_tools is shown in Figure 1. The same software was used
to visualize molecular structures with their vibrational normal
modes and to check the potential energy profiles of the
different reaction mechanisms. In this way it was possible to
find the reaction pathways leading to the formation of all the
dissociation products and to select all the structures of the
critical points involved in each reaction path. For such
structures, electronic energies were refined by exploiting the
junChS-F12 composite scheme37 described in more detail in
the next subsection.

2.2. junChS-F12 Composite Scheme. It is widely
acknowledged that the coupled-cluster (CC) model including
single, double, and perturbative estimate of triple excitations
(CCSD(T))38 delivers highly accurate electronic energies for
systems that do not exhibit strong multireference character,
provided that complete basis set (CBS) extrapolation and core
valence (CV) correlation are taken into account. The reduced
cost Cheap Scheme (ChS)37,39−41 is based on the idea that
accurate CBS and CV terms can be obtained at negligible
additional cost by utilizing second-order Møller−Plesset
perturbation theory (MP2)42 on top of frozen core (fc)
CCSD(T) computations with (partially augmented) triple-ζ
basis sets.31,43−45 The junChS-F12 variant, in which conven-
tional MP2 and CCSD(T) methods are replaced by their
explicitly correlated (F12) counterparts,46,47 is currently the
most accurate version of the approach.48−50 In detail

= +

+

E E E

E

junChS F12
CCSD(T) F12/3Z MP2 F12/CBS

MP2 F12/CV (1)

where

=E E E

E

4 3
4 3

Z Z

Z

MP2 F12/CBS
3 MP2 F12/4 3 MP2 F12/3

3 3

MP2 F12/3 (2)

and

=E E EMP2 F12/CV MP2 F12/3CZ,a.e. MP2 F12/3CZ,f.c. (3)

In eq 2, ΔEMP2‑F12/CBS is the MP2-F12 correlation energy
extrapolated to the CBS limit by using the n−3 formula51

applied to jun-cc-pVTZ (3Z) and jun-cc-pVQZ (4Z) basis
sets.43,44 Instead, the CV contribution (ΔEMP2‑F12/CV) is
incorporated as the difference between all-electron (ae) and
fc MP2/F12 calculations, both with the cc-pCVTZ (3CZ)
basis set.45 The junChS-F12 energy evaluations at rDSD
optimized geometries provide average absolute errors well
within the so-called chemical accuracy (about 4 kJ mol−1), as
shown by comparison with the most accurate results available
for reaction energies and activation barriers.37,48,50 Therefore,
this approach was utilized for all stationary points, together
with anharmonic zero-point energy (ZPE) contributions
computed in the framework of second-order vibrational
perturbation theory52 employing rDSD anharmonic force
fields.
All DFT calculations were carried out using the Gaussian16

code,53 while junChS-F12 calculations were performed using
the MOLPRO program.54−56

2.3. Kinetics. Global and channel-specific rate constants
were computed in the framework of the ab initio transition
state theory based master equation approach (AITSTME), as
implemented in the MESS software.57 MESS solves the
multiwell one-dimensional master equation using the chemi-
cally significant eigenvalue (CSE) method, treating bimolec-
ular products and reactants as sources and sinks. Collisional
energy relaxation was described using the exponential down
model58 with a temperature-dependent ⟨ΔEdown⟩ of 260 × (T/
298)0.875 cm−1 in an argon bath. Barrierless reaction rate
constants were calculated through phase space theory
(PST),59,60 approximating the long-range interaction between
incoming reactants with an isotropic attractive potential V(R)
= −C6/R6.61 The C6 parameters were obtained by a least-
squares fit of rDSD electronic energies computed at different
values of intermolecular distances. In Table 1 are reported the
values of the C6 parameters for all the prereactive complexes
involved in the reaction mechanisms.
Rate constants of elementary steps involving distinct

transition states were computed using the conventional
transition-state theory. Calculations were carried out in the
framework of the rigid-rotor harmonic-oscillator (RRHO)
approximation and included tunneling as well as nonclassical
reflection effects using the Eckart model.62 Kinetic simulations

