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Formation of Methanol via Fischer-Tropsch Catalysis by

Cosmic Iron Sulphide

Berta Martinez-Bachs,”™ Alexia Anguera-Gonzalez,™ Gerard Pareras,* and Albert Rimola*"

Chemical reactions in the gas phase of the interstellar medium
face significant challenges due to its extreme conditions (i.e.,
low gas densities and temperatures), necessitating the presence
of dust grains to facilitate the synthesis of molecules inacces-
sible in the gas phase. While interstellar grains are known to
enhance encounter rates and dissipate energy from exothermic
reactions, their potential as chemical catalysts remain less
explored. Here, we present mechanistic insights into the
Fischer-Tropsch-type methanol (FTT-CH;OH) synthesis by reac-
tivity of CO with H, and using cosmic FeS surfaces as
heterogeneous catalysts. Periodic quantum chemical calcula-
tions were employed to characterize the potential energy
surface of the reactions on the (011) and (001) FeS surfaces,

Introduction

The history of our Solar System begins within a cold (T~5-
10K) and dense (n~10*-10° H/cm® molecular cloud clump
known as the Solar Nebula. Over the course of approximately
4.5 billion years, this nebula evolved into the planetary system
we know today. In our local galaxy, the Milky way, there are
thousands of Solar-like forming planetary systems at different
stages. Their formation takes place through five different steps:
the prestellar, the protostellar, the protoplanetary disk, the
planetesimal, and the planet formation phases. The physical
conditions are different among the phases; for instance, while
in the prestellar phase the cold molecular clouds reside,
protoplanetary environments available in later stages are
warmer and denser. Moreover, from the chemical standpoint,
there is a progression in chemical complexity alongside the
steps, in which more complex molecules form at each step.'?
Indeed, observations spanning from radio to near-infrared
wavelengths detect rovibrational transitions of almost 300
different gas-phase molecular species in different astrophysical
environments, reflecting the rich chemical diversity and com-
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considering different Fe coordination environments and S
vacancies. Kinetic calculations were also conducted to assess
catalytic capacity and allocate reaction processes within the
astrochemical framework. Our findings demonstrate the feasi-
bility of FeS-based astrocatalysis in the FTT-CH;OH synthesis.
The reactions and their energetics were elucidated from a
mechanistic standpoint. Kinetic analysis demonstrates the
temperature dependency of the simulated processes, under-
scoring the compulsory need of energy sources considering the
astrophysical scenario. Our results provide insights into the
presence of CH;OH in diverse regions where current models
struggle to explain its observational quantity.

plexity in space.”’ The discovery of complex organic molecules
within the interstellar medium (ISM) changed our understand-
ing of our astrochemical origin, reinforcing the hypothesis that
the basis of terrestrial life can have an extraterrestrial origin.*®
Interstellar complex organic molecules”™ (iCOMs) enjoy a
central position in this ladder of organisational chemical trans-
formation linked to a star and planetary formation. Indeed,
despite being relatively small according to terrestrial chemical
standards (typically ranging from 6 to 12 atoms), iCOMs are C-
bearing species (alongside H, O and N, e.g., formamide
(NH,CHO)'™), representing the dawn of the organic
chemistry.""'? Moreover, chemical reactions involving iCOMs
lead to the formation of molecules of enhanced complexity,
some of them of prebiotic interest such as amino acids, fatty
acids, sugars, and nucleobases, which are the biomolecular
building blocks for terrestrial life.'*™'®

The increasing chemical complexity during the evolution of
Solar-like planetary systems establishes a clear link between
iCOMs and the origin of life. However, the specific chemical
processes governing the formation and reactivity of iCOMs
remain a critical and unresolved issue.'*'>'"'8 Understanding
the formation of these species represents one of the most
active research areas in Astrochemistry. The different pathways
for both the formation and destruction of iCOMs are still subject
of a vivid debate,"”?" with new approaches® emerging to
shed some light in this topic. One prevailing paradigms for the
synthesis of iCOMs is the gas-phase scenario, where they are
indeed observed. However, not all the molecules can be formed
by gas-phase reactions in abundances consistent with observa-
tions. Therefore, the participation of dust grains (i.e., submi-
cron-sized solid-state particles ubiquitously present in space) in
the reactions is advocated. For instance, H, formation, the
simplest but the most abundant molecule in the Universe, is
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only explained if it occurs on the surfaces of dust grains.?2

The increasing chemical complexity during the evolution of
Solar-like planetary systems establishes a clear link between
iCOMs and the origin of life. However, the specific chemical
processes governing the formation and reactivity of iCOMs
remain a critical and unresolved issue.l"'*'>'7'® Understanding
the formation of these species represents one of the most
active research areas in Astrochemistry. The different pathways
for both the formation and destruction of iCOMs are still subject
of a vivid debate,”*" with new approaches® emerging to
shed some light in this topic. One prevailing paradigms for the
synthesis of iCOMs is the gas-phase scenario, where they are
indeed observed. However, not all the molecules can be formed
by gas-phase reactions in abundances consistent with observa-
tions. Therefore, the participation of dust grains (i.e., submi-
cron-sized solid-state particles ubiquitously present in space) in
the reactions is advocated. For instance, formation H,, the
simplest but the most abundant molecule in the Universe, is
only explained if it occurs on the surfaces of dust grains.>=®

Dust grains form as a result of the ejection of gas and dust
by a dying old star (namely, in the very first stage in the
planetary system formation), which subsequently undergoes
gravitational aggregation forming interstellar diffuse clouds (T
~50-100 K and gas density n=10-10% H/cm®). At this stage,
dust grains consist of bare silicates and carbonaceous material,
while the gaseous component is mainly in the form of atoms
and simple diatomic species. Although relatively simple, the
interstellar chemistry begins here. Moreover, interstellar grains
are ubiquitous across the different astrophysical evolutionary
stages. They initially exist as bare particles, then become
covered by ices (in the prestellar and protoplanetary phases),
ultimately coagulating into larger bodies (in the planetesimals
phase), as the seeds of planets, comets, meteorites and other
asteroidal bodies. From a chemical standpoint, they serve as
solid-state supports for chemical reactions occurring in the ISM.
Moreover, recent studies indicate that due to their porous and
inhomogeneous surfaces, when dust grains are covered in ices,
the refractory cores are still partially exposed to the surround-
ing gas environment.””

