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ABSTRACT

Context. The presence of grains is key to the synthesis of molecules in the interstellar medium that cannot form in the gas phase due
to its low density and temperature conditions. In these reactions, the role of the grains is to enhance the encounter rate of the reactive
species on their surfaces and to dissipate the energy excess of largely exothermic reactions, but less is known about their role as chem-
ical catalysts; namely, bodies that provide low activation energy pathways with enhanced reaction rates. Different refractory materials
with catalytic properties, such as those containing space-abundant d-block transition metals like iron (Fe), are present in astrophysical
environments.

Aims. Here, we report for first time mechanistic insights into the Fischer-Tropsch-type (FTT) synthesis of ethanol (CH;CH,OH),
through ketene (CH,CO) and acetaldehyde (CH;CHO) intermediates, and methane (CH,) via a chain growing mechanism using a
single-Fe atom supported on silica (SiO,) surfaces as a heterogeneous astrocatalyst.

Methods. Quantum chemical simulations based on extended periodic surfaces were carried out to characterize the potential energy
surfaces of the FTT chain growing mechanism. Calculations of the binding energies of reaction intermediates and products and
Rice-Ramsperger—Kassel-Marcus kinetic calculations were performed to evaluate catalytic efficiencies and determine the feasibil-
ity of the reactions in different astrophysical environments.

Results. Mechanistic studies demonstrate that the FTT chain growing mechanism enters into direct competition with FTT methanol
formation, since formation of the CH, chain growth initiator is feasible. The coupling of the CH, with CO (forming ketene) and sub-
sequent H, additions yield acetaldehyde and finally ethanol, while direct H, addition to CH, produces methane. Thermodynamically,
both processes are largely exergonic, but they present energy barriers that require external energy inputs to be overcome. Kinetic cal-
culations demonstrate the strong temperature dependency of the FTT processes as tunneling does not dominate.

Conclusions. The results could explain the presence of CH;CH,OH and CH, in diverse astrophysical regions where current models
fail to reproduce their observational quantities. The evidence that the chain growing mechanism is operating opens a new reactivity
paradigm toward the formation of complex organic molecules, which is constrained by the temperature-dependent behaviour of the
FTT reactions and by making their energy features a crucial aspect.
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1. Introduction

The formation of complex organic molecules in the interstellar
medium (ISM) is central to chemical evolution in space, which
can ultimately be linked to the origin of life. Interstellar complex
organic molecules, also known as iCOMs (Ceccarelli et al. 2017;
Herbst 2017; Herbst & Van Dishoeck 2009; Ceccarelli 2023),
were first observed in massive star formation regions (Rubin
et al. 1971). However, it was not until their detection in regions
that will eventually form Solar-like planetary systems that a
direct link was made between organic chemistry in the ISM and
that in the solar system (Caselli et al. 2003; Cazaux et al. 2003),
supporting the idea of the “universal chemical seeds of life”
proposed by De Duve (De Duve 2005, 2011).

The importance of iCOMs resides in their chemical struc-
tures. Although they are relatively small by terrestrial standards

* The data underlying this article are freely available in Zenodo at
https://doi.org/10.5281/zenodo.10556610

(between 6 and 13 atoms), they contain carbon (hence rendering
the organic character) in combination with hydrogen, nitrogen,
and/or oxygen (forming, for instance, formamide (NH,CHO),
the simplest iCOM containing these four fundamental atoms
for life; Saladino et al. 2012). Chemical evolution of iCOMs
gives rise to other compounds of enhanced complexity that can
be of prebiotic interest, such as amino acids, fatty acids, sug-
ars, and nucleobases, which are indeed biomolecular building
blocks for terrestrial life (Sandford et al. 2006; Altwegg et al.
2016; Pizzarello 2006). Given that iCOMs represent the dawn
of organic chemistry, understanding the synthesis of iCOMs is
currently a hot topic in astrochemistry.

Although in the spotlight, the routes of the formation
and destruction of iCOMs are still widely debated (Caselli &
Ceccarelli 2012; Vasyunin & Herbst 2013; Enrique-Romero et al.
2016; Vasyunin et al. 2017; Balucani et al. 2015). One of the
prevailing paradigms postulates that they form on the surfaces
of icy interstellar grains. The proposed mechanism suggests that
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hydrogenated frozen molecules (as components of the ices) can
be broken by photolysis and radiolysis, giving rise to radicals,
which in turn can couple, thereby forming iCOMs. When the
ice sublimates, the newly formed iCOMs are injected into the
gas phase, where they can be observed via their rotational lines
(Garrod et al. 2008). Although radical coupling reactions have
helped astrochemists rationalize the formation of simple, fun-
damental molecules such as H, and NH3 (Ferrero et al. 2023a;
Pantaleone et al. 2021), these reactions have some weak points
regarding the formation of iCOMs: (i) they can present energy
barriers, when they were initially advocated to be barrierless, (ii)
they can present competitive reactions, such as the H abstraction
from one radical to the other, and (iii) they can only occur in a
particular temperature window, between the diffusion of the rad-
icals and their sublimation (Enrique-Romero et al. 2021, 2022).
Accordingly, alternative mechanisms alleviating some of these
drawbacks have been postulated (Jin & Garrod 2020; Perrero
et al. 2022). However, all of them are based on a grain-surface
chemistry occurring on ice mantles, and accordingly they are
only valid in the early stages of the planetary systems forma-
tion (e.g., in dark and/or prestellar cores), in which temperatures
are cold enough to form and conserve the ices. However, iCOMs
have also been detected (or postulated to be present) in other
evolutionary stages in which ices are less dominant, like proto-
stellar environments (e.g., hot cores or corinos; Ceccarelli et al.
2017; Bianchi et al. 2019, 2020) and protoplanetary disks (Walsh
et al. 2014; Oberg et al. 2023). Additionally, there is increasing
evidence that ices do not fully cover the grain cores due to their
(likely) porous or even fractal nature (Potapov et al. 2020) in
part due to space weathering of the grains (Bennett et al. 2013),
in such a way that part of the refractory material is exposed to
the gas-phase environment (Marchione et al. 2019). Thus, even
in deep cold interstellar environments, synthesis of iCOMs can
be enhanced by the potential catalytic properties of the refractory
component of the dust grains.

Bare interstellar grains consist of refractory materials,
among which Mg/Fe-silicates (usually in an amorphous state)
are the most abundant (Duley 2000; Keller et al. 2002; Sargent
et al. 2009). The underlying idea of the grain-surface chemistry
is that some chemical reactions are favored when they occur on
grain surfaces, in particular where gas-phase routes are deemed
to be inefficient. In this sense, interstellar grains are postulated to
act as reactant concentrators, third bodies, and/or chemical cat-
alysts. While in interstellar icy grains clear evidence has been
shown of the two former roles (Enrique-Romero et al. 2016,
2019, 2022; Pantaleone et al. 2021; Ferrero et al. 2023a,b; Fredon
etal. 2021; Molpeceres et al. 2023), their capability as true chem-
ical catalysts (namely, species that provide alternative pathways
with lower activation energy barriers) is more limited (Lodders
& Fegley 2023).

