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Low-energy glycine formation and
spectral masking in star-forming regions
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The presence of amino acids in comets and meteorites has long suggested that prebiotic molecules may
have formed in space and contributed to the origins of life on Earth. Glycine, the simplest amino acid, has
been identified in several extraterrestrial environments, although its detection in the interstellar medium,
including prestellar cores and protostellar regions, remains elusive. Here, we investigate a novel catalytic
pathway for glycine formation on silicate grains during relatively warm (> 150 K) stages of star formation.
Using atomistic simulations, the feasibility of a Strecker-type synthesis and a direct neutral mechanism
involving reactivity between formaldehyde, carbon monoxide and ammonia on forsterite surfaces, the
major constituent of interstellar dust, is assessed. Results show that the Strecker pathway is limited by
high activation barriers, whereas the proposed direct mechanism proceeds through low-energy surface-
stabilized intermediates leading to spontaneous formation of glycine in a single-barrier exoergic process.
Additionally, glycine strongly adsorbs onto the mineral surface and is unlikely to desorb under warm
conditions. A vibrational analysis reveals that glycine formed through this pathway exhibits spectrally
distinct features, including suppression and shifting of characteristic bands, which may account for its

persistent non-detection in astronomical observations.

Amino acids are key biomolecules in the development of early life on Earth.
Its simplest constituent, glycine (Gly, NH,CH,COOH), has been routinely
found in almost racemic enantiomeric ratios in meteorites and, recently, in
returned samples from the Ryugu asteroid'~. Gly has also been detected in
returned coma samples of the 81 P/Wild 2 comet™’ and in the coma of 67 P/
Churyumov-Gerasimenko by in-situ mass spectroscopy’. Numerous efforts
have been undertaken to identify Gly in the interstellar medium (ISM), but
its unambiguous detection remains elusive’’, and only its more stable
isomers have been observed'*'".

Despite unsuccessful attempts to find amino acids in star-forming
environments” ™, these regions are highly promising for the presence of Gly,
given that their rich molecular compositions closely match those observed in
cometary atmospheres™"°. Chemical evolution in these regions goes through
three stages, namely cold, warm-up and hot-core'”*. In the cold stage (~10 K),
so-called zeroth-generation molecules, such as methane (CH,), methanol
(CH;0H) and ammonia (NHj3) are formed mainly through hydrogenations
occurring on the water-dominated ice mantles”. In the warm-up phase, as
temperatures rise to 100-300 K, thermal processing and increased radical
mobility allow for the synthesis of more complex, first-generation species,
among them interstellar complex organic molecules (iCOMs), such as for-
mamide (NH,CHO) acetaldehyde (CH;CHO) or methylformate
(CH50CHO) through gas-phase reactions or grain surface-mediated radical-

radical and radical-neutral reactions on the ice mantle”. Surrounding ignited

young stars in the hot-core phase, higher temperatures yield complete eva-
poration of the ices and of trapped iCOMs within a radius from the proto-
planetary disk (the “snow-line”)". This phenomenon allows for more complex
chemistry occurring in the gas-phase, where sublimated neutral molecules may
react to form large and complex species in energy barrier-bearing and even
potentially endergonic processes. Thus, gas-phase reaction routes for the for-
mation of Gly in these scenarios have been proposed, mainly through quan-
tum mechanical methods, involving radical-radical couplings™, interactions
between closed-shell species and either radicals”* or jons™, and reactions
involving purely neutral molecules™ . Many of the proposed reaction
mechanisms stem from first-generation molecular species found along the
Strecker synthesis (the main multistep route for the formation of amino acids
from aldehydes in solution)*, such as methanimine (CH,=NH) or ami-
noacetonitrile (NH,CH,CN), and depend on the availability of reactive radical
or charged species—which in turn demand energetic processing of stable
zeroth-generation molecules—mostly displaying prohibitively high activation
barriers. In turn, the ability of water ice to act as a catalyst for this reaction in
colder regions of star formation has also been shown, with reactions involving
radical and ionized ice and/or reactants™", concerted three-body processes” or
displaying relatively large energetic barriers”, thus requiring temperatures
incompatible with the stability of the ice on the grain”. Nonetheless,
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experimental breakthroughs have demonstrated feasible routes for Gly for-
mation under cold conditions. Notably, Ioppolo et al. showed that Gly can
form via barrierless neutral-radical recombination (e.g., NH,CH, + HO-CO)
on water-rich ices at temperatures as low as 13 K”. These ice-dominated
pathways are crucial during the early, cold stages of star formation; however, as
the system evolves into warmer phases of star formation with higher tem-
peratures, water ice sublimation uncovers a seldom explored scenario, where
zeroth- and first-generation species may accrete on the bare silicate surfaces
that conform the grain cores, thus potentially undergoing heterogeneous
catalysis towards Gly. In that regard, the adsorption of relevant molecules with
prebiotic potential, such as H,CO®, HCN"** and S-bearing species”* has
been modelled on silicate surfaces, the main mineral conforming interstellar
grains, meteorites and comets™*. Successively, these mineral interfaces have
been shown to catalyze biologically relevant processes, such as the formose
reaction”* or HCN polymerization”. Thus, parent body-dominated chemical
processes may hold the key to understand the formation of Gly in star forming
reg ons)(hl