As mentioned above, the refractory part of the grains
(namely, that not constituted by the volatile ices) can consist of
Mg/Fe-silicates, prevalently in the amorphous structural
state.”*" Due to the very low gas density, grain surface
chemistry adopts Langmuir-Hinshelwood mechanisms. Inter-
stellar grains facilitate that chemical reactions occur on their
surfaces, serving mostly as reactant concentrators, third bodies,
and chemical catalysts. However, there is limited evidence on
the chemical catalytic properties of grains, advocated to provide
alternative pathways with lower activation energy barriers.
Indeed, comprehensive investigations into proper interstellar
catalytic processes remain largely unexplored, primarily because
most studies focus on ices, whose capability to reduce
activation barriers is rather limited.®” Nevertheless, beyond ices,
there are other materials that may exhibit catalytic properties.
Transition metals are present in the ISM, being iron particularly
abundant, either incorporated into the grain structure as Fe-
containing silicates or deposited onto grain surfaces as single
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atoms or clusters, thus forming potential astrocatalytic
systems 3334

The presence of iron in the ISM has been largely discussed
due to its significant abundance compared to the other
transition metals. Indeed, the depletion of iron from the gas
phase into dust is particularly prominent in the ISM.®*” One
possibility is that iron is included in the silicate structure of
grains, although the observed interstellar silicates are largely
magnesium-rich. Alternatively, iron may exist in its metallic
form and also in the form of iron sulphide (FeS), which are
frequently identified as inclusions in  comets and
meteorites,?** (formed during the planetesimal phase) in
which, interestingly, both Fe-bearing systems possess potential
catalytic properties to take place in astrophysical environments.
In the case of FeS, despite being important solid reservoirs of
the cosmic sulphur and iron elements, their chemical behaviour
in space-exposed environments is poorly understood.

FeS grains have been found as refractory materials in the
protoplanetary disks around young stellar objects™? and also in
meteoritic samples as inclusions in glass with embedded metal
and sulphides.**! The presence of FeS inclusions in comets,
which are considered primitive pre-solar bodies and hence
reservoirs of volatile and refractory material formed in early
stages, suggests that FeS have been conserved and inherited
within dust grains throughout various stages of Solar-like
planetary system formation. The existence of these FeS
inclusions in grains provides thus opportunities for true
astrocatalysis, acting as catalytic active sites. Research on
astrocatalysis is a growing field in Astrochemistry but still in its
infancy, resulting in limited literature. Recent studies have
primarily focused on Fischer-Tropsch-type (FTT) reactions for
the formation of alcohols and short-chain alkenes. Laboratory
experiments have successfully synthesized hydrocarbons using
transition metal-containing dust analogues under solar nebula
conditions.*’~% Additionally, a recent computational study by
some of us indicates the feasibility of methanol formation
within the ISM catalysed by Fe single-atoms supported on silica,
although requiring a minimum amount of energy to trigger the
mechanism.”" FTT reactions have been object of study in
astrochemistry due to the abundance of the H, and CO
reactants (the first and second most abundant gas-phase
molecules in the ISM) and their exothermic nature, compulsory
conditions for astrochemical reactions due to the very low
temperatures and pressures. Other investigations dedicated to
elucidate astrocatalysis point out that cometary grains can
indeed selectively catalyse the formation of relevant prebiotic
molecules, the catalytic properties of which are due to the
heterogeneity of their structures.®”** Although the positive
assessment about the occurrence of catalytic processes on
cosmic grains, there is a lack of comprehensive studies
regarding the catalytic mechanisms of these reactions and the
identification of potential active catalysts that can trigger such
processes.

In the present study, we investigate the formation of
methanol (CH;OH) through the simplest FTT reaction (one CO
molecule and two H, molecules) catalysed by FeS surfaces (see
the scheme of Figure 1). The reaction mechanisms have been
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Figure 1. Proposed catalytic cycle for the formation of methanol (CH;0H)
from the reactivity of CO with two H, molecules catalysed by a FeS surface.
The Fe in parenthesis denotes that atom involved in the chemical reactions.

elucidated by characterising their potential energy surfaces, and
kinetic calculations have been performed to assess the catalytic
capabilities of FeS within an astrochemistry context. The aim of
this work is to exploit the versatility of FeS (present in different
stages of a planetary system formation) as catalytic materials to
enhance our understanding on the chemical evolution beyond
the cold and early stages of Solar system formation, where the
ice chemistry predominates.

Methods

Computational Details

The surface catalysts were modelled using a periodic approach
(further details regarding their modelling and structure are
provided below). Quantum chemical calculations were performed
with the CP2K package.*® The characterization of the potential
energy surface (PES) of the reactions requires determining the
structures and the energetics of the stationary points. For geometry
optimizations, the semi-local PBEsol functional was used,”” along
with the Grimme D3(BJ) correction to include dispersion forces.*® A
double- basis set (DZVP-MOLOPT-SR-GTH gaussian basis set) was
adopted for all the atom types, combined with a cut-off set at 500
Ry for the plane wave auxiliary basis set.?**” The Goedecker-Teter—
Hutter pseudopotentials® were used to describe core electrons,
while a mixed Gaussian and plane-wave (GPW) approach® was
employed for valence electrons. The energies of the stationary
points were refined by performing single point calculations onto
PBEsol-optimized geometries employing the hybrid B3LYP
functional,®**” with the D3(BJ) dispersion correction and using the
triple-C basis set (TZVP). This B3LYP-D3(BJ)//PBEsol-D3(BJ) scheme is
a very cost-effective for the investigated systems and reactions,
giving rise to accurate results (PBEsol-D3(BJ) for geometry optimiza-
tions performances and B3LYP-D3(BJ) for the energetics) at a
reasonable computational cost. Note that the auxiliary density
matrix method (ADMM)®** was used for the Hartree-Fock
exchange when performing calculations with hybrid functionals.