Table 1. C6 Parameters in a06Eh for All the Prereactive
Complexes

PrC1 PrC2 PrC4

syn 292.05 181.96 966.24
anti 30.62 123.75 29.78
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were performed for the conditions typical of different regions
of the ISM, namely a pressure of 1 × 10−8 bar and
temperatures in the range 20−500 K. The temperature
dependence of the rate constants was fitted by the three-
parameter Arrhenius−Kooij equation63,64

i
k
jjj y

{
zzz=k T A T e( )

300

n
E RT/

where A, n, and E are the fitting parameters and R is the
universal gas constant. The results of the kinetic analysis were
further verified by calculations performed with the StarRate
program, specifically designed for reactions of astrochemical
interest.65,66

3. RESULTS
All the reaction profiles analyzed in the following subsections
start with the stabilization of the reactants through non-
covalent intermolecular interactions, which lead to the
formation of several prereactive complexes.67 Detailed tables
in the Supporting Information report the electronic energies
calculated at the junChS-F12 and rDSD levels corrected for
anharmonic ZPEs calculated at the rDSD level for all the
stationary points located in the different reaction paths.
Although rDSD energies are not employed in the computation
of thermodynamic and kinetic parameters, the fair agreement

with junChS-F12 results gives further support to the use of
rDSD optimized geometries and vibrational frequencies.

3.1. Mechanism of Abstraction Reactions. Hydrogen
abstraction reactions from syn-Vy can lead to the formation of
water together with four different radical species, P1−P4.
Inspection of the reaction profile in Figure 2 shows that the

initial reaction step is the formation of prereactive complexes
(PrC1, PrC2, or PrC4, lying 13.9, 14.4, and 13.1 kJ mol−1,
respectively, below the reactants). Starting from these
prereactive complexes the reaction can further proceed
through 4 different transition states, TS1−TS4, corresponding
to the attack of the OH radical to the four nonequivalent
hydrogen atoms of syn-Vy. We note that either TS2 or TS3 can
be reached from PrC2, in which the OH radical forms a
bifurcated hydrogen bond involving both the hydrogen atoms
of the Vy CH2 moiety.
The lowest energy barrier (TS4) lies 14.8 kJ mol−1 above

the corresponding prereactive complex PrC4 (1.7 kJ mol−1

above the reactants) and governs the abstraction of the
hydroxyl hydrogen. The transition states ruling the other
hydrogen abstractions are TS1−TS3, which lie 26.0, 41.0, and
38.9 kJ mol−1 above the corresponding prereactive complexes
(PrC1 and PrC2), respectively. The high energy barriers
governing these three processes indicate that the formation of
P4 is kinetically favored. We note that the same trend would

Figure 2. Energetics of the abstraction reactions between syn-Vy and OH: junChS-F12 energies augmented by rDSD anharmonic ZPEs. Energies
are in kJ mol−1 relative to the reactant limit.
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be obtained in terms of thermodynamic control since P4 lies
−137.9 kJ mol−1 below the reactants, whereas the
exothermicity of the reactions leading to P1−P3 are 23.2,
72.6, and 30.7 kJ mol−1, respectively. The preference for the
route leading to P4 can be traced back to the lower strength of
the OH bond with respect to its CH counterparts and to the
stabilization of the CH2CHO radical by π-electron delocaliza-
tion in the C−C−O moiety.
In analogy with the case of syn-Vy, also the abstraction

reactions involving the anti conformer start with the
stabilization of the initial reagents through the formation of a
prereactive complex (PrC1, PrC2, or PrC4).
The most stable complex is PrC1, which lies 19.2 kJ mol−1