However, as was mentioned above, beyond ices there are
other materials (refractories) that can present catalytic proper-
ties. Observations prove the presence of transition metals (i.e.,
elements belonging to the d-block of the periodic table) in the
ISM, of which iron (Fe) is the most abundant. Interestingly,
while Fe atoms naturally comprise part of the Fe-containing sil-
icate structure, they can also be deposited on the grains from the
gas phase, giving rise to single-Fe atoms supported on the grain
surfaces (Sasaki et al. 2001; Nuth III et al. 2006).

Although very scarce, research on astrocatalysis of refrac-
tory materials is not unreported. Recent studies have focused on
the occurrence of Fischer-Tropsch-type (FTT) reactions leading
to the formation of alcohols and short-chain alkenes. The FTT
reactions have been the object of study in astrochemistry because
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their reactants (H, and CO) are the most abundant gas-phase
molecules in the ISM. Dedicated laboratory experiments have
successfully synthesized hydrocarbons using transition metal-
containing dust analogues under simulated solar nebula condi-
tions (Llorca & Casanova 1998; Ferrante et al. 2000; Sekine et al.
2006; Cabedo et al. 2021). These experiments demonstrated that
true catalysis on grains can indeed occur. However, there is a
lack of comprehension of the mechanistic steps involved, and the
related energetics and kinetics of these FTT processes, which
is fundamental to understanding the feasibility and operating
conditions of these reactions in astrophysical environments.

In a very recent work (Pareras et al. 2023), we investigated
by means of quantum chemical simulations and kinetic calcula-
tions the synthesis of methanol (CH3OH) through FTT reactions
catalyzed by Fe single-atoms supported on silica (SiO;) sur-
faces, which is formed by successive H, additions to CO. Our
results demonstrate that, for the process to be feasible, a source
of energy is required to overcome the associated activation
energies forming CH3O0H, a condition that can be achieved in
higher-temperature astrophysical environments more easily than
in deeply cold dense ones. Nevertheless, FTT reactivity is a
complex process that goes beyond the synthesis of methanol, in
which larger molecules can also be obtained following a chain
growth mechanism. In fact, the mechanism of Fischer-Tropsch
synthesis, or more accurately the chain growing mechanism that
leads to the formation of alkanes, alkenes, alcohols, and the long-
chain derivatives, is still under debate since the original paper
by Fischer and Tropsch (Fischer & Tropsch 1923, 1926; Schulz
1999; Van Der Laan & Beenackers 1999; Khodakov et al. 2007,
De Smit & Weckhuysen 2008; Cheng et al. 2010; Li et al. 2011;
Psarras & Ball 2015; Foppa et al. 2018).

In the present work, we focus on the synthesis of ethanol
(CH3CH,0H) through a chain growth mechanism. The key point
differing this from FTT-CH3OH synthesis is that the adsorp-
tion of CO and H, leads to the activation and dissociation of
CO, forming CH,, which acts as the chain initiator. Ethanol is
then obtained by the coupling between the CH, and a second
CO molecule (forming first ketene, CH,CO), followed by subse-
quent hydrogenations with H,, through acetaldehyde (CH;CHO)
formation as an intermediate. However, as will be seen, the first
steps of the chain growth are based on the H, reactivity with
CO, and accordingly it is in direct competition with the CH;0H
formation. Thus, a comparison between the two processes is pre-
sented. Additionally, H, addition to the CH, initiator can also
give rise to CHy, becoming a potentially competitive reaction to
ethanol formation, and accordingly it has also been studied here.
For the sake of clarity, all of these processes are schematically
sketched in Fig. 1. Moreover, we carry out kinetic calculations to
assess the catalytic performance of the Fe single-atom astrocat-
alyst model in the investigated reactions, as well as to determine
those favorable conditions at which the reactions can occur in
agreement with the different astrophysical environments.

Due to our experience in FTT-CH3;0H formation, where it
was shown that Fe® was better than the Fe?* as single-atom cat-
alyst on SiO, surfaces, here reactivity is only addressed on the
former system, which is hereafter referred to as Fe? @Si0,.

2. Methodology

The Fe?@SiO, surface catalyst was modeled adopting a peri-
odic approach (more details on how they were constructed and
their structure are provided below). Geometry optimizations
to characterize the potential energy surfaces (PESs) were
carried out with the CP2K package (Kiihne et al. 2020). The
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Fig. 1. Schematic representation of the FTT processes simulated in this work. Green line: C-O dissociation of acetaldehyde (CH,0O), forming the
CH, chain initiator and O, and H, addition to atomic O to form H,O. Blue lines: formation of ethanol (CH;CH,OH) by (i) reaction of CH, with
CO, forming ketene (CH,CO), and (ii) two H, additions to ketene to form first acetaldehyde (CH;CHO) and finally ethanol. Red lines: formation

of methane (CH,4) by H, addition to CH,.

semi-local Perdew—Burke—Ernzerhof (PBEsol) functional was
adopted (Perdew et al. 2008) together with the Grimme D3(BJ)
correction to include dispersion forces (Grimme et al. 2010),
combined with a double-{ basis set (DZVP-MOLOPT-SR-GTH
Gaussian basis set) for all the atom types, and a cutoff energy,
E. = 500 Ry, for the plane wave auxiliary basis set. Core
electrons were described with the Goedecker—Teter—Hutter pseu-
dopotentials (Goedecker & Teter 1996) and valence ones with a
mixed Gaussian and plane waves (GPWs; Lippert et al. 1997).
Due to the size of the unit cell (see below), CP2K calculations
were performed at the I point.

To refine the energies of the stationary points, single
point calculations on the PBEsol-optimized geometries were
performed employing B3LYP (a hybrid generalized gradient
approximation (GGA) functional of Becke-Lee, Parr, and Yang;
Lee et al. 1988; Becke 1993; Stephens et al. 1994), including
the Grimme’s D3(BJ) correction term (Grimme et al. 2010), and
using the triple- basis set (TZVP) with the ab initio CRYS-
TAL17 code (Dovesi et al. 2018), which adopts Gaussian-type
orbitals (GTOs) as basis sets. The threshold parameters for the
evaluation of the Coulomb and exchange bi-electronic integrals
(the TOLINTEG keyword in the CRYSTAL17 code; Dovesi et al.
2018) were set equal to 7, 7, 7, 7, and 14, and calculations were
also performed at the I point. In our previous work (Pareras
et al. 2023), we already assessed that changing codes (namely,
CP2K for geometry optimizations and CRYSTALI17 for single-
point energy calculations) has a very low impact on the basis set
employed (GPWs and GTOs, respectively).