The climbing image nudged elastic band (CI-NEB) technique
implemented in CP2K"® was used to search for transition states.
The CI-NEB calculations were run at PBEsol-D3(BJ) and then, onto
the identified transition states, single point calculations at B3LYP-
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D3(BJ) were performed to refine the energetics. Energy barriers
were calculated as:

AE™ = Erg — Eg (M
AU™ = AE™ — AZPE V)
AG} = AE* + AGy 3)

where AE™ stands for the potential energy barrier, and E;s and Eg
for the absolute potential energies of the transition states and the
previous local minima, respectively. AU™ represents the zero-point
energy (ZPE) corrected barrier (in which AZPE refers to the
contribution of the ZPE corrections to AE™), and AG; for the Gibbs
activation barrier at a given temperature (in which AG; refers to
the contribution of the Gibbs corrections to AE™).

Binding energies of the reactants, products and reaction intermedi-
ates were computed through the counterpoise method, imple-
mented in CP2K, to subtract basis set superposition error (BSSE).
Final binding energies were calculated as:

AEads = Ecplx - (Esur - Em) (4)
AUqys = AEqy + AZPE (5)
BE = — AU, (6)

where AE,; denotes the adsorption potential energy, and E,,, E,
and E,, the absolute potential energies for the adsorption complex,
the isolated surface, and the isolated molecule, respectively. AU
is the ZPE-corrected adsorption energy, where AZPE accounts for
the contribution of the ZPE correction to AE,,, and BE is the
binding energy, which equals AU,4 with opposite sign.

The nature of the stationary points of the reactions was validated
by calculating the harmonic frequencies; the outcome being
minima for reactants, intermediates and products, and first-order
saddle points for transitions states. Vibrational harmonic frequen-
cies were calculated at the PBEsol-D3BJ/DZVP-optimized structures
using the finite differences method as implemented in the CP2K
code® To minimize the computational cost, a partial Hessian
approach was employed. Consequently, vibrational frequencies
were computed solely for a subset of the entire system, comprising
the surface atoms participating in the reaction and the reactive
species.

The catalytic performance of the simulated FTT processes was
investigated with kinetic calculations. The rate constants for each
elementary barrier were computed using the Rice-Ramsperger-
Kassel-Marcus (RRKM) theory,*” which were implemented in a
freely available home-made program to obtain rate constants for
surface reactions.®™ RRKM is a microcanonical transition state
theory that assumes that the phase space is statistically populated.
For a reaction step with an energy barrier E,, the microcanonical
rate constant k(E) at a given total energy E (where E > E;) is
expressed as:

_ N (E-E)
~ ho(E)

_ R T(E)dE JT p (E -
hp(E)

E, — &7)d&”

k(E) 7)

where N7(E — E,) represents the sum of states for the TS with
energies ranging from 0 to E — E,, p(E) is the density of states of
reactants (i.e., the number of states per unit of energy, in quantum
mechanics this refers to the degeneracy g(E)), and h the Planck
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constant. The sum of states of the TS can be integrated over the
translational energy of the reaction coordinate &7, where tunnelling
effects are considered through the transmission probability T(£7)
within the integral, with the integration range extending from 0 to
E,. The microcanonical k(E) can then be converted to canonical
k(T) by distributing energy levels according to the Boltzmann
distribution:

© g(E)exp(—E/kgT)

(T) = l " k(E)xP(E)dE = 1 e L

where Q(T) is the total partition function. Analytical expressions for
T(&%) can be obtained using specific potential barrier shapes; in
this study, the unsymmetrical Eckart potential barrier™ was
employed due to its proven accuracy in accounting for tunnelling
in reactions of astrochemical interest.””

Finally, the rate constants were represented in the form of
Arrhenius plots (i.e., In[k(T)] vs 1/T), where the temperature effect
on the rate constants is given by:

k(7] = In(a) ~ % (7) ©

where E, denotes the activation energy, A is the pre-exponential
factor, R is the ideal gas constant, and T is the temperature. A
change in slope of the Arrhenius plot indicates the dominance of
tunnelling.”"

FeS Surface Models

Cosmic iron sulphides have been found to be in the form of troilite
(FeS with 1:1 ratio) and pyrrhotite (Fe;,,S, x=0 to 0.17, depending
on the number of Fe vacancies). Both forms typically occur in
association with other minerals in meteorites, providing valuable
insights into the formation and evolution of these celestial bodies
and, by extension, about the processes that occurred in the early
solar system. In this work, since we model the surfaces within
periodic boundary conditions (in which keeping the electroneu-
trality of the solid surfaces is a compulsory constraint) we adopted
troilite as the cosmic FeS system.

The bulk of FeS troilite exhibits a hexagonal structure (space group
P62c), with X-ray diffraction crystallographic cell parameters of a=
b=5896A and c=11.421 A, and a=p=90 degrees and y=120
degrees, which upon PBEsol optimization convert into a=5.697 b=
5580 A and c¢=10.208 A, and a=Pp=90 degrees and y=120
degrees. Different slabs (see Table 1) were generated from the
optimized bulk using the POLYCLEAVER code, a freely available
home-made program developed in our group to generate stoichio-

metric and non-polar surface slab models of complex solid-state
systems (e.g. ionic surfaces with polyatomic anions, e.g.
silicates).”" Note that the original unit cell of the Bulk structure has
24 atoms, but in order to build the different slabs we used a super
cell of 96 atoms. The generated surfaces were then optimized, and
respective surface energies (Y) calculated (values reported in
Table 1) following the equation of

Erelaxed

v — B — NEour

2A (10)

where E2%°d represents the energy of the optimized slab model,
E..i the energy of the original optimized bulk structure, n the
number of bulk FeS units present in the slab model, and A the slab

surface area.