In this article, we address, for the first time, the role of interstellar
mineral interfaces in the formation of Gly from abundant zeroth-generation
molecules and its subsequent inclusion in cometary and meteoritic phases
using quantum chemical atomistic modelling. The study is structured to
contrast two distinct formation paradigms. First, we assess the feasibility of
the conventional formation route for Gly in solution, the Strecker synthesis,
catalyzed on the parent body, and demonstrate that the first step along this
route is hindered by high activation barriers. In response to these energetic
limitations, we then propose and characterize a novel, direct non-Strecker
mechanism involving the reaction of H,CO, CO, and NH;. We show that
this alternative pathway proceeds through low-energy, surface-stabilized
intermediates to yield Gly spontaneously, which we further characterize via
vibrational analysis to provide a potential explanation for the molecule’s
persistent non-detection in astronomical gas-phase observations.

Results and discussion

Bare grain-mediated Strecker synthesis

The Strecker synthesis consists of three steps: i) formation of methanimine
(NHCH,) via reaction of NH; and H,CO forming first aminomethanol
(NH,CH,OH) followed by its dehydration, ii) formation of aminonitrile
(NH,CH,CN) through reaction of NHCH, and HCN, and iii) acidic
hydrolysis of NH,CH,CN finally forming Gly. Each of these steps requires
multiple proton transfers bearing barriers of up to 31 kcal mol ™, which in
solution are facilitated by water solvent molecules™. It is important to note
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Fig. 1 | Proposed Strecker-type pathway on Mg,SiO,. a HSE06-D3//PBE-D3-

calculated reaction pathway and free energy diagrams at 150 K of imine formation
on Mg,Si04(120) adopting a Strecker-type mechanism. A standalone asterisk is used
to denote the bare surface, whereas when used alongside a molecular species denotes
its adsorbed configuration. Relevant bond distances are depicted in A on the atomic
representations. Atoms belonging to the adsorbate and relevant surface atoms have

that NHCH, is a well-known interstellar species, first identified in the Sgr B2
hot core™, and its high abundance in the Galactic Center’** suggests that
inherited chemical complexity could theoretically facilitate the Strecker
synthesis, potentially bypassing the initial formation step. Furthermore,
reaction networks indicate facile formation of NHCH,™, and its precursor
NH,CH,OH has been found to form readily on interstellar ices™. However,
to comprehensively assess the potential for a self-sufficient catalytic pathway
starting from abundant zeroth-generation precursors, thereby establishing a
solid baseline for comparison with alternative proposed mechanisms, our
model explicitly assesses the surface-mediated formation of NHCH, on bare
grain silicates.