below the reactants, whereas PrC2 and PrC4 lie 12.7 and 14.9
kJ mol−1, respectively, below the reactants. The reaction then
proceeds through the attack of OH to one of the hydrogen
atoms of anti-Vy, overcoming the corresponding transition
state (TS1, TS2, TS3, or TS4). Inspection of the energy
barriers collected in Figure 3 shows that the favored
abstraction process leads to the formation of P4 following
the PrC4 → TS4 → P4 path. In fact, TS4 is found 1.1 kJ
mol−1 above the reactants, whereas TS1−TS3 lie 22.8, 27.0,
and 11.3 kJ mol−1 above the reactants. All the reactions are
exothermic, but all the paths except that leading to P4 are
governed by energy barriers higher than 10 kJ mol−1. As a

consequence, the reactants would have to acquire from the
surrounding environment a significant energy, with this being a
highly unlikely process under the harsh conditions of the ISM.

3.2. Mechanism of Addition Reactions. The initial step
of all the addition reactions of OH to syn-Vy is the formation
of the same prereactive complex (PrC1) already discussed for
the corresponding abstraction reactions, which lies 13.9 kJ
mol−1 below the reactants.
Next, the OH radical can attack one of the two ends of the

C�C double bond overcoming either the TS1 or TS2
transition state, which lie 9.6 and 6.1 kJ mol−1, respectively,
below the reactants. Then, the reaction intermediate IM1 or
IM2 can be formed by strongly exothermic processes (117.1 or
131.7 kJ mol−1, respectively, below the reactants). Several
reactive pathways start from these two intermediates,
corresponding to isomerization and dissociation reactions
leading to the formation of molecules not yet detected in the
ISM, but also to already identified species. In detail, the
reaction can proceed through the isomerization reaction by
transposition of hydrogen from IM1 to IM3 or from IM2 to
IM4, with IM3 (71.5 kJ mol−1 below the reactants) and IM4
(116.8 kJ mol−1 below the reactants) being less stable than the
other two intermediates. These processes are governed by the
two transition states TS1GA and TS2GA, which lie 41.6 and
20.6 kJ mol−1, respectively, above the reactants. Two other

Figure 3. Energetics of the abstraction reaction between anti-Vy and OH: junChS-F12 energies augmented by rDSD anharmonic ZPEs. Energies
are in kJ mol−1 relative to the reactant limit.
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reactive pathways can be followed starting from IM1 and IM2,
namely the dissociation reactions which lead to the formation
of the 1,2 (P1)- and 1,1 (P2)-isomers of ethenediol shown in
Figure 4, overcoming the corresponding transition states TS3
and TS4, which lie 28.6 and 15.5 kJ mol−1, respectively, above
the reactants. However, formation of P1 in the ISM is unlikely
in view of the non-negligible endothermicity (19.0 kJ mol−1) of
the reaction. On the other hand, P2 lies below the asymptotic
limit of the reactants by about 11.7 kJ mol−1. Then,
dissociation of IM3 and IM4 can lead to a hydroxymethyl
radical and formaldehyde (P7), formic acid and methyl radical
(P6), acetic acid and atomic hydrogen (P5), acetaldehyde and

hydroxyl radical (P4), or glycolaldehyde and atomic hydrogen
(P3). While all these processes are exothermic, the high energy
of the corresponding transition states (TS1GA, TS2GA,
TSGA) indicate that these reaction channels are closed
under the typical ISM conditions.
The first step of all addition reactions involving the anti-Vy

conformer is the formation of the same prereactive complex
(PrC2) already discussed for the corresponding abstraction
reactions and lying 12.7 kJ mol−1 below the reactants.
The reactions then proceed with the attack of the OH

radical to the double bond of Vy, which can lead to the
formation of two different reaction intermediates, IM2 or IM3,

Figure 4. Energetics of the addition reactions between syn-Vy and OH: junChS-F12 energies augmented by rDSD anharmonic ZPEs. Energies are
in kJ mol−1 relative to the reactant limit.