The calculated surface energies indicate that the most and least
stable surfaces correspond to the (011) (001) slab models,
respectively. For the (011) surface, Fe atoms can be either penta-
coordinated or tetra-coordinated (see Figure 2), offering two
distinct active sites (hereafter referred to as Penta-Fe@FeS;; and
Tetra-Fe@FeS yq), respectively). In the case of the (001) surface, Fe
atoms are solely tri-coordinated, hereafter referred to as Tri-
Fe@FeS,, In addition to these surfaces, a defective structure from
the (011) slab was also considered. Note that differently than in
heterogeneous catalysis on Earth, the formation of defects is not
related to the effect of the H, and CO on the surface,’® as
astrophysical environments present extreme conditions of low
temperatures, pressures and molecular densities compared to
terrestrial standards. Matter of fact, surface defects in grains are
caused by processing of the grains due to the harsh-physical
conditions of the environments. Examples of this processing are
space weathering and sputtering of the grains due to stellar shock
waves. This defective structure was generated by removing a S
atom to create a sulphur vacancy. To maintain the stoichiometry
(and hence the electroneutrality), a Fe atom was removed from the
opposite face of the slab (see Figure 2). After optimizing this
defective surface (hereafter referred to as Def-FeSy,), contraction
and expansion of the Fe—Fe bond distances (Fe—Fe=2.75 A and
Fe—Fe=3.62 A) is observed in the vicinity of the sulphur vacancy
compared to the average distance in the non-defective (011) slab
(Fe—Fe=3.30 A). The loss of coordination in surface Fe atoms
contributes to the instability of the slabs, but from a catalysis
perspective this could result in more reactive sites, and accordingly
enhanced catalytic properties. Therefore, simulations were per-
formed on these potential catalytic sites the penta-, tetra-, tri-
coordinated surface Fe atoms and the defective surface.

Table 1. Collected the different Miller indices considered in this work and, their respective surface areas in Angstroms (A), calculated surface energies (Y) in
(J m™2), the n values, optimized cell parameters in (A) and the thickness of the slab in (A).

Miller indices Surface Area Y n Cell Parameters (a, b, ) Thickness

100 106.51 1.75 1.33 10.166, 10.916. 32.332 11.91

010 70.51 2.19 1.50 8.947,16.913, 31.443 11.22

001 67.21 2.34 2.50 15.982, 15.429, 30.397 9.72

110 127.74 1.97 133 11.076, 11.835, 32.566 10.57

011 97.41 1.55 1.33 13.256, 14.175, 29.154 6.53

101 125.94 2.06 1.33 10.283, 12.832, 32.938 10.08

111 144.34 2.04 1.33 11.975, 12.638, 34.286 80.86
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Figure 2. Left: top view of the optimized structure for the FeS (011) slab model, where the red square denotes a penta-coordinated Fe atom and the blue
square the tetra-coordinated Fe atom. Central: optimized structure for the FeS (001) slab model, where the red square denotes a tri-coordinated Fe atom.
Right: optimized structure for the defective FeS (001) slab model, where the red square denotes the sulphur vacancy on the surface. Colour code: yellow
colour (S atoms) and orange colour (Fe atoms). The black square delimits the unit cell for each structure. Colour-coding: yellow, S atoms; orange, Fe atoms;

black square, the limits of the unit cells.

Results

The proposed reaction mechanism (see Figure 1) is valid to the
chosen surface active sites (i.e, Penta-Fe@FeSy,,, Tetra-
Fe@FeS 1), Tri-Fe@FeSy,;, and Def-FeSy,,). The reaction begins
with the adsorption of the first H, molecule, followed by the
adsorption of the CO molecule. We have considered that the H,
adsorption occurs first due to its higher abundance than CO in
the ISM. After the adsorption of both molecules, the first
hydrogen transfer from H, occurs (involving the simultaneous
dissociation of H,), forming the HCO intermediate. Subse-
quently, the remaining H atom transfers to HCO to form H,CO
(formaldehyde). To proceed with the reaction, a second H,
molecule is adsorbed on the surface, and the same hydro-
genation steps take place, passing through first with the
formation of the CH;O intermediate and finally forming CH;OH
(methanol). The proposed reaction mechanism with the
expected transition states and intermediates is depicted in
Figure 3.

Reaction Mechanism on the Penta-Fe@FeSy,;, Active Site

The stationary points and the ZPE-corrected PES for the reaction
occurring on Penta-Fe@FeS,,, are depicted in Figure 4. The
adsorption of H, and CO is energetically favourable (each
species on different surface Fe centres), resulting in an exoergic

adsorption complex of —34.43 kcalmol™'. H, molecularly ad-
sorbs on a pentacoordinated Fe surface atom through its H—H
bond (structure C). The first H-transfer (TScp) presents an
intrinsic AU™ of 44.52 kcalmol™, leading to the endoergic
formation of intermediate D. The second H-transfer (TSp¢) has
AU* =18.76 kcal mol~', producing H,CO (intermediate E) in an
endoergic way with respect to intermediate D. The mechanism
proceeds with the adsorption of the second H, molecule on a
free penta-coordinated Fe surface atom, with an adsorption
energy of —23.99 kcalmol™' (structure F). However, at variance
with the H transfers of first H, addition, in this second H,
addition, the H, molecule needs to be dissociated first.
Attempts to do a direct H transfer from the non-dissociated H,
molecule failed. This dissociation (TS;r) presents AU™ of
43.14 kcalmol™, leading to intermediate F*, in which the H,
molecule is fully dissociated in a homolytic way. The third H-
transfer (TSy¢) has AU =9.01 kcalmol™, leading to the exoer-
gic formation of CH,O (intermediate F). The last H transfer
(TSe.y) exhibits AUT of 25.39 kcalmol™ in a highly exoergic
step, producing finally CH;OH.