To better depict the conditions in star forming regions, our model
considers mechanisms involving abundant zeroth-generation species that
accrete onto the bare grains after ice sublimation, i.e., H,CO, CO and NH;.
In this scenario, our atomistic structural models mimicking the bare grain
surfaces consist of crystalline forsterite (Mg,SiO,), an abundant silicate
conforming interstellar grains. To model NHCH,, formation, the simulated
Strecker pathway (whose results are shown in Fig. la) begins with the
adsorption of H,CO through its O atom atop an undercoordinated Mg ion
of Mg,Si04(120), the most extended termination of forsterite-covering a
fraction of 0.331 of the equilibrium shape of forsterite at 0 K*, forming
H,CO* (an asterisk denotes adsorbed species) with a binding Gibbs energy
of 43.51 kcal mol ™. Interestingly, subsequent reaction of H,CO* with an
incoming NHj yields the spontaneous (i.e., exoergic and barrierless) for-
mation of zwitterionic aminomethanol (NH;*-CH,O *), which can con-
vert into its canonical form, NH,CH,OH*, through a proton transfer
between both terminal moieties with a barrier of 11.57 kcal mol ™ (TS1g" of
Fig. 1a). Cleavage of the C-O bond and subsequent proton-transfer from the
NH, moiety to the O atom yields NHCH, formation and an adsorbed water
in the active site (NHCH2 + H,O* of Fig. 1) in a slightly endoergic process,
requiring an activation barrier of 21.71 kcal mol™ (TS2s*). At a repre-
sentative warm region temperature of 150 K, the rate constant arising from
the rate limiting step, ie., the release of NHCH, from dehydration of
NH,CH,OH¥, is calculated to be 2.31 x 10™° Myr". Thus, based on the
simulations of the first step in the Strecker synthesis, our calculations predict
a limited catalytic impact of the bare grain surface with respect to the
conventional reaction in solution.

Direct glycine formation pathway

Having discarded the possibility of a Strecker-type mechanism catalyzed on
the mineral surface, we then turned our attention to potential non-Strecker
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been colored; the remaining surface atoms have been whitened out for clarity. b On
the top panel, top-view representation of the H,CO molecule adsorbed on the (120)
surface of Mg,SiO,. On the bottom panel, c-axis averaged charge density differences
between the surface and the adsorbed H,CO molecule. Red and blue regions depict a
decrease or increase in charge density upon adsorption, respectively.
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Fig. 2 | Proposed direct Gly formation on Mg,SiO,. a HSE06-D3//PBE-D3-cal-
culated reaction pathway for the direct non-Strecker formation of Gly from zeroth-
generation molecular species in the gas phase. Relevant bond distances are depicted
in A on the atomic representations. b Proposed reaction mechanisms and calculated
free energy diagrams at 150 K of the direct and neutral formation of z-Gly on
Mg,Si0,4(120) (gray line) and Mg,Si04(021) (red line). A standalone asterisk is used
to denote the bare surface, whereas when used alongside a molecular species denotes
its adsorbed configuration. Relevant bond distances are depicted in A on the atomic
representations. Atoms belonging to the adsorbate and relevant surface atoms have

been colored; the remaining surface atoms have been whitened out for clarity.

¢, Pseudo-quantitative analysis of the non-covalent interactions governing the
adsorption and stabilization of the formed z-Gly* on Mg,Si0,(120) (top panels) and
Mg,Si0,4(021) (bottom panels). Side view representations of the isosurfaces dis-
playing regions of non-covalent interaction (with an isovalue of 0.3 ¢ A~) are
depicted on the right panels. H-bonding regions in the isosurfaces, along with their
corresponding peak in the non-covalent interaction plot, are denoted with a dashed
circle.

reaction mechanisms not governed by H-transfers or hydrolysis, where the
role of water molecules is a requisite. In that regard, our simulations showed
that the barrierless combination between the H,CO* intermediate and NH;
in the studied Strecker-type pathway is driven by a surface-induced charge
polarization of the former. Specifically, a charge density difference analysis
of H,CO* revealed a depletion of electron density around the C atom—and
thus an increase of its cationic nature (red area in Fig. 1b)—and a con-
sequent increase in the electron density around the O moiety of H,CO*
(blue area in Fig. 1b), driven by the strong Lewis acidic nature of the surface
Mg atom. In view of these results, we then revisited a direct neutral
mechanism proposed by Maeda and Ohno™ and envisioned a mineral-
borne pathway where H,CO* reacts with ISM-abundant CO adopting an
Eley-Rideal (ER) mechanism. While a Langmuir-Hinshelwood (LH)
mechanism involving adsorbed CO was also considered, it was discarded on
both energetic and steric grounds; CO chemisorption, which is less favorable
than H,CO adsorption by around 26 kcal mol !, occurs via the C atom,
orienting the reactive center toward the surface and sterically preventing the
C-Cbond formation required for the reaction. In the proposed pathway, we
predict the formation of an adsorbed acetolactone intermediate
(H>C;05(cyo)*, the smallest member of the cyclic lactone family). This
process presents an energy barrier of 38.19 kcal mol ™" in the gas-phase
(mechanism displayed in Fig. 2a), which decreases to 14.45 kcal mol ' when
taking place on the Mg,Si04(120) surface (gray pathway in Fig. 2b). More
importantly, the newly formed HZCZOZ(cyc)* intermediate, whose formation
is only slightly endoergic (6.58 keal mol ' with respect to H,CO*), displays a