Figure 5. Energetics of the addition reactions between anti-Vy and OH: junChS-F12 energies augmented by rDSD anharmonic ZPEs. Energies are
in kJ mol−1 relative to the reactant limit.
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lying 123.8 and 111.9 kJ mol−1, respectively, below the
reactants. Next, IM2 can isomerize to IM5 through TS6, and
IM3 can isomerize to IM4 through TS1GA. Inspection of
Figure 5 shows that the IM2 → TS6 → IM5 channel is the
favored one, since it involves energy barriers significantly lower
than those governing the alternative pathway leading to the
formation of P2. Starting from IM5, acetaldehyde (P4), acetic
acid (P5), or formic acid (P6) can be produced through the
transition states TSAA2, TSAA1, and TSFA1, which lie
respectively 24.3, 76.4, and 87.3 kJ mol−1 below the reactants.
Two other dissociation pathways have been identified, which
start from the higher energy intermediate IM4 and lead to the
formation of glycolaldehyde (P3) through a hydrogen
elimination process governed by an energy barrier of 13.6 kJ
mol−1 above the reactants (TSGA) or to the formation of
formic acid (P7) through TSFA2, which lies 31.1 kJ mol−1

below the asymtotic limit. Also in this case all the reaction
channels shown in Figure 5 are unlikely to be open in the ISM
in view of the high energy barriers (well above the asymptotic
limit of the reactants) to be overcome.

3.3. Rate Constants. The rate constants for the abstraction
and addition reactions of both Vy conformers are depicted as
Arrhenius plots in Figure 6−9 in order to give a better and
more comprehensible graphical representation of the kinetic
results. In Tables 2−5 are collected the parameters of the
corresponding Arrhenius−Kooij fits.
Starting from abstraction reactions involving syn-Vy,

inspection of the results reported in Figure 6 and Table 2

shows that the rate constant governing the formation of P4
(which ranges between 1.40 × 10−12 and 3.70 × 10−11 cm3

molecule−1 s−1) is higher than the rate constants governing the
formation of P1−P3 in the whole interval of temperatures
(20−500 K). This trend parallels that of the energy barriers
involved in the reaction pathways leading to the various

products, which are all single-step reactions. In fact, the energy
barrier governing the formation of P4 is 14.8 kJ mol−1, to be
compared to values of 26.0, 38.9, and 41.0 kJ mol−1 for the
channels leading to P1, P3, and P2, respectively. In agreement
with those barriers, the second most kinetically favored single-
step reaction pathway is PrC1−TS1−P1, whose rate constant
ranges between 1.40 × 10−14 and 9.63 × 10−13 cm3 molecule−1

s−1. The rate constant for the reaction channel leading to P3
ranges between 4.20 × 10−15 and 2.25 × 10−13 cm3 molecule−1

s−1. Finally, the rate constant governing the formation of P2
ranges between 3.20 × 10−16 and 1.68 × 10−14 cm3 molecule−1

s−1.
Figure 7 and Table 3 show that also for the abstraction

reactions involving the anti isomer the fastest process leads to

the formation of P4 in the whole interval of temperatures (20−
500 K) and its rate constant ranges between 8.8 × 10−13 and
2.50 × 10−11 cm3 molecule−1 s−1. Once again the trend of rate
constants parallels that of energy barriers. Accordingly, the
second highest rate constant (ranging between 5.80 × 10−14

and 2.90 × 10−12 cm3 molecule−1 s−1) governs the formation of
P3, with the barrier associated to this abstraction process being
about 24.0 kJ mol−1. Next, formation of P1 is governed by an
energy barrier of 42.0 kJ mol−1 and its rate constant ranges
between 1.70 × 10−15 and 8.38 × 10−14 cm3 molecule−1 s−1.
Finally, the slowest process is the formation of P2, which is

ruled by an energy barrier of 39.7 kJ mol−1 and has a rate
constant ranging between 1.15 × 10−16 and 4.13 × 10−15 cm3

molecule−1 s−1. We note that the energy barrier governing the
formation of P2 is actually lower than that of P1, but the
corresponding transition states are reached from two different
intermediates (PrC2 and PrC1), so that TS2 is less stable than
TS1 with respect to the energy of the reactants. At the low
pressures characterizing the ISM, the excess energy of
prereactive complexes cannot be dissipated by intermolecular
interactions with the surrounding gas, so that the correct

Figure 6. Arrhenius plot of the rate constants for the abstraction
reactions involving syn-Vy and OH leading to P1−P4.