Reaction Mechanism on the Tetra-Fe@FeS,,,, Active Site
The stationary points and the ZPE-corrected PES for the reaction

occurring on Tetra-Fe@FeSy,;, are depicted in Figure 5. Similar
to the mechanism on the Penta-Fe@FeS(011) active site, the

+ H H
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H, cO 7o 1 / N /o H,
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Figure 3. Proposed reaction mechanism to form methanol (CH,OH) adopting a Fischer-Tropsch-type synthesis catalysed by FeS surfaces.
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adsorption of H, and CO is energetically favourable, but in this
case even more, with a total adsorption energy of
—72.1 kcalmol™. This is because the adsorption leads to the
spontaneous dissociation of the H-H bond homolytically
(structure Q), resulting in a hexacoordinated Fe centre. The first
H transfer (TScp) has AUT =23.24 kcalmol™', with an endoergic

ChemPhysChem 2024, 25, e202400272 (6 of 13)

formation of HCO (intermediate D). This energy barrier is
considerably lower than that on Penta-Fe@FeSy, (AU* =
44.52 kcalmol™), indicating that the previous H-H bond
cleavage facilitates the CO hydrogenation. The second H
transfer (TSp.) exhibits a AU™ of 38.52 kcal mol ™', forming H,CO
(intermediate E) in an elementary endoergic step. The adsorp-
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tion of the second H, molecule give rise to intermediate F, with
an adsorption energy of —55.24 kcalmol™". Like the first H,
adsorption, the spontaneous dissociation of H, is observed. The
third H transfer (TS.) presents an intrinsic AU as low as
5.35 kcalmol™', leading to the exoergic formation of CH;O
(intermediate G). However, due to high stability of this
intermediate G, the last H transfer (TSc,) presents AU™ =
72.39 kcalmol™', giving rise to the endoergic formation of
CH;OH with respect to intermediate G.

Reaction Mechanism on the Tri-Fe@FeSy,,, Active Site

The stationary points and the ZPE-corrected PES for the reaction
occurring on Tri-Fe@FeS,, are depicted in Figure 6. The
adsorption of H, and CO forms an adsorption complex with an
adsorption energy of —81.88 kcalmol™'. Here, CO adsorption
induces the homolytic dissociation of H-H bond (structure C),
as the first single H, adsorption does not gives rise to the H—H
bond dissociation. The first H transfer (TS.p) presents an
intrinsic AU of 35.99 kcalmol™', resulting with the endoergic
formation of HCO (intermediate D). This first energy barrier is
higher than that on Tetra-Fe@FeS,; (where the single H,
already dissociates upon adsorption), indicating that, while the
spontaneous dissociation of H, facilitates CO hydrogenation, it
does not consistently lead to similar energy barriers. The second
H transfer (TSp:) has AU* =41.76 kcalmol™', forming H,CO
(intermediate E) also through an endoergic step. The adsorption
of the second H, molecule gives rise to intermediate F, with an
adsorption energy of —25.52 kcalmol™', where H, dissociates in
a spontaneous and homolytic way. The third H transfer (TSq)
presents AU* =9.69 kcalmol™', resulting with the exoergic

formation of CH;0 (intermediate G). The last H transfer (TSg.)
has a AU™ of 47.72 kcalmol™, finally producing CH;OH in an
endoergic way with respect to intermediate G.

Reaction Mechanism on the Defective Def-FeS,,,, Active Site

The stationary points and the ZPE-corrected PES for the reaction
occurring on Def-Fe@FeSy,, are depicted in Figure 7. The
adsorption of H, and CO forms a favourable adsorption complex
with an adsorption energy of —80.43 kcalmol™" (structure Q).
Here, like on the Tri-FeSy,, surface active site, the CO
adsorption induces the spontaneous dissociation of the H—H
bond. Moreover, the adsorbed CO occupies the sulphur
vacancy, being attached through its C-end to the surface. The
first H transfer (TSc.p) AU™ =29.10 kcal mol ™', significantly lower
than that on Penta-Fe@FeSy,, (the non-defective analogue,
with AU* =44.52 kcalmol™") and indicating that the vacancy
favours this first step. The second H transfer (TSp) exhibits a
AU™ of 41.76 kcalmol™', forming H,CO (intermediate E) in an
endoergic step. The adsorption of the second H, molecule gives
rise to intermediate F (adsorption energy of —25.52 kcalmol™),
which dissociates spontaneously H,. The third H transfer (TS¢)
has AU =9.69 kcalmol™, resulting with the endoergic forma-
tion of CH;0 (intermediate G). The last H transfer (TS¢.,) exhibits
a AU of 16.41 kcalmol™', producing CH;OH through a final
elementary endoergic step.
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Figure 6. ZPE-corrected energy profiles (in kcal mol™") for the FTT-methanol synthesis taking as the 0" energy reference the Tri-Fe@FeS ;) +2H,+CO
asymptote. The optimized geometries of all the transition state structures (bond distances in A) are also shown. Colour-coding: white, H atoms; grey, C atoms;

red, O atoms; and orange, Fe atoms.
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Discussion

Here, we investigated the formation of methanol via the FTT
mechanism on four distinct FeS surface active sites. We
considered slab models for the (011) and the (001) surfaces as,
according to the calculated surface energies, they represent the
most and least stable faces. The active sites are featured to
have surface Fe atoms with different coordination environments

Table 2. Calculated ZPE-corrected intrinsic energy barriers (in kcal mol™')
of all the elementary steps in the FTT-CH;OH synthesis on the FeS surface
active sites.