Transition states structures were searched using the climb-
ing image nudged elastic band (CI-NEB) technique implemented
in CP2K (Kiihne et al. 2020). Activation energy barriers were
calculated as

AE* = Ers — Egs (1)
AU* = AE* + AZPE 2
AG: = AE* + AGr, (3)

where AE* is the potential energy barrier, in which Etg and Egg
are the absolute potential energies for the transition state and
the local minimum structure, respectively, AU * is the vibrational
zero-point energy (ZPE) corrected barrier, in which AZPE refers
to the contribution of the ZPE corrections to AE*, and AG; the
Gibbs activation barrier at a given temperature, in which AGr
refers to the contribution of the Gibbs corrections to AE*.

Analogously, reaction energies are defined as AE™, AU,
and AG7™ as the reaction energies from the potential energies,
including the ZPE corrections and the Gibbs reaction energies at
a given temperature, respectively.

Binding energies (BEs) were computed using the counter-
poise method as implemented in CRYSTAL17 in order to avoid
the basis set superposition error (BSSE; Dovesi et al. 2018). Final
BEs were calculated as

AEy = cplx (Esur + Ep) 4)
AUygs = Engs + AZPE (5)
AU, = —BE (6)

where AE,; is the potential adsorption energy, Ecpix, Esur, and
E,, are the absolute potential energies for the adsorption com-
plex, the isolated surface, and the isolated molecule, respectively,
AU,y is the ZPE-corrected adsorption energy (in which AZPE
refers to the contribution of the ZPE corrections to AE,4), and
BE is the binding energy (which is AU,qs in opposite sign).
Frequency calculations were performed to validate the nature
of the stationary points (i.e., minima with only real frequencies
and transition states with one, and only one, imaginary frequency
leading to the corresponding product). Vibrational harmonic fre-
quencies were calculated at the PBEsol-D3BJ/DZVP-optimized
structures using the finite differences method as it is imple-
mented in the CP2K code. A partial Hessian approach was used
to reduce the computational cost of the calculations. Thus, the
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Fig. 2. Top: scheme of the Fe® grafting on the SiO, surface. Bottom:
zoom-out (left) and zoom-in (right) of the optimized geometry of the
Fe’ @Si0, system. The dashed line box represents the atoms included in
the partial Hessian matrix calculation. Relevant distances are depicted
in Angstroms A). Color-coding: H atoms are represented in white, O
atoms in red, Si atoms in beige, and Fe atoms in orange.

vibrational frequencies were calculated for only a fragment of the
entire system, which included the Fe metal center, the reactive
species, and the closest SiO, moieties of the silica surface. The
atomic zone considered in the partial Hessian matrix calculation
is highlighted in Fig. 2 (dashed line box).

The catalytic performance of the simulated FTT processes
was investigated through reaction rate kinetic calculations. To
this aim, a rate constant associated with each elementary bar-
rier was calculated using the Rice-Ramsperger-Kassel-Marcus
(RRKM) theory (Marcus 1952), a microcanonical approximation
that assumes that the phase space is statistically populated. In
this RRKM treatment, tunneling effects were taken into account
by adopting the unsymmetrical Eckart potential barrier model
(Eckart 1930). For the calculation of the rate constants, we
used the calculated vibrational frequencies as degrees of free-
dom in the sum of states. Although we calculated a partial
Hessian matrix to derive a set of vibrational modes, they are
those directly involved in the reaction, and accordingly those
that have a direct impact on the rate constants. The rest of
the vibrational modes, which are not accounted for, belong to
the surface inner layers and are assumed to have a negligible
influence in the chemical reactions and by extension the rate con-
stants (Molpeceres et al. 2023). These kinetic calculations were
performed with a homemade program in which the RRKM algo-
rithms were implemented for grain-surface processes, and are
freely available in Enrique-Romero & Rimola (2024).

The Fe’@Si0, catalytic system was built up by adding on
an amorphous SiO, periodic surface a single atom of Fe in its
ground triplet state (see Fig. 2). The amorphous SiO, surface
was taken from the work of Ugliengo et al. (2008), in which
the Fe® center was added on a low density silanol (SiOH) silica
surface (1.5 SiOH nm™~2). It contains 187 atoms per unit cell, with
cell parameters of a = 12.186 A, b=12.772 A, and ¢ = 49.317 A,
and a = 90.00°, 8 =90.00° and y = 90.25°, and with a thickness
of 16 A, leaving an empty space of 30 A between surface replicas
in the z direction (see Fig. A.1). A more detailed description of
the catalyst construction can be found in our previous published
article (Pareras et al. 2023).

3. Results
The different reactions considered in the following subsections

are depicted in Table 1, and in Figs. 3 and 4. The nomenclature
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Table 1. Relative energies of the CO bond dissociation and H,O
formation.

Entry Reaction AU*  AU™
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e, | < Pon, < Fen, : :
'CHy+°0+*H,  TSom ~ *CHy+*OH+'H
H ¥ |
H T\ o-H
1~ O-H g O-H gl
5 e, e, o, 120 =250
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Notes. ZPE-corrected energy barriers (AU*) and reaction energies
(AU™) of the different reaction processes involved in the CO bond
dissociation and H,O formation. Units are in kcal mol~!.

used to label the minima of the PESs refers to the different moi-
eties that are coordinated with the Fe center, where the atoms
establishing the coordination with the Fe center are highlighted
with the symbol (*). For instance, the local minima labelled as
[*H, + *CO] refers to the Fe@8Si0O, system with the H, and
CO moieties coordinated with the Fe center. The nomenclature
adopted for the saddle points is different and depends on the type
of process. For the reactions involving chemical bond cleavages
(Fig. 3), the nomenclature of the saddle points specifies the moi-
ety that is breaking. For instance, TS¢_¢ is the saddle point for
the breaking of the CO moiety into C + O, and TSgc-o is the
saddle point for the breaking of the HCO moiety into HC + O.
For reactions involving the ethanol and methane formation, the
saddle points are named in order of appearance (e.g., TS1, TS2,
TS3, etc.) following the sequence of reactions shown in Fig. 4.
For the formation of ethanol, the saddle points cover the TS1-
TS5 range (see Fig. 4A), while the formation of methane involves
TS6 and TS7 (see Fig. 4B).

3.1. Toward the chain growth mechanism: CO dissociation
and CH» + H>O formation

Before delving into the chain growth mechanism, it is important
to understand how a chain initiation can be achieved. One pos-
sible route is based on the surface carbide mechanism, the first
and oldest mechanism proposed for the FT synthesis (Fischer &
Tropsch 1923, 1926; Biloen et al. 1979; Dictor & Bell 1986).
This mechanism presumes dissociative adsorption of CO and H,
followed by the formation of CH,, which combines and inserts
into growing chains. Since we are dealing only with a single-Fe
atom, it is likely that the CO molecule adsorbs first on the Fe
center and posteriorly dissociates through an energetic barrier.
It should be noted that the activation or dissociation of CO is
in direct competition with its hydrogenation from H,, forming
methanol. Therefore, as was mentioned earlier, energetic values
obtained here are compared to those for the CH3;OH formation
(Pareras et al. 2023).
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Fig. 3. (A) Reaction mechanism for the CO dissociation into C + O. (B) Reaction mechanism for the HCO dissociation into HC + O. (C) Reaction
mechanism for the H,CO dissociation into H,C and O. (D) Reaction mechanism for the first oxygen hydrogenation to OH. (E) Reaction mechanism
for the second oxygen hydrogenation to H,O. (F) ZPE-corrected PESs (in kcal mol™!) for the different proposed CO dissociation mechanisms, as
well as of H,O and CH;OH formation, using as the Oth reference energy the Fe’ @SiO, + H, + CO asymptote. The optimized geometries of the
five transition state structures involved in the three different C-O dissociations and in the H,O formation are also shown (bond distances in A).
The asterisk symbol (*) denotes from which atom the relevant molecule is coordinated with Fe. Color-coding: H atoms are represented in white, C

atoms in gray, O atoms in red, Si atoms in beige, and Fe atoms in orange.