Table 2. Arrhenius−Kooij Parameters for the Abstraction
Reactions Involving syn-Vy

A/cm3 molecule−1 s−1 n E/kJ mol−1 rmsa

P1 9.49 × 10−1 2.66 459.65 1.42 × 10−15

P2 1.43 × 1010 3.05 20084.77 4.97 × 10−17

P3 6.80 × 109 3.02 20270.54 1.19 × 10−15

P4 1.21 × 10−11 2.19 −1382.16 2.82 × 10−14

arms stands for root-mean-square deviation of the fit.

Figure 7. Arrhenius plot of the rate constants for the abstraction
reactions involving anti-Vy and OH leading to P1−P4.

Table 3. Arrhenius−Kooij Parameters for the Abstraction
Reactions Involving anti-Vy

A/cm3 molecule−1 s−1 n E/kJ mol−1 rmsa

P1 4.03 × 108 3.01 16428.82 9.95 × 10−17

P2 3.79 × 1011 3.03 20379.33 9.42 × 10−17

P3 1.44 × 10−2 2.94 5147.99 8.46 × 10−16

P4 2.35 × 10−11 1.86 −1454.88 3.02 × 10−14

arms stands for root-mean-square deviation of the fit.
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energy reference is that of reactants. This point is further
analyzed in the General Discussion section.
Coming to addition reactions, the results reported in Figure

8 and Table 4 show that in the whole interval of temperatures

(20−500 K) the formation of P6 is governed by the highest
rate constant, which ranges between 2.10 × 10−16 and 1.66 ×
10−12 cm3 molecule−1 s−1. All the other products are formed by
multistep reaction pathways governed by rate constants
decreasing in the order P5 > P2 > P7 > P4. The slowest
reaction channel leads to the formation of Et (P1), whose rate
constant ranges between 1.70 × 10−30 and 1.82 × 10−16 cm3

molecule−1 s−1 in the whole temperature range. This finding is
related both to the significant endothermicity of the process
(30.4 kJ mol−1) and to the presence of the highest energy
barrier (TS4, 43.4 kJ mol−1). A small rate constant
characterizes also the reaction channel leading to P3 (between
1.04 × 10−27 and 1.09 × 10−20c m3 molecule−1 s−1), which,
despite being exothermic (15.1 kJ mol−1), is a multistep
process involving a high energy barrier for the rate-determining
step (TS1GA, 36.5 kJ mol−1).
While the general trend of the rate constants governing

addition reactions to anti-Vy is analogous to that of the syn
isomer, the reaction pathways discovered by AutoMeKin
involve different energy barriers, which lead to non-negligible
quantitative differences. In any case, the results reported in
Figure 9 and Table 5 show that in the whole temperature
interval the highest rate constant (between 2.00 × 10−13 and
1.01 × 10−11 cm3 molecule−1 s−1) governs again the formation
of P6, while the formation of 1,1- and 1,2-ethenediol isomers
(P1 and P2, respectively) is kinetically disadvantaged. In
particular, the rate constant for the formation of P1 ranges

between 1.10 × 10−34 and 7.40 × 10−18 cm3 molecule−1 s−1,
whereas that of P2 ranges between 2.9 × 10−15 and 6.3 × 10−14

cm3 molecule−1 s−1.