Active site TSco TSpe TSes TSen
Penta-Fe@FeS 44.52 18.76 43.14°/9.01° 25.39
Tetra-Fe@FeSy, 23.24 38.52 5.35 72.39
Tri-Fe@FeS ) 35.99 41.76 11.07 47.72
Def-Fe@FeS,, 29.10 8.45 29.24 48.07

°Relative energy for the transition state TS, .. "Relative energy for the
transition state TSq.c.

Table 3. Binding energies (in kcal mol™'") of CO, H,CO and H;COH on the
FeS surface active sites.

Active site co H,CO CH;0H
Penta-Fe@FeS 37.97 39.08 18.87
Tetra-Fe@FeSy, 47.83 33.52 13.47
Tri-Fe@FeS gy, 67.74 78.07 41.85
Def-Fe@FeS, 66.82 114.94 1.52

ChemPhysChem 2024, 25, e202400272 (8 of 13)

(penta- and tetra-coordination in the (011) slab, and tri-
coordination in the (001) slab) as well as with a sulphur vacancy
in the (011) slab. Table 2 provides a comprehensive summary of
the calculated AU™ values associated with the elementary steps
of the FTT-CH;OH synthesis. Table 3 provides the binding
energies of CO, H,CO and CH,0OH.

Although the mechanistic steps are almost identical in all
four surface active sites, significant differences emerge regard-
ing the elementary energy barriers and their endoergic/exoergic
behaviours.

For the first H transfer, Tetra-Fe@FeSy,,, exhibits the lowest
energy barrier, while Penta-Fe@FeSy;, the highest one (AU* of
23.24 and 44.52 kcalmol™, respectively, see Table 2). Notably,
Penta-Fe@FeS;;, stands out as the only case in which H, does
not undergo spontaneous homolytic dissociation upon adsorp-
tion, while for the remaining active sites, H, do spontaneously
dissociate, causing a decrease of their energy barriers. However,
Tri-Fe@FeSy,, and Def-Fe@FeS,;, have higher energy barriers
(AU* of 3599 and 29.10 kcalmol™") than Tetra-Fe@FeS,,
(AUT =23.24 kcalmol™). This is attributed to the coordination
of the Fe centre in Tetra-Fe@FeSy,), as it presents hexacoordi-
nation due to the attachment of the CO molecule and the H
atoms on the active site, this way stabilising the transition state
on this active site.

For the second H transfer, Def-Fe@FeS,,, presents a ZPE-
corrected energy barrier significantly smaller (AUT =
8.45 kcalmol™") than the other surface active sites. In this case,
HCO occupies the sulphur vacancy, being attached through its
carbon and oxygen ends to the surface. This induces activation
of the C—O bond, as evidenced by the longest C—O distance
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among all active sites, thereby lowering the energy barrier for
its subsequent H-transfer.

Considering the third H transfer, Def-Fe@FeS ;) shows the
highest ZPE-corrected energy barrier (AU™ = 29.24 kcal mol-1),
likely due to the stability of the H,CO intermediate. Conversely,
Penta-Fe@FeS,;, Tetra-Fe@FeS;;, and Tri-Fe@FeSy,, display
lower ZPE-corrected energy barriers. However, on the Penta-
Fe@FeS(,, active site, the mechanism requires a preceding
step: the dissociation of the H, molecule, as the second H,
molecule does not spontaneously dissociate upon adsorption
and the direct H transfer from H, does not lead to the CH;0
formation. Such a dissociation has AU™=43.14 kcal mol™},
representing one of the highest energy barriers of the
mechanism on this surface-active site.

Regarding the last H transfer, Tetra-Fe@FeSy,,, presents the
highest energy barrier (AU =72.39 kcalmol™') compared to
the other active sites. Moreover, on Tri-Fe@FeS;, and Def-
Fe@FeSq), this step represents that presenting the highest
energy barrier along their respective FTT-CH;OH syntheses. In
contrast, for the Penta-Fe@FeSy,,, active site, this last H-transfer
presents the lowest energy barrier along the synthetic path.
This is because, on Penta-Fe@FeS,;, the radical CH;O inter-
mediate is coordinated to one Fe surface atom through the
oxygen, whereas for all other cases, CH;O coordinates to two Fe
surface atoms, this way stabilizing the radical. This stabilizing
effect is particularly significant in Tetra-Fe@FeS ;) and hence its
huge energy barrier.

In view of these results, it is worth highlighting that the
spontaneous dissociation of the H, molecule upon adsorption
plays a crucial role in facilitating the first and third H transfer
steps by lowering their intrinsic energy barriers. This phenom-
enon is particularly evident in Penta-Fe@FeS ), which is the
only case where H, does not dissociate spontaneously and thus
presenting the highest energy barrier amongst the different
surface active sites. Also for the first and third hydrogenation
steps, by comparing the other Tetra-Fe@FeS;;, Tri-Fe@FeSy,,
and Def-Fe@FeS, sites, results also indicate that the active
site with the higher coordination number (namely, Tetra-
Fe@FeSy;:) exhibits lower energy barriers compared to the
other two active sites, which are more under-coordinated.
These findings point out that under-coordinated systems may
not effectively facilitate these processes. Thus, the energy
barriers involving the H transfer from a dissociated H, depend
on a delicate balance in the coordination sphere of the surface
active site: high coordination implies a non-spontaneous
dissociation of the adsorbed H, molecule (giving rise to high
energy barriers, like the Penta-Fe@FeS,, case), while low
coordination implies an over-stabilization of the dissociated
adsorption complex (and hence the high energy barriers in Tri-
Fe@FeS ) and Def-Fe@FeS ).