similar surface-induced charge redistribution as H,CO*, and hence is able
to react with gas-phase NH; in a barrierless fashion, followed by sponta-
neous cleavage of the C-C bond to yield surface-bound zwitterionic Gly (z-
Gly*) in a highly exoergic process. These results contrast with the gas-phase,
where z-Gly is deemed unstable and formation of neutral Gly through the
lactone-mediated pathway occurs following ammonolysis, with a larger
energy barrier of 8.54 kcal mol ™.

Additionally, although the adsorption of NH; onto a bare surface Mg
site constitutes a potential energy well (being ~3 kcal mol ™" more stable than
H,CO*) that sequesters the N lone pair, we predict the reaction to proceed
through the proposed route via an ER pathway because the subsequent steps
are energetically decisive: once HyC,Ox(¢yo)* is formed, our calculations
predict its reaction with NHj to be vastly more exoergic than the competing
adsorption of NH; onto a bare Mg site. Given that both ammonia capture
processes are barrierless, the deep thermodynamic sink provided by Gly
formation effectively drives the reaction forward, overcoming the slight
initial stability of the adsorbed NH;* over H,CO*.

To further demonstrate the feasibility of the proposed pathway in other
silicate terminations and extrapolate our results to predict the feasibility of
this process on amorphous phases, we also investigated this reaction
mechanism on a more energetic termination of Mg,SiO,;, namely
Mg,Si0,4(021) (red pathway in Fig. 2b). This facet, albeit displaying a higher
surface energy with respect to Mg,Si0,(120), is still present in the equili-
brium shape of Mg,SiO, at 0K with a coverage fraction of 0.047, thus
potentially yielding multiple undercoordinated surface sites for reactant
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adsorption and reaction. Following the results on Mg,Si0,4(120), H,CO
adsorbs on a surface Mg site of Mg,SiO4(021) to form H,CO*, which in a
similar process to the previously calculated pathway, reacts with gas-phase
CO to form the HZCZOZ(Q,C)* intermediate. This species subsequently reacts
with gas-phase NH3, again, in a barrierless way spontaneously yielding z-
Gly* in a highly exoergic fashion. In this case, lactone formation on
Mg,Si0,(021) displays a barrier of 9.98 kcal mol ™/, that is, 31% lower than
on Mg,Si04(120), driven by the increased activity of the considered ter-
mination, and a striking 74% lower than in the gas-phase mechanism. This
single transition state for the formation of z-Gly results in a rate constant of
0.54 min " at 150 K, showcasing the feasibility of this pathway in the con-
ditions found in interstellar ice-free warm environments, such as hot-cores
and protoplanetary disk regions where dust settles. Furthermore, the
endergonic nature of HyC,Ox(cye™ Wwith respect to H,CO* is reduced to
4.93kcalmol™". Structural analysis of the H2C202(cyc)* intermediates
reveals that their stability is strongly influenced by their configuration on the
mineral surface. On Mg,Si04(120), steric hindrance and ionic repulsion
with surface atoms constrain the intermediate to an upright orientation
perpendicular to the surface, as shown in Figure S1. In contrast, the local
environment of HZCZOz(CyC)* on Mg,Si0,4(021) accommodates the inter-
mediate in a tilted configuration, allowing the carbonyl group to align more
parallel to the surface. This favorable geometry enhances the stability of the
intermediate (AGHZCZO; =505kcalmol™ on Mg,Si04(021) and
6.58 kcalmol ™' on Mg,Si0,(120)), which contributes to the observed
decrease in the activation barrier for H,CyOxyo™ formation on
Mg,Si04(021) compared to Mg,Si0,4(120).