4. GENERAL DISCUSSION AND CONCLUSIONS
Vinyl alcohol has two conformers (syn and anti) with a
computed energy difference of 4.7 kJ mol−1 and an
interconversion barrier lying 18.0 kJ mol−1 above the more
stable (syn) species. Both conformers have been detected in
different regions of the ISM, and the observed relative
populations (8.3/1)10,11 agree with their computed counter-
parts at temperatures close to 60 K. These findings suggest that
interconversion between the conformers is unlikely. Further-
more, only one structure exists for CH2CHO (P4), whereas
syn and anti conformers are possible for other intermediates
and products. In particular, the syn conformer of Et (P1 in
Figure 4) is more stable than its anti counterpart (P1 in Figure
5) by 16.1 kJ mol−1.
The results of the previous sections show unambiguously

that hydrogen abstraction reactions are kinetically favored with
respect to additions and lead preferentially to the formation of
the CH2CHO radical (P4) from both vinyl alcohol con-
formers. The reaction channels leading to formation of Et (P1
in Figures 4 and 5) turn out to be the most kinetically
disadvantaged, in agreement with the endothermicity of the
corresponding reactions. In analogy with the reaction of OH
with saturated alcohols,68,69 the addition reaction (producing
in the present case formic acid and methyl radical, P6)
becomes competitive with the abstraction reaction at high
temperatures. However, this feature is not significant for the
ISM regions, which are the reference environments in the
present investigation. While some of the reaction channels

Figure 8. Arrhenius plots of the constants for the addition reactions
involving syn-Vy and OH leading to P1−P7.

Table 4. Arrhenius−Kooij Parameters for the Addition
Reactions Involving syn-Vy

A/cm3 molecule−1 s−1 n E/kJ mol−1 rmsa

P1 5.42 × 10−10 3.31 18097.41 7.54 × 10−19

P2 8.09 × 10−3 2.54 8222.08 2.83 × 10−18

P3 1.10 × 1013 6.94 28929.39 1.99 × 10−23

P4 1.99 5.06 8305.40 9.42 × 10−22

P5 2.95 × 104 2.64 12223.05 2.54 × 10−20

P6 3.86 × 105 1.20 15365.07 4.29 × 10−19

P7 1.30 × 1023 4.52 20867.25 6.13 × 10−20

arms stands for root-mean-square deviation of the fit.

Figure 9. Arrhenius plots of the rate constants for the addition
reactions involving anti-Vy and OH leading to P1−P7.

Table 5. Arrhenius−Kooij Parameters for the Addition
Reactions Involving anti-Vy

A/cm3 molecule−1 s−1 n E/kJ mol−1 rmsa

P1 8.93 × 10−7 2.61 36638.56 1.84 × 10−20

P2 9.78 × 10−7 2.39 3740.35 6.36 × 10−18

P3 1.00 × 1012 4.85 25123.29 5.77 × 10−23

P4 9.78 × 10−14 5.36 −9872.98 4.11 × 10−20

P5 1,04 × 10−13 1.51 −3746.10 1.60 × 10−17

P6 8.89 × 10−13 0.86 −2477.75 6.02 × 10−17

P7 7.01 × 1017 3.03 21657.89 6.94 × 10−20

arms stands for root-mean-square deviation of the fit.
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starting from the anti conformer are marginally faster than
those starting from the syn conformer, this finding has no
consequence on the general trends due to the small
quantitative difference and the negligible initial population of
the syn conformer (about 10% at 60 K, as mentioned above).
Since all the reaction paths involve emerged energy barriers,

these channels can be open at the low temperatures of the ISM
only in the presence of effective tunneling contributions. From
an analysis of the tunneling coefficients calculated with the
Eckart model for the hydrogen abstraction processes of both
syn and anti conformers shown in Figure 10, it is apparent that
tunneling plays a dominant role in the range of temperatures
characteristic of the ISM (typically between 50 and 200 K) and
then decays very rapidly for temperatures higher than about
200 K. Furthermore, the rate constants governing the
formation of all the products have a negative dependence on
the temperature in the very low pressure and temperature
regime. As already addressed by Guo et al.68 and Zheng et
al.,69 always in the context of hydrogen abstraction reactions,
this is due to the lack of collisional stabilization of the
prereactive complex. Indeed, as shown in Figure 11, for

sufficiently high pressures the stabilization of the prereactive
complex is favored, with this allowing deep tunneling starting
from its zero-point energy and leading, at the same time, to an
increase of the rate constant with the temperature. However, in
the absence of stabilizing collisions (as is the case for very low
pressures) tunneling can take place only at energies above that
of the reagents, with this limitation reducing the value of the