Following the proposed mechanism of entry 1 of Table 1, the
ZPE-corrected PES for the CO dissociation was calculated and
compared to that for the methanol formation (Fig. 3). The bar-
rier needed to overcome the CO dissociation is extremely high
(AU*(C-0) = 95.2 kcal mol™"). Moreover, the process is highly
endoenergetic (AU™(C-0O) = 26.4 kcal mol™!). Therefore, this
surface carbide mechanism is energetically restricted.

However, recent works also demonstrate that the energy
required for the CO dissociation can be reduced upon its
hydrogenation. That is, the CO becomes activated due to
being hydrogenated, in which the possible resulting prod-
uct dissociates through the C-O bond (reassembling in part
the two other main chain growth mechanisms, the surface
enol mechanism (Kummer & Emmett 1953; Vannice 1976;
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Fig. 4. (A) Reaction mechanism for the ethanol formation from the direct CH, — CO coupling forming CH, and O, the reaction of CH, with an
incoming CO, forming H,CCO, and subsequent hydrogenations. (B) Reaction mechanism for the methane formation from hydrogenation of CH,.
(C) ZPE-corrected PESs (in kcal mol™") for the ethanol formation (black) and methane formation (gray) mechanisms, using as the Oth reference
energy the Fe @Si0,-CH, + H, + CO asymptote. The optimized geometries of all the transition state structures (bond distances in A) are also

shown. The asterisk symbol (*) denotes from which atom the relevant molecule is coordinated with Fe. Color-coding: H atoms are represented in
white, C atoms in gray, O atoms in red, Si atoms in beige, and Fe atoms in orange.

Huff & Satterfield 1984) and the CO insertion mechanism
(Henrici-Olivé & Olivé 1976; Masters 1979)). Here, we consider
this CO dissociation to be mediated by multiple hydrogena-
tions from H; molecules. Remarkably, in a previous work by us
(Pareras et al. 2023), it was shown that the interaction of H, with
the Fe single-atom leads to a spontaneous H, homolytic cleav-
age. Moreover, the migration of the resulting H atoms to the
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bare SiO, surfaces (that is, leaving the Fe single-atom center)
is unlikely due to the stronger BE of H on the Fe? @SiO, cen-
ter than the bare SiO, (84.9 and 2.6 kcal mol~!, respectively).
Thus, the CO hydrogenation for its activation is simulated from
H atoms interacting with the Fe center, in which three different
scenarios are possible upon CO hydrogenation: (i) dissociation
of HCO into CH and O (entry 2 of Table 1); (ii) dissociation of
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CH;O0 into CH; and O (entry 3 of Table 1); and (iii) dissocia-
tion of CH,OH into CH, and OH (entries 4 and 5 of Table 1).
Interestingly, in all three scenarios, after the C-O bond breaking,
formation of CH, plus H,O occurs, leaving as a chain initiator
the CH; entity. Again, all of them are in direct competition with
the direct CO hydrogenations that lead to the CH;OH formation,
and therefore their energetics are also compared. All the obtained
results are shown in Fig. 3.

Our results do not differ from the literature, and hydrogena-
tion of the CO molecule activates it, reducing the energy required
to break the C-O bond. Even after the first hydrogenation, the
required barrier is reduced by half with respect to direct CO dis-
sociation (AU*(HC-O) = 45.7 kcal mol~'), but the process is
still endoenergetic (AU'*(HC-O) = 28.3 kcal mol~!). The energy
required to break the CO molecule hits the lowest value after the
second hydrogenation (namely, dissociation of H,CO into CH,
and O), reaching a barrier of AU*(H,C-0) = 20.0 kcal mol~!,
with an importantly reduced reaction energy of AU™(H,C-
0) = 1.1 kcal mol~'. A third hydrogenation is also evaluated,
forming the CH,OH moiety prior to the CO dissociation. The
hydrogenation of the oxygen atom (forming CHOH) has already
been reported to be higher in energy than the C atom (form-
ing CH,0O; Van Der Laan & Beenackers 1999; Psarras & Ball
2015; Foppa et al. 2018, 2019; Li et al. 2011). Our results are in
good agreement with the literature data (reported in Table B.1),
with a barrier for the CH,OH and CH;O formation of 52.7 and
40.0 kcal mol~!, respectively. The instability of CH,OH, how-
ever, does not imply a reduction in the CO dissociation, as its
barrier is AU*(H,C-OH) = 35.0 kcal mol~!, but rather presents
an exoenergetic character (AU™*(H,C-OH) = —23.3 kcal mol~'.
Thus, these results indicate that the most energetically favor-
able path toward CO dissociation is to form first CH, O, followed
by its H,C-O dissociation. This path, moreover, has the advan-
tage that the dissociation products are O and CH,, this latter
already being the chain growth initiator species in the form of
the CH,-Fe? @Si0O, surface system.

As was mentioned above, and from the data collected in the
energy profile of Fig. 3, the hydrogenation of CO to induce its
dissociation is in direct competition with the CH3OH formation.
By comparing the energy features of both processes (Fig. 3),
direct CO dissociation and HC-O dissociation are more ener-
getic steps than CO hydrogenation to reach CH,O. At this point,
the reaction can advance toward either methanol formation (with
an H, adsorption and subsequent hydrogenation of CH,0, with
intrinsic AU*(CH30) = 12.8 kcal mol~' and AU*(CH;0H) =
17.0 kcal mol~!, both steps being exoenergetic, ca. 6 kcal mol™!
each; see Fig. 3) or breaking the CH,O into CH, and O (with
AU*(H,C-0) = 20.0 kcal mol™!), with the resulting O atom,
according to the FT reactivity, needing to be hydrogenated to
form H,O. Entries 4 and 5 of Table 1 collect the energetics for the
two hydrogenations needed to form H,O (processes that are also
represented in Fig. 3). The results show that the first and second
hydrogenations have energy barriers of AU¥(O-H) = 23.5 kcal
mol~!" and AU#*(HO-H) = 12.0 kcal mol~! and exoenergetic reac-
tion energies of AU™(O-H) = —15.3 kcal mol™' and AU™*(HO-
H) = —25.0 kcal mol~'. Accordingly, the results indicate that the
formation of CH3;OH and the formation of CH, + H,O are in fair
competition, since both processes present similar energy barri-
ers (although CH3OH formation is energetically slightly favored)
and are exoenergetic steps (the formation of CH, + H,O present-
ing more negative reaction energy by some amount). Therefore,
all the presented results relative to the CO dissociation and the
formation of the CH,-Fe?@SiO, chain initiator indicate that,
from the mechanistic point of view, the processes are feasible.