Interestingly, we predict that the formed z-Gly*, which is stabilized on
surface Lewis acidic sites over its neutral counterpart™, displays high binding
energies: 80.62 and 74.09 kcal mol ™' on Mg,Si0,(120) and Mg,Si0,(021),
respectively. Therefore, our calculations show that, upon formation, z-Gly
remains firmly embedded on the mineral surface and does not desorb
thermally under the conditions of star forming regions. Specifically, an
analysis of the non-covalent interactions within the z-Gly* complex (Fig. 2¢)
reveals that, in addition to the ionic interaction between the O atoms of the
deprotonated carboxyl group and a surface Mg on Mg,SiO4(120) and
Mg,Si04(021), z-Gly* is also highly stabilized on the surface by means of
H-bonding between the protonated amino group and a surface O atom
(blue peaks of Fig. 2¢).

Finally, while our calculated energetics focus on a temperature of 150 K
as a representative condition within warm regions of star formation, it
is worth noting that the results gain further relevance at higher tempera-
tures. As detailed in the Arrhenius plots provided in the Fig. S2, the reac-
tion rates for the mineral-mediated pathways increase by orders
of magnitude as temperatures rise; this suggests that this mechanism
remains efficient not only in warm star-forming regions but potentially also
in hotter environments, such as the inner regions of protoplanetary disks or
within asteroid parent bodies, where recent evidence points to aqueous
chemistry™.

Spectral differentiation of surface-induced Gly

Building upon our prediction of the novel, energy-efficient mechanism on
silicate surfaces, yielding the formation of z-Gly* over its neutral form, we
hypothesize that this unique chemical environment can manifest in the
vibrational properties of the newly-formed product. To investigate this, we
computed the infra-red (IR) spectra of both gas-phase Gly and z-Gly*
adsorbed on Mg,Si04(021). These calculations allow us to assess how
surface binding affects the spectroscopic signature of Gly, and its impact on
its detectability in astronomical environments. The computed gas-phase IR
spectrum for the lowest-energy conformation of Gly (Fig. 3a) exhibits the
expected vibrational modes for this molecule, including the OH and CH
stretching modes at high frequencies, followed by the isotopomer-
determining mid- and low-frequency regions with C=O stretching at
1755 cm™, C-O and C-N stretching and COH bending modes around
1074 cm ™', and low-energy modes of C-C stretching and CNH, CCO and
COH bending at frequencies below 900 cm™'. These peaks display an

accurate match both in their location and intensity with reported experi-
mental values in literature®, further validating our approach.

On the other hand, the vibrational spectrum of z-Gly* adsorbed on the
silicate surface (Fig. 3b) displays substantial differences, including shifts and
even suppression of characteristic gas-phase modes. Notably, the strong
interaction between the carboxylate COO™ group and the surface Mg cen-
ters, along with H-bonds between the NH;" group and surface oxygen
atoms, leads to pronounced alterations in both the position and intensity of
key spectral features. Particularly, we note the suppression of the high-
frequency features corresponding to the OH stretching and COH bending
modes (due to the zwitterionic nature of z-Gly™*), the slight blueshift of CH
and CO stretching modes, and the emergence of multiple bands associated
with NH stretching modes, particularly a high intensity peak corresponding
to NH stretching along the highly directional H-bond at 1879 cm ™. The
absence of gas-phase fingerprints and appearance of new spectral features,
albeit modulated by the local coordination environment, are predicted for z-
Gly* adsorbed on both Mg,Si0,(021) and Mg,SiO4(120), both displaying
the prevalence of a predicted peak corresponding to NH stretching along the
highly directional H-bond (Fig. S3). These results indicate distinct spectro-
scopic signatures for Gly formed through a mineral-mediated pathway,
providing new vibrational markers that can guide future observational
efforts, rather than relying onto gas-phase spectroscopic features, which have
proven unfruitful for its detection.