rate constant with respect to its high-pressure counterpart.
Indeed, in such a situation, rate constants approach the value
of the capture rate constant for the formation of the prereactive
complex from the initial reagents.
While the treatment of tunneling employed in the present

study (zero-curvature model based on an Eckart potential)
delivers qualitatively correct results, quantitative computation
would require more advanced models.70 However, these
refinements are outside the scope of the present paper,
which is mainly devoted to the analysis of possible formation
routes of Et at low pressures and temperatures. In this
framework, the predominance of abstraction over addition with
the consequent preferential formation of the CH2CHO radical
(P4) over Et (P1) has been proven beyond any reasonable
doubt. Therefore, we suggest to search for this radical species
in the ISM regions where Vy and OH have been detected, i.e.
Sagittarius B2 and G+ 0.693-0.027.
Our analysis led to the identification among the possible

products of a couple of reactants, formaldehyde and
hydroxymethyl radical (P7), suggested by Rivilla et al.21 as
possible precursors of Et. However, also the reaction leading
from P7 to P1 is endothermic (by about 30 kJ mol−1) and,
therefore, unlikely to be feasible under the conditions of the
ISM. Therefore, the results of our computational study suggest
the search of alternative reactions in the gas phase able to
produce Et or the investigation of possible formation routes on
grain surfaces.
Together with the intrinsic interest of the studied formation

routes, the computational strategy proposed in the present
study paves the way toward systematic investigations of
reaction paths for complex organic molecules in the interstellar
medium by effective user-friendly tools.
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Figure 10. Eckart tunneling coefficients as a function of temperature for the abstraction reactions involving the syn conformer on the left and the
anti conformer on the right.

Figure 11. Representation of the low-temperature kinetics for high-
and low-pressure limits (HPL and LPL, respectively).

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00110
ACS Earth Space Chem. 2023, 7, 1467−1477

1475

https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00110/suppl_file/sp3c00110_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?fig=fig11&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ AUTHOR INFORMATION
Corresponding Authors

Bernardo Ballotta − Scuola Normale Superiore, 56126 Pisa,
Italy; orcid.org/0000-0002-1591-9189;
Email: bernardo.ballotta@sns.it

Vincenzo Barone − Scuola Normale Superiore, 56126 Pisa,
Italy; orcid.org/0000-0001-6420-4107;
Email: vincenzo.barone@sns.it

Authors
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(25) Martínez-Nuñ́ez, E.; Barnes, G. L.; Glowacki, D. R.; Kopec, S.;
Peláez, D.; Rodríguez, A.; Rodríguez-Fernández, R.; Shannon, R. J.;
Stewart, J. J. P.; Tahoces, P. G.; Vazquez, S. A. AutoMeKin2021: An
open-source program for automated reaction discovery. J. Comput.
Chem. 2021, 42, 2036−2048.
(26) Fukui, K. The path of chemical reactions - the IRC approach.
Acc. Chem. Res. 1981, 14, 363−368.
(27) Stewart, J. J. P. Optimization of parameters for semiempirical
methods VI: more modifications to the NDDO approximations and
re-optimization of parameters. J. Mol. Model. 2013, 19, 1−32.
(28) Stewart, J. J. P. MOPAC2016.
(29) Kozuch, S.; Martin, J. M. L. DSD-PBEP86: in search of the best
double-hybrid DFT with spin-component scaled MP2 and dispersion
corrections. Phys. Chem. Chem. Phys. 2011, 13, 20104−20107.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00110
ACS Earth Space Chem. 2023, 7, 1467−1477