The barriers needed to overcome the H,C-O bond breaking and
form CH; and O and the hydrogenation of O to form H,O are
relatively energetically affordable.

3.2. Ethanol formation

The reaction mechanism proposed for the ethanol formation
from CH,-Fe@SiO, is depicted in Fig. 4A, and the computed
ZPE-corrected PES in Fig. 4C.

The first step is the favorable adsorption of a new CO
molecule on the Fe center of the CH,-Fe’ @SiO, system, and
the first barrier is the direct coupling between CH, and CO,
forming ketene (CH,CO). The energy barrier is relatively small
(AU*(TS1) = 1.9 kcal mol™!), and the reaction step is largely
exoenergetic (AU™(TS1) = —20.7 kcal mol™"). These favorable
energetics can be explained by considering the CH, molecule
as a Fischer-carbene system (see Appendix B and Fig. D.1).
In terms of reactivity, these carbene types show a strong elec-
trophilicity, prone to couple with the relatively nucleophile C
atom of CO (Santamaria & Aguilar 2016; Epping et al. 2023).

The next step is the hydrogenation of ketene by reacting with
a new H, molecule to form acetaldehyde (CH3;CHO). This starts
with the favorable adsorption of an incoming H;, on the Fe cen-
ter (which in this case remains in the form of H,, at variance
with the H, addition to CO; see above), and then the addition
of the H atoms of H, to ketene. The energetics associated with
the breaking of the adsorbed H, molecule and hydrogenation
of CH,CO are AU*(TS2) = 31.1 kcal mol~! and an endoener-
getic AU™(CH,CHO) = 18.5 kcal mol~!. We only considered the
hydrogenation of the central C atom (and not the terminal one),
as it has been shown to be more favorable according to previous
mechanistic studies based on FTT chain growing mechanisms
(De Smit & Weckhuysen 2008; Zhuo et al. 2009; Cheng et al.
2010; Psarras & Ball 2015; we note that this is not the case for
H addition to ketene on ices, in which the terminal C atom has
been shown to be more favorable Ferrero et al. 2023a). Due to the
instability of the CH,CHO intermediate, the subsequent hydro-
gen transfer on the terminal C atom shows a small energy barrier
(AU*(TS3) = 1.7 kcal mol™!), and the formation of acetaldehyde
is largely exoenergetic (AU"™*CH3(CHO) = —40.1 kcal mol™!).

Finally, to proceed with the ethanol formation, a second
H, adsorption on the Fe center is considered, which is again
slightly exoenergetic. As was mentioned above, the hydrogena-
tion of the carbon atoms is energetically more favorable than
on the oxygen atoms. Therefore, the following hydrogenations
lead first to the formation of the CH;CH,O intermediate, with
an energy barrier of AU*(TS4) = 22.8 kcal mol~! and an exoen-
ergetic AU™(H3;CH,0) = —11.0 kcal mol~!, in which the newly
formed CH3CH,O intermediate is coordinated on the Fe cen-
ter only by the oxygen atom. The last hydrogenation leading
to the formation of CH3CH,OH shows an energy barrier of
AU*(TS5) = 15.6 kcal mol~! and is also an exoenergetic step
with AU™(CH3CH,OH) = —8.8 kcal mol™'.

3.3. Methane formation

For CH3;CH,OH formation, we considered the adsorption of a
CO molecule and its reactivity with CH,. However, H; is the
most abundant molecule in the ISM, and accordingly an H;
molecule is likely to adsorb before a CO molecule, and hence
enable the hydrogenation of CH, to form CHy. Figure 4B shows
this mechanism, and the calculated ZPE-corrected PES is also
shown in Fig. 4C.
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Table 2. Collected binding energies and relative energies.

Species H2 CO HQO CH2 CHzCO CH3CHO CH3CH20H CH4
BE 346 414 15.0 135.7 441 60.7 49.9 22.4
Rel. E - - -109.6 -55.7 -32.8 -32.8 —86.1 -45.1

Notes. Calculated BEs (in kcal mol™!) for the reactants, intermediates, and products, also represented its respective Rel. Es. in kcal mol~!.

The reaction starts with the favorable adsorption of an H;
molecule. The first barrier concerns the breaking of the H;
molecule and the formation of the CHj; intermediate, which
results in a relatively high activation barrier (AU*(TS6) =
28.6 kcal mol™!), with a largely exoenergetic reaction energy
(AU™(CH3) = —56.6 kcal mol™"). Although the observed bar-
rier is quite high, this data matches that of the previously
observed barriers; that is, the first hydrogenations in the ethanol
and methanol formation processes also present energy barriers
above 20 kcal mol~!, such that these are the rate-determining
steps of respective processes. The second hydrogenation occurs
through a very small barrier (AU #(TS7) = 1.2 kcal mol™"), finally
leading to the exoenergetic formation of CHy (AU™(CH4) =
—4.8 kecal mol™").

4. Discussion
4.1. Binding energies of the formed species

The mechanistic study shown above gives an understanding of
how the reactions evolve throughout the different reaction steps.
Preliminary conclusions can be extracted from the computed
energetics. An important aspect is that, in general, the station-
ary points are lower in energy than the asymptotes due to the
highly favorable adsorption of the reactants; namely, the H, and
CO molecules on the Fe single-atom center. This means that the
reactive system can have a surplus of energy at its disposal in
the case in which the gained adsorption energy has not dissi-
pated throughout the surface, which can accordingly be used
to advance the reaction. That is, in the scenario in which all
the transition states are below the asymptote, the reaction can
progress in a barrierless fashion. However, this assumption has
a possible drawback: if any of the intermediates has a BE below
the asymptotes, that intermediate can easily be desorbed, ham-
pering the evolution of the reaction. To provide deeper insight
into that, we calculated the BEs of the different stable interme-
diates as well as of the final products on the Fe’ @SiO, surface.
These values are reported in Table 2.