Conclusions

In this work, we have explored, for the first time, the role of the parent body
mineral surfaces in the abiotic formation of Gly at relatively warm stages of
star-forming regions. By employing atomistic simulations based on quan-
tum chemical calculations, we show that the conventional Strecker synthesis
on abundant silicate surfaces (here modelled as crystalline Mg,SiO,),
although facilitated by the grains, is hindered by high Gibbs energy barriers,
rendering it inefficient under astrophysically relevant conditions, particu-
larly due to the necessity of multiple water-mediated proton transfer steps.
In contrast, we identify a direct pathway toward the formation of Gly from
abundant zeroth-generation molecules (H,CO, CO and NH;) on Mg,SiO,
which proceeds without the involvement of high-energy radicals, ions, or
water-mediated catalysis. This mechanism is enabled by surface-induced
polarization effects that promote a spontaneous, barrierless process, cul-
minating in the stable adsorption of zwitterionic Gly on the mineral surface
via strong interactions. Furthermore, we show that surface terminations
significantly impact the reaction kinetics, with Mg,SiO4(021) reducing the
energy barrier for Gly formation by 74% compared to the gas-phase. After
formation, we show that Gly is strongly attached to the surface and thus is
unlikely to desorb even under hot-core temperatures. This presents a dis-
tinct survival advantage compared to Gly synthesized in cold, dense clouds:
while ice-embedded molecules risk sublimation or destruction during the
warm-up phase as the ice mantle evaporates, the Gly formed through the
proposed mineral-mediated pathway may remain embedded on mineral
grains and be incorporated into pebbles/planetesimal, cometary and
meteoritic bodies. Finally, IR analyses reveal that the formed surface-bound
Gly presents vastly distinct spectral features with respect to its gas-phase
counterpart, providing a potential interpretation for the absence of obser-
vational evidence towards interstellar Gly in the gas-phase as well as guides
for future identification.

Overall, our findings reveal a plausible, silicate-mediated low-energy
pathway for Gly formation in warm star-forming environments that does
not rely on energetic processing or aqueous chemistry. This supports the
hypothesis that biologically relevant molecules may originate from solid-
state reactions on mineral interfaces within early planetary systems, offering
new insight into the origin of life’s building blocks in space.

Methods

Simulation of gas-phase species

Reaction species involved in the studied gas phase mechanism were opti-
mized using the Perdew-Burke-Ernzerhof (PBE) functional and the
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Fig. 3 | Spectral differentiation of Gly formed via the proposed direct pathway on
Mg,SiO,4. PBE-D3-simulated IR spectra of Gly formed through a conventional
Strecker-based gas-phase mechanism (a), and of z-Gly* through the proposed
mineral-mediated mechanism on Mg,Si04(021) (b). In (a), the wavelengths and
relative intensities of the IR peaks observed experimentally have been included as
orange lines. Atomic representations of the features defining the peaks with the

highest intensities are displayed as insets, where atomic displacements within a
chosen direction of the vibrational mode are depicted as arrows with relative
magnitudes. To aid visualization of vectors lying within atomic bonds, the latter are
displayed in clear. Atoms from the surface in b that do not bind to z-Gly* (either
through ionic or H-bonding) have been whitened out for clarity. Atom color codes
can be found in Figs. 1 and 2.

Grimme’s D3 correction for dispersion, using Ahlrichs’ def2-TZVP polar-
ized triple-zeta basis set. Subsequently, single point energy calculations were
performed using the Becke, 3-parameter, Lee-Yang-Parr (B3LYP),
PBEO” and range-separated screened Heyd-Scuseria-Ernzerhof
(HSE06)*** hybrid functionals with the same D3 approach and basis set,
and comparing the relative energies with respect to those obtained using the
explicitly correlated variant of the coupled cluster theory with singles,
doubles, and a perturbative treatment of triples (CCSD(T)-F12)** in con-
junction with cc-pVTZ-F12 as the main basis set, including cc-pVTZ-F12-
CABS, aug-cc-pVTZ, and aug-cc-pVQZ/C as auxiliary basis sets”. Gas
phase simulations were performed using the ORCA package, version 5.0.3%;
however, single-point calculations using the HSE06 functional were per-
formed using the Gaussian16 software’” with identical basis set to ensure a
diverse landscape of hybrid functionals for an accurate benchmark. This
benchmark yielded relative energies with mean absolute errors of 9.68, 6.29,
2.30and 1.66 kcal mol ™ for PBE0-D3, PBE-D3, B3LYP-D3 and HSE06-D3,
respectively, relative to coupled-cluster calculations; thus, all relative ener-
gies reported in this work correspond to single-point calculations of PBE-D3
optimizations at the HSE06-D3 level of theory.