For the second and fourth H transfers, the results indicate
that Penta-Fe@FeS,;, (the more coordinated active site)
presents low energy barriers, thereby facilitating these steps. In
contrast, on Tetra-Fe@FeSy;,, Tri-Fe@FeSyy,, and Def-
Fe@FeS;, (more under-coordinated active sites) these steps
present larger energy barriers. Accordingly, the radical HCO and
CH;O intermediates seem to be more stabilized by under-
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coordinated environments, challenging these H transfer steps.
This finding is particularly evident for the last H-transfer on
Tetra-Fe@FeS,;;, where CH;O is highly stabilized, hampering
the step. The exception to this trend is the second H transfer on
Def-Fe@FeS ), as it presents the lowest energy barrier for this
step amongst the surface active sites. In this case, the HCO
radical occupies the sulphur vacancy of the surface, which
instead of hampering the hydrogenation, the interaction
activates the CO bond promoting its hydrogenation.

Finally, we present a kinetic analysis obtained from RRKM
calculations. The aim is twofold: 1) assess the catalytic efficiency
of the FeS surface active sites in the FTT-CH;OH synthesis, and
2) allocate in which stages of the formation of a Solar-type
planetary systems these reaction processes are feasible, consid-
ering their environmental conditions. To this end, for each
surface-active site, we represented the Arrhenius plots (shown
in Figure 8) considering only the step with the highest energy
barrier, assuming they are the rate determining steps). The plots
served to estimate at which temperature the reaction constant
(k) equals to 1year™'. The choice of this reaction constant
threshold is based on the fact that the half-times of interstellar
molecular clouds range from 1 to 10 Myears, the rate constants
thus aligning well with these astronomical timescales. Results
indicate that k=1year ' is only reached at T=543K, 764K,
507 K and 608 K for the Penta-Fe@FeS,,), Tetra-Fe@FeS ;) Tri-
Fe@FeS;, and Def-FeSy,,, active site respectively, which are
indeed relatively high temperatures. In view of these results,
the “idoneous” catalytic system is that capable to easily
dissociate H, and keeping the formed H atoms close to CO, at
the expectation that a sudden increase in temperature can
trigger the reactions. The temperatures required to overcome
the RSD of each process push these reaction mechanisms
further in the stages of planetary system formation where
higher temperatures are reached (see the astrochemical
implications below).

Astrochemical Implications

FTT experiments have been conducted in laboratory settings
under varying astrophysical conditions. While hydrocarbons
have been successfully synthesized using dust analogues
containing transition metals under conditions resembling those
of a solar nebula,”*” the production of alcohols has
remained challenging. Nevertheless, under conditions mimick-
ing meteoritic materials and early Earth environments, meth-
anol and ethanol formation have been achieved, albeit in
smaller quantities compared to hydrocarbons and at temper-
atures around 570 K,"¥ indicating that methanol formation can
compete with hydrocarbon formation at these conditions.
Interestingly, the identification of formaldehyde as a by-product
of FTT reactions adds coherence to the overall understanding of
the chemical processes involved, since formaldehyde serves as
a common intermediate in the subsequent formation of both
hydrocarbons and alcohols. Hence, experimental results support
the notion that methanol formation could indeed occur
through the proposed FTT mechanism.

© 2024 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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Figure 8. Arrhenius plot for the free energy barrier associated with: panel A (TScp), panel B (TS¢.), panel C (TS¢.4) and panel D (TSgy).

Additionally, various investigations have identified iron
carbides in interplanetary dust particles,”*’ likely originating
from the carburization of iron catalysts during Fischer-Tropsch
Type (FTT) processes.”®’” Experimental studies have supported
this hypothesis by demonstrating the production of Fe carbides
during FTT under conditions resembling those found in solar
nebulas. The presence of stable Fe carbides at high temper-
atures suggests catalytic carburization occurring in the solar
nebula or, possibly, within protoplanetary disks.”® Therefore,
the examination of the composition and petrology of interplan-
etary dust particles and carbonaceous chondrite meteorites
further strengthens the evidence for FTT reactions being
responsible for the formation of both hydrocarbons and
alcohols.

Nevertheless, FTT reactions face limitations in explaining
certain aspects of meteorite composition, particularly isotopic
substitution. Despite being considered as a possible mechanism
for producing organic compounds in meteorites, FTT reactions
struggle to accurately replicate the isotopic ratios observed in
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chondritic meteorites, often resulting in lighter isotopic
ratios.””®” This discrepancy suggests that FTT reactions might
not be the primary driver of volatile organic material formation
in meteorites. Other processes such as ice chemistry or
alterations within parental bodies may contribute more signifi-
cantly to the composition of organic material in meteorites.
Nonetheless, while FTT mechanism may not be the primary
pathway for the organic material formation, its isotopic
signatures may still be present but overshadowed by other
processes.®"

The kinetic analysis of FeS catalysis presented here suggests
that FTT reactions are unlikely to occur at temperatures below
ca. 500 K. Consequently, the production of methanol via FTT is
not expected in cold, star-forming early regions. In dark clouds
and pre-stellar cores, with temperatures of about 10K, dust
grains are covered by volatile ices, potentially shielding Fe
catalytic inclusions from the surrounding gas. However, as star
and planet formation progress, different environments and

© 2024 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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energy sources become available, which could facilitate FTT
reactions.