The BEs of the H, and CO reactants, as was shown in
our previous work (Pareras et al. 2023), are relatively high as
they chemisorb on the metal center. The BEs of the products
(H,0, CH3CH,0H, and CH,) lie below their corresponding
asymptotes. In contrast, the BEs of the intermediates (CH,CO,
CH;CHO, and the CH; chain initiator) are energetically above
the asymptote. These values confirm that, in the scenario in
which the energy has not dissipated across the surface, the
reaction would advance, forming the desired products, as the
intermediates are strongly coordinated with the metal center
without the possibility of desorption. Moreover, in this same sce-
nario, BE values also give some clues as to the formation of
by-products. That is, in the studied paths, ketene and acetalde-
hyde (reaction by-products) can be formed and retained on the
metal center, and accordingly some amounts of these species
could also be formed.
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4.2. Kinetic analysis

In the previous section, we were considering a scenario in which
the surplus of energy provided by the favorable chemisorption
of the reactants has not dissipated, and is accordingly available
and used for the reaction to progress. However, this scenario is
a limiting case, difficult to take place as such, since it has been
reported that solid state surfaces have energy dissipation capa-
bilities, including not only ices (e.g., Pantaleone et al. 2021) but
also metals (Rittmeyer et al. 2018). Thus, in this section, we deal
with the opposite scenario: that in which the surplus energy of
the exoenergetic elementary steps dissipates. In this scenario, the
FTT reactions can be understood as a set of successive steps that
need to be treated individually to know their feasibility according
to their kinetics. Thus, here, kinetic calculations based on the
RRKM theory (see the methods section above) were carried
out to calculate rate constants (k) and derive Arrhenius plots
for the most key elementary steps of the investigated processes
(shown in Fig. 5). Kinetic analysis is useful to understand how
each reaction elementary step behaves in terms of reaction rate
variation with temperature and to evaluate the possibility of tun-
neling, allowing us to predict whether a step is favorable or not
and under which environmental conditions (namely, the temper-
ature). To this end, using the Arrhenius plots, we determined at
which temperature the elementary steps have a k = 1 yr~!, con-
sidering this rate constant as the lower limit at which the reaction
is relatively fast (according to astronomical timescales, taking
the age of a molecular cloud as 10° yr).

In this work, three different possibilities to activate and dis-
sociate CO and obtain the CH; chain growth initiator have been
proposed: (i) direct CO dissociation, (ii) single CO hydrogena-
tion and dissociation of HC-O, and (iii) double CO hydrogena-
tion and dissociation of H,C-O. In the two first cases, the energy
barriers are higher than those leading to the H,CO and CH3;0H
formation. However, the energy barrier of the third possibility
directly competes with the methanol formation. We calculated
the rate constants for these three possibilities, and the results
show that the first two do indeed need an important source of
energy to proceed with the C-O and HC-O cleavages (Fig. E.1).
In contrast, for the H,C-O dissociation, the kinetic results indi-
cate that at a temperature of 205 K the rate constant is k =
1.19 yr~! (Fig. 5A).

As is seen in the results section, the hydrogenation of the
resulting species upon the H,C-O dissociation forming a H,O
molecule is crucial to obtain the CH, chain initiator (within the
FTT framework). This hydrogenation involves two steps: (i) the
dissociation of the H, molecule and the first hydrogen transfer
forming the OH intermediate, and (ii) the last hydrogen trans-
fer leading to H,O. The RRKM calculations show that the first
step has a rate constant of k = 1.07 yr~! at a temperature of
255 K, in which tunneling effects do not dominate (as is seen in
Plot A of Fig. E.2), but in the second step tunneling is relevant,
giving rise to a rate constant of k = 1.10 yr~! at a tempera-
ture of 15 K. These kinetic data reaffirm what was observed
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Fig. 5. Arrhenius plots for the elementary steps associated with TSy,c—o (panel A), TS1 (panel B), TS2 (panel C), and TS6 (panel D). The values
of the natural logarithm of the rate constant (In(k)) are represented in yr~' and the inverse of the temperatures (1/T) in K-!. RRKM constants,
without considering tunneling and considering tunneling, are represented in blue and orange, respectively.

in the PES; that is, obtaining the CH, chain initiator requires
two energy demanding steps to be overcome, with the first one
(the H,C-O breaking) being kinetically feasible only at relatively
high temperatures (Fig. E.2).

The propagation mechanism toward ethanol formation starts
with the coupling of CH; and CO to form ketene. Interestingly,
the energetics shown in Fig. 4 already show a very small bar-
rier for this step (around 1 kcal mol~"). Kinetic calculations are
in line with this barrier, in which, moreover, tunneling effects
are predicted to be relevant (Fig. 5B), resulting in k = 1.28 yr~!
at T = 3 K, and accordingly one can consider this step to be
feasible at any temperature. The next step concerns the hydro-
genation of ketene forming acetaldehyde, which starts with the
H, dissociation and subsequent H addition, presenting a high
energy barrier. Kinetic calculations agree with these energy fea-
tures, resulting in the full dependence of k on temperature,
in which k = 1.16 yr~!' is only reached at 318 K (Fig. 5C).
According to these values, this is the rate-determining step of
the whole FTT-ethanol synthesis. The second hydrogenation
presents a very small energy barrier, with enhanced reaction
rates and dominance of tunneling (k = 332.5 yr!' at 5 K;
see Fig. E.3).

The last two hydrogenations of acetaldehyde, which show
lower energy barriers than the first hydrogenation of ketene,
result in reasonable kinetics with a full temperature depen-
dence of the first hydrogenation without any contribution from

tunneling effects (k=120 yr' and k= 1.08 yr' at T =92 K, for
the first and second hydrogenation, respectively; see Fig. E.3).

Finally, we also considered the path in which a carbene
molecule is hydrogenated to form methane. As is seen above,
the first hydrogenation steps involving the H, breaking are the
rate-determining steps of the mechanisms. Kinetic data of this
process show a minor contribution from tunneling at very low
temperatures, and accordingly the process can be considered to
be purely dependent on the temperature (k = 1.05 yr! at T =
300 K; Fig. 5D). The second hydrogenation has a very small
energy barrier, and the process is fully dominated by tunneling
(Fig. E4).

Interestingly, there are kinetic similarities between the FTT
synthesis of CH3;OH, CH3CH,OH, and CHy4. The key step in all
of them is the first hydrogenation via H, breaking and the subse-
quent hydrogen transfer to CO, H,CCO, and CH, (for CH30H,
CH;CH,0H, and CH,4 formation mechanisms). However, in the
CH3OH mechanism, this first barrier is slightly lower than the
two other mechanisms due to the cooperative effect between a Si
surface atom and the Fe center, which allows it to start with an
already dissociated H, molecule.