1476

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernardo+Ballotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1591-9189
mailto:bernardo.ballotta@sns.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincenzo+Barone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6420-4107
mailto:vincenzo.barone@sns.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emilio+Marti%CC%81nez-Nu%CC%81n%CC%83ez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6221-4977
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Rampino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8525-7777
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00110?ref=pdf
https://doi.org/10.1063/1.1611173
https://doi.org/10.1063/1.1611173
https://doi.org/10.1029/2007GL031032
https://doi.org/10.1029/2007GL031032
https://doi.org/10.1073/pnas.1604426113
https://doi.org/10.1073/pnas.1604426113
https://doi.org/10.1073/pnas.1604426113
https://doi.org/10.1038/nchem.1052
https://doi.org/10.1038/nchem.1052
https://doi.org/10.1126/science.1220712
https://doi.org/10.1126/science.1220712
https://doi.org/10.1126/science.1220712
https://doi.org/10.1021/acs.jpca.0c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500319q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500319q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500319q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0602878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0602878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0602878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0602878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1086/324762
https://doi.org/10.1086/324762
https://doi.org/10.1051/0004-6361/202142699
https://doi.org/10.1051/0004-6361/202142699
https://doi.org/10.1002/cphc.202100111
https://doi.org/10.1002/cphc.202100111
https://doi.org/10.1002/cphc.202100111
https://doi.org/10.1021/acs.jpclett.5b01787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cp43319f
https://doi.org/10.1039/c3cp43319f
https://doi.org/10.1039/c3cp43319f
https://doi.org/10.1126/science.157.3791.881
https://doi.org/10.1126/science.157.3791.881
https://doi.org/10.1086/190631
https://doi.org/10.1086/190631
https://doi.org/10.1086/167441
https://doi.org/10.1086/167441
https://doi.org/10.1021/cr4003177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4003177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-09176-z
https://doi.org/10.1038/s41467-019-09176-z
https://doi.org/10.3847/2041-8213/ac6186
https://doi.org/10.3847/2041-8213/ac6186
https://doi.org/10.3847/2041-8213/ac6186
https://doi.org/10.1021/acsearthspacechem.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.23790
https://doi.org/10.1002/jcc.23790
https://doi.org/10.1039/C5CP02175H
https://doi.org/10.1039/C5CP02175H
https://doi.org/10.1002/jcc.26734
https://doi.org/10.1002/jcc.26734
https://doi.org/10.1021/ar00072a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00894-012-1667-x
https://doi.org/10.1007/s00894-012-1667-x
https://doi.org/10.1007/s00894-012-1667-x
https://doi.org/10.1039/c1cp22592h
https://doi.org/10.1039/c1cp22592h
https://doi.org/10.1039/c1cp22592h
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32, 1456−1465.
(31) Papajak, E.; Zheng, J.; Xu, X.; Leverentz, H. R.; Truhlar, D. G.
Perspectives on Basis Sets Beautiful: Seasonal Plantings of Diffuse
Basis Functions. J. Chem. Theory. Comput. 2011, 7, 3027−3034.
(32) Biczysko, M.; Panek, P.; Scalmani, G.; Bloino, J.; Barone, V.
Harmonic and Anharmonic Vibrational Frequency Calculations with
the Double-Hybrid B2PLYP Method: Analytic Second Derivatives
and Benchmark Studies. J. Chem. Theory. Comput. 2010, 6, 2115−
2125.
(33) Ceselin, G.; Barone, V.; Tasinato, N. Accurate Biomolecular
Structures by the Nano-LEGO Approach: Pick the Bricks and Build
Your Geometry. J. Chem. Theory Comput. 2021, 17, 7290−7311.
(34) Barone, V.; Fuse,̀ M.; Lazzari, F.; Mancini, G. Benchmark
Structures and Conformational Landscapes of Amino Acids in the Gas
Phase: a Joint Venture of Machine Learning, Quantum Chemistry,
and Rotational Spectroscopy. J. Chem. Theory Comput. 2023, 19,
1243−1260.
(35) Barone, V.; Ceselin, G.; Fuse,̀ M.; Tasinato, N. Accuracy meets
interpretability for computational spectroscopy by means of hybrid
and double-hybrid functionals. Front. Chem. 2020, 8, 584203.
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