Simulation of periodic systems

All periodic density functional theory calculations reported in this work
were carried out using the Vienna Ab Initio Simulation package (VASP),
version 6.4%. The Mg,SiO, bulk, belonging to the Pbnm space group, was
obtained from the Materials Project (id: mp-2895)”. Periodic structure
optimizations were performed using the PBE-D3 method”””" and the

standard potentials based on the projector augmented-wave method’
(treating the semi-core 2p electrons of Mg as valence electrons), with a plane
wave energy cut-off of 500 eV. Optimal lattice parameters were obtained by
plotting the cell potential energy against varying cell volumes, modifying the
cell size in a range of +2% with a step size of 1%, using a Birch-Murnaghan
equation of state while sampling the reciprocal space with increasing k-point
grids of 2x2x1, 4x4x2, 8x6x4 and 12x10x6. Ultimately, a k-point grid of
4x4x2 was selected following a convergence criterion of 1 meV atom ™,
yielding cell parameters g, b and ¢ of 4.779 A, 6.017 A and 10271 A,
respectively. Subsequent structural optimizations of the periodic systems
reported in this work were performed computing the corresponding k-point
grids following the obtained optimal mean k-point density of around 3.4 k-
points per A~" in bulk optimization, using a conjugate-gradient scheme with
a force-based convergence criterion of 0.015 eV/A. According to bench-
marking results in the gas phase (see above), single point calculations were
performed onto the PBE-D3 optimized structures at the HSE06-D3 level at
I'-point implemented in VASP.

Non-polar (120) and (021) surface terminations of Mg,SiO, in the
Pbnm setting (corresponding to (102) and (012) in the standard Pnma space
group, respectively), with an approximate thickness of 11 A and a vacuum in
the ¢ axis of at least 15 A, were generated with an in-house automated
algorithm™. These surfaces, of which (120) is the most extended on the
calculated equilibrium shape of Mg,SiO,4, were selected based on their
varying surface energies (141 and 1.92Jm™> for (120) and (021),
respectively’*). The initial H,CO adsorbate on the most stable active site of
the (120) surface was obtained from previous work"’; this adsorbate is
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deemed a global minimum on the surface, as recently validated by a pairwise
potential-based approach’™, and is an accurate representation of the most
feasible surface site onto which H,CO can adsorb and subsequently react.
All adsorbate species were calculated using free-standing slabs with multi-
plicities p(2x1) for both (120) and (021) to ensure non-interaction between
adsorbates in neighboring cells, where all atoms in the cell were allowed to
relax freely. Minimum energy paths between intermediates were explored
using the climbing image-nudged elastic band (CI-NEB) method”>”® with 6
interpolated images using the force-based quick-min optimizer with a force-
based convergence criterion of 0.02 eV/A, as implemented in the VTST
code. To ensure that all intermediates and transition state structures cor-
respond to true minima and first order saddle points, respectively, a partial
Hessian matrix was calculated using the finite differences method in all
Cartesian coordinates, only computing the components of the matrix cor-
responding to the atoms participating in the reaction; in that regard, minima
displaying negative frequencies had their atoms displaced along their ima-
ginary vibrational mode and further optimized decreasing the minimum
atomic displacement from 0.03 to 0.01 A and using a denser FFT mesh.
Similarly, saddle point candidates with more than one imaginary vibrational
mode were fine-tuned using the dimer method”” and a similar convergence
criterion. All reported energies in the mechanisms presented herein are
relative to the bare surface and the corresponding species in the gas phase,
which for this purpose, were optimized in a periodic cell ensuring a 15 A
vacuum in all Cartesian coordinates.

Gibbs energy corrections computed at PBE-D3, which include the
zero-point energy, entropy and thermal contributions to the internal energy,
were added to the HSE06-D3 energy of all species using the harmonic limit
approach implemented in the Atomic Simulation Environment (ASE)
package’. All Gibbs energy values reported in the potential energy surfaces
shown in this work are calculated at a temperature of 150 K, characteristic of
warm up regions of star formation.

Charge density differences between the