4.3. Astrophysical implications

One of the aims of this work is to determine if the syntheses
of CH3CH,OH and CHy4 via a FTT chain growing mechanism
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catalyzed by the Fe’ @SiO, system are feasible within the astro-
chemical framework, where the abundances of the reactants are
very small, and the temperatures can vary from five to hundreds
of Kelvins. Ethanol is deemed to be an important molecule for
the formation of larger iCOMs (Skouteris et al. 2018), and has
been detected toward a few different astrophysical environments.
It has been seen in some star-forming regions: toward the contin-
uum peak of some low-mass Class 0 protostars such as the binary
IRAS 16293-2422 (Taquet et al. 2015) and NGC 1333-IRAS 4A
(Taquet et al. 2015), where it is observed in the hot corino
region. Notably, it has been detected in L1157-B1, where it is
observed toward the protostellar shock region, showing an abun-
dance at least two times larger than abundances in hot-corinos
(Arce et al. 2008). It is usually detected toward intermediate-
or high-mass star-forming regions, in the hot core region
(Zuckerman et al. 1975; Millar et al. 1995; Ohishi et al. 1995;
Belloche et al. 2009; Palau et al. 2011; Crockett et al. 2014;
Rivilla et al. 2017), but its detection can remain relatively elusive
when compared to other iCOMs (Blake et al. 1987; Friedel &
Snyder 2008; Caux et al. 2011). Ethanol has been tentatively
detected in ices at infrared (IR) wavelengths (Bisschop et al.
2008; Oberg et al. 2011; Boogert et al. 2015; McClure et al.
2023), but confirmed very recently (Rocha et al. 2024). Finally,
ethanol has been detected multiple times in cometary bodies,
such as Hale-Bopp, Lovejoy, Jupiter family comets, and Oort
Cloud comets with abundances of ~0.1% wrt water (Biver &
Bockelée-Morvan 2019).

The formation of ethanol in the ISM is still debated and
poorly studied. Generally, studies suggest that it is formed on
grain surfaces through photo-processing of methanol and water
ices. Some models suggest that its production proceeds through
the radical combination of CH3 and CH,OH (Garrod et al. 2008;
Belloche et al. 2009; Rivilla et al. 2017). Others point to a non-
energetic formation via a potentially barrierless interaction of
CCH radicals with H,O ices to form vinyl alcohols, as precursors
of ethanol (Perrero et al. 2022). Nevertheless, as was mentioned
in the introduction, these types of mechanisms have the draw-
back of needing the presence of ices covering the dust grains,
and hence can only apply to certain regions of the ISM; namely,
those with temperatures low enough to ensure the existence of
interstellar ices.

The formation of acetaldehyde (and hence the possible
formation of ethanol by the latter’s hydrogenation) by the com-
bination of HCO and CHj3 is not possible in warm astrophysical
environments because of the sublimation of the volatile icy
species, leaving open the door for the formation of ethanol
through pathways such as FTT synthesis. By contrast, in deep
ultracold environments (where FTT reactions are not feasible),
the formation of acetaldehyde by HCO and CHj coupling can
prevail, although computational studies question its occurrence
(Balucani et al. 2015; Enrique-Romero et al. 2021, 2022). Our
data indicate that, from both the energetic and kinetic points
of view, the chain growing mechanism does indeed compete
with the methanol formation, and both are viable at tempera-
tures higher than 300 K. Therefore, enhancement of ethanol in
hot or shocked regions, such as high-mass star-forming regions
or stellar outflows, where temperatures can get high enough, is
possible through Fe single-atom catalysis. However, it is true that
CH3OH formation is relatively more favorable than chain grow-
ing, leading to a larger abundance when it is formed through this
mechanism.

Experimentally, it has been shown that ethanol can be pro-
duced through Fe catalysis in reducing environments under
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different conditions of temperature and pressure (Cabedo et al.
2021). Under H and CO atmospheres, alcohol production, mainly
methanol and ethanol, can be achieved using chondritic material
as a catalytic support. However, the production of both alco-
hols only achieves 0.06 and 0.03% of the total CO consumed,
respectively, at ~600-700 K, making it a small percentage of the
total products. Those experiments show that methane production
under those conditions is more favorable, starting at ~500 K and
with production of up to 15%. Ethanol has also been experimen-
tally formed, among other alcohols, using Fe meteoritic material
and different silicates as support, under H and CO, atmospheres
(Peters et al. 2023). While the results are limited, both point to a
possible synthesis of ethanol due to the presence of Fe particles
in interplanetary material, under warmer temperature conditions,
which could occur in many different environments like those
mentioned above.

Moreover, ethanol has recently gained some attention as it
has been touted as the precursor of several iCOMs formed by
cold gas-phase reactions (Skouteris et al. 2018). The very first
hydrogenations to CO are needed to form H,CO (as a previous
step toward methanol) and to facilitate the dissociation of the
H,C-O bond and give rise to the CH, chain initiator. H,CO is
a commonly observed molecule in the ISM, normally attributed
to CO hydrogenation (Watanabe & Kouchi 2002; Roberts et al.
2004; Fuchs et al. 2009) or dust grain chemistry (Potapov et al.
2017; Inostroza-Pino et al. 2021). While our results show that
H,CO would stay bonded to the catalyst, we could expect a
certain amount of formation as a by-product of FIT chem-
istry. Ethanol is also usually observed accompanied by other
molecules of which it is expected to be a parent molecule, such
as glycoaldehyde or methyl and ethyl formate (Jorgensen et al.
2012; Rivilla et al. 2017). Additionally, the correlation of gly-
colaldehyde and ethanol abundances observed toward several
interstellar sources has been shown to closely follow the theoret-
ical predictions when the synthesis of glycoaldehyde takes place
through a gas-phase scheme after the desorption of ethanol from
the dust grain surfaces (Vazart et al. 2020).

Finally, it is worth mentioning that, in the considered mech-
anisms, CH, forms in situ as an intermediate species of the
FTT synthesis, but one should also bear in mind that CH,
has been observed in the ISM, with a first detection by Hol-
lis et al. in 1988 (Hollis et al. 1989) that was confirmed later
in 1995 (Hollis et al. 1995). Thus, CH, is an available species
that makes suitable the scenario in which a gas-phase CH;
species strongly adsorbs on the single-atom Fe center. Accord-
ingly, the investigated CH3CH, OH and CH, formation paths also
hold considering this possibility, irrespective of the competition
between the CH3;OH formation and the H,C-O dissociation.

5. Conclusions

In this work, the formation of ethanol (subsequent to the forma-
tion of ketene and acetaldehyde) and methane following a FTT
chain growing mechanism catalyzed by Fe’ single-atoms sup-
ported on a silica (SiO;) surface has been investigated by means
of quantum chemical simulations and kinetic calculations.

The main conclusions are:

1. A plausible ethanol formation reaction mechanism, cat-
alyzed by Fe’ @Si0,, is presented from which the required
chain initiator (CH,) for the chain growing mechanism is
formed. The process involves C-O dissociation and the sub-
sequent formation and desorption of H,O. The proposed
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mechanism shows different energetic barriers to overcome
for the reaction to advance, and therefore the energetic
requirements play a key role.

2. Two possible mechanisms are reported whereby the reactant
CH, can be coupled with a CO molecule, leading to ethanol
formation, or hydrogenated, forming CH4. The proposed
reaction mechanisms also show different barriers that need
to be overcome, making these processes always restricted to
a source of energy.

3. We have demonstrated that, in general, the chemical systems
work below the asymptote due to the strong BE between
the catalyst and the reactants. This fact is translated into a
surplus of energy that, in the scenario in which this energy
is not dissipated, the proposed processes would advance in
a barrierless fashion. Within this scenario, calculated BEs
show that the intermediates are strongly attached to the Fe
metal center, while the desired products show lower BEs.
This demonstrates that the reaction will not stop in the inter-
mediates, as those will not desorb, preventing the reaction
from advancing, always considering that the energy is not
dissipated.