In protostellar cores (with temperatures of 100-200 K), the
widespread detection of methanol in the gas phase, including
the expansive envelopes® and in shocks or outflows,®® is
attributed to its formation via direct atomic H addition to CO
ices, followed by subsequent desorption facilitated by non-
thermal mechanisms.®*®”’ Nevertheless, in the central regions
near the protostars, known as hot cores or hot corinos (depend-
ing on the stellar mass),®™ methanol can also undergo thermal
desorption due to relatively elevated temperatures (between
100-200 K).B-*¥ Thus, in these regions, where the temperatures
are not conducive to FTT processes yet, the abundance of
atomic H favours the addition of H to CO as the primary
pathway for the formation of H,CO and CH;OH, thereby
cancelling the significance of FTT. Nevertheless, FTT reactions
may still occur in other high-temperature environments such as
shocks or outflows. It is conceivable that in such regions, gas
sputtering could destroy methanol in the ice, and the detected
methanol might result from post-shock reactions, potentially
involving FTT.®

Protoplanetary disks, the birthplaces of planetary systems,
are known to contain a variety of chemical compounds crucial
for the formation of planets. Methanol has been in particular
theorized to be present in these disks, but its detection is being
challenging, solely detected in one source.*®”! Methanol is
primarily observed in the disk midplane (the coldest and outer
regions of the disk, spanning from tens to hundreds K),
relatively close to the central star (within 100 astronomical units
(AU) from the central source). This suggests that it may be
released from icy grains in this region, although current
astrochemical models struggle to fully explain the observed
levels of methanol. These models often predict methanol
abundances that significantly exceed what has been observed
by several orders of magnitude.”™ Consequently, even sophisti-
cated models overlook a potential source of methanol in the
innermost regions of protoplanetary disks, likely attributable to
Fischer-Tropsch-Type (FTT) processes under the conditions
prevailing in the inner disk.

Methanol has been identified in comets,”'® [ikely originat-
ing from earlier phases of planetary development, including the
ices of primitive dust grains."® Consequently, the abundance
of methanol is expected to vary depending on the protoplan-
etary region from which it originated, as well as the environ-
mental conditions it encountered during its evolution. These
conditions include the temperatures of the protostellar gas and
protoplanetary disk, the level of CO depletion in primordial
volatile gases, "™ and the irradiation conditions."® Although
there is no direct evidence supporting the occurrence of FTT
reactions during the lifespan of comets, some of the organic
compounds found in comets may have been produced through
FTT reactions on the surfaces of grains in specific regions of the
solar nebula."® For instance, the presence of ethylene in
cometary comas, the origin of which remains uncertain,'®
could potentially be linked to such processes.

FTT reactions may indeed play a role in the latter stages of
planetary development, such as in the primitive atmospheres of

ChemPhysChem 2024, 25, €202400272 (11 of 13)

terrestrial planets or their moons. Proto-Earth-sized protopla-
nets have the capacity to efficiently accumulate H, from the
protoplanetary nebula,'®""” which is also abundant in CO. In
these settings, the presence of potentially catalytic Fe-contain-
ing inclusions, possibly delivered through chondritic material,
combined with increasing temperatures in planetary atmos-
pheres, creates an ideal environment for FTT reactions. As a
result, alcohols like CH;OH and hydrocarbons can be
generated.!""

Conclusions

In this work, we present a comprehensive computational study
to investigate the catalytic properties of cosmic FeS to
synthesize CH;OH via Fischer-Tropsch-type (FTT) processes from
the reactivity between CO and two H, molecules. The stoichio-
metric FeS troilite form has been chosen as cosmic iron
sulphide material since it has been identified forming part of
inclusions in pre-solar bodies like meteorites, comets, and
interplanetary dust particles. Different slab surface models have
been generated, with the surface energies indicating that the
(011) surface is the most stable and the (001) surface is the least
stable. These two slabs have been selected to study the
proposed FTT reactions because they exhibit a variety of
coordination environments for the Fe centres on the surface,
i.e., tetra- and penta-coordination in the (011) and tri-coordina-
tion in the (001). Moreover, a defective (011) slab model with a
S vacancy at its surface has also been considered to assess any
catalytic enhancement due to the presence of such a point
defect.

The studied reaction mechanisms show differences depend-
ing on the slab model and the coordination environment of the
Fe centre. The main differences between the four systems are,
first, the occurrence (or not) of the spontaneous dissociation of
the H, molecules upon adsorption. A clear example is the
penta-coordinated structure, where the first H, atoms adsorbs
in a molecular way, which consequently presents a high energy
barrier for the first hydrogenation of CO. This behaviour is
completely different for the tetra-coordinated system, where
the first barrier is relatively small because the H, molecule
dissociates upon adsorption. Another difference observed
between the FeS surfaces is the energy barriers for the
hydrogenation of the radical (HCO and CH,0) intermediates. On
the tetra-coordinated and tri-coordinated systems, due to the
low coordination number of the Fe centres, these intermediates
are highly stabilized on the surfaces, giving rise to high energy
barriers in their hydrogenation. Finally, the defective system is
apparently the system presenting the best catalytic properties,
at least for the first three steps. However, the CH,0 intermediate
is highly stabilized on the surface because the oxygen atom
falls within the S vacancy, and hence the high energy barrier
with respect to the final CH;OH formation.

To further comprehend the catalytic activity of the FeS
surfaces and determine the conditions and regions where the
reaction processes are feasible within an astrochemistry frame-
work, kinetic calculations have been performed. From the
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kinetic data, we observe that, although the rate determining
steps of the different systems concern different steps of the FTT
reaction mechanism, all of them require temperatures above
the 500K to be fast in astronomical timescales (i.e., k=
1 year™). This data affirms that the FTT-CH;OH formation can
only happen in the later, evolved stages of the formation of
planetary systems, where such a high temperature can be
reached. Despite this, present results point out cosmic FeS
material as a versatile astrocatalytic system beyond the
formation of methanol. Indeed, the FeS catalytic properties
shown in this work can be extended to other chemical
processes, thereby setting a link between the rich chemistry
present in meteorites and interplanetary dust particles with FeS
inclusions. This link may be crucial in cosmic chemical evolution
and ultimately in the emergence of life in primitive Earth.

Results of the present work evidence the occurrence of true
astrocatalysis, introducing a novel spectrum of synthetic routes
and opening avenues for further exploration into the role of
cosmic grains as heterogeneous catalysts that can contribute to
the chemical evolution in the Universe.
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