4. In the scenario where the adsorption energies are fully
dissipated throughout the surface, our simulations indicate
that the formation of a chain initiator CH, and the iCOMs
CH;CH,OH and CHy4 are, with energy requirements, afford-
able in different astrophysical environments.

Our results demonstrate that the formation of CH;CH,OH
and CHy catalyzed by the heterogeneous Fe’ @SiO, catalyst is
operative in diverse astrophysical environments. Moreover, the
possibility of generating a CH, chain initiator makes this reac-
tion process more versatile to the formation of different iCOMs
beyond ethanol and methane. This opens up new and unexplored
scenarios for the formation of even more complex C-containing
molecules in space.
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Appendix A: Unit cell considered in this work

Fig. A.1. Representation of the optimized unit cell considered in
this work.

Appendix B: Literature reported energies for HCOH
formation versus H,CO formation

Table B.1. Relative energies reported in the literature for the
HCOH and H,CO formation.

Reference Reaction AU [ AG¥g0x?
(Li et al. 2011) HCO + H -> HCOH 49.84
(Li et al. 2011) HCO + H -> H,CO 23.4¢
(Foppa et al. 2018, 2019)  HCO + H -> HCOH 28.00
(Foppa et al. 2018, 2019) HCO + H -> H,CO Negligible?

Notes. ZPE-corrected energy (AU*¢) and Gibbs energy at 200 K
(AG¥y00x?) of the barriers reported in the literature for the competition
between the formation of the intermediates HCOH and H,CO. Units are
in kcal mol ™.

Appendix C: Energetic data for the synthesis of the
CH,OH intermediate and the CH,-OH breaking

As was mentioned in the main text, it has been evaluated that
the CH,OH intermediate forms from the hydrogenation of the O
atom in the CH,O intermediate. This scenario was postulated in
order to study the possible awakening of the C-O bond through
the hydrogenation of the O atom. Energetic data shows that, apart
from the fact that the hydrogenation of the O atom prior the sat-
uration of the C atom in the CH,O intermediate is already less
energetically

favorable (the relevant energetic barrier is higher), this does
not represent a reduction in the energy required for the C-O
breaking. Table C.1 collects the relative energies (Rel Es) of
the CH,O hydrogenation to form CH,OH and the H,C-OH
breaking.

Table C.1. Relative energies for the the H,CO hydrogenation
and H,C-OH bond dissociation.

Entry Reaction AU*  AU™
N MO
L U
e=ll —>|\~Fe_[| | 'SFe—I| . .
L O ST o, | < en,
*CH,0 +*H, TShacon “CH,OH +*H
H H H
\\; ?/ I\': /O: \\}1 /‘
e—|l —|Fel i |[— _
2 P T P S W b 35.0 23.3
*CH,OH+*H  TSpcon *CH,+*OH+*H

Notes. ZPE-corrected energy barriers (AU¥) and reaction energies
(AU™) of the different reaction processes involved in the H,CO
hydrogenation and H,C-OH bond dissociation. Units are in kcal mol~!.

Appendix D: Carbene coordination with the
Fe'@Si0,

The CH, molecule is considered to be chemosorbed on the Fe
center, showing a BE of 99.87 kcal mol~' (we note that the
ground state of the CH, carbene in the gas phase has an elec-
tronic multiplicity of triplet (two unpaired electrons)). Although
BE demonstrates the strong binding between the CH, and the
Fe center, the nature of the metal-carbene binding is a sensi-
ble topic in chemistry (Lee et al. 1988). Here, we firstly assume
that we are dealing with a Fischer-type carbene as this is usu-
ally featured in low oxidation state metals, mostly middle and
late transition metals. Even if Fe? is a first-row transition metal,
here it is in its lowest oxidation state. In order to corroborate
the true nature of the single-atom Fe®-Carbene interaction, a
frontier molecular orbital study was performed. One of the con-
sequences of a Fischer-carbene complex is a polarization toward
the metal of the metal-carbene m-bond, resulting in a metal-
centered 7-HOMO and a carbon-centered n*-LUMO. Here, we
are dealing with a triplet multiplicity; therefore, there will be
two single occupied molecular orbitals (SOMOs). In Fig. D.1,
the two SOMOs are plotted, as is the first LUMO. SOMO-1 cor-
responds to the o-donation from the carbene ligand to the metal,
while SOMO corresponds to the m-back donation from the metal
to the ligand (in order to keep the same isovalue, m-orbitals of the
carbene cannot be spotted in the latter one). Finally, the LUMO
graphic shows a clear dominance of the 7-orbitals of the carbene,
affirming the carbon-centered 7*-LUMO that was expected.
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Fig. D.1. Representation of the calculated frontier orbitals, from left to right: SOMO-1, SOMO, and LUMO.
Appendix E: Kinetic data

Appendix E.1: Arrhenius plots for the different C-O bond-breaking mechanisms
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Fig. E.1. Arrhenius plot for the free energy barrier associated with TS¢_o (panel A), TSgc—o (panel B), TS yoc—-o (panel C), TScuron
(panel D), and TSgrc—_on (panel E). Values of the natural logarithm of the rate constant (In(k)) are represented in year~! and
the inverse of the temperatures (1/T) in K~'. Represented in blue are the RRKM rate constants and in orange the rate constants,
considering tunneling. Also included are the fits and correlation coefficients.

A230, page 14 of 17



Pareras, G., et al.: A&A, 687, A230 (2024)

Appendix E.2: Arrhenius plots for the H, O formation mechanism
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Fig. E.2. Arrhenius plot for the free energy barrier associated with TSo_g (panel A) and TSyo-g (panel B). Values of the natural
logarithm of the rate constant (In(k)) are represented in year~! and the inverse of the temperatures (1/T) in K~!. Represented in
blue are the RRKM rate constants and in orange the rate constants, considering tunneling. Also included are the fits and correlation
coefficients.
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Appendix E.3: Arrhenius plots for the CH; CH, OH formation mechanism
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Fig. E.3. Arrhenius plot for the free energy barrier associated with TS1 (panel A), TS2 (panel B), TS3 (panel C), TS4 (panel D),

and TS5 (panel E). Values of the natural logarithm of the rate constant (In(k)) are represented in year

-1 and the inverse of the

temperatures (1/T) in K~!. Represented in blue are the RRKM rate constants and in orange the rate constants, considering tunneling.
Also included are the fits and correlation coefficients.
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Appendix E.4: Arrhenius plots for the CH, formation mechanism
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Fig. E.4. Arrhenius plot for the free energy barrier associated with TS6 (panel A) and TS7 (panel B). Values of the natural logarithm
and the inverse of the temperatures (1/T) in K~!. Represented in blue are the

RRKM rate constants and in orange the rate constants, considering tunneling. Also included are the fits and correlation coefficients.

of the rate constant (In(k)) are represented in year

—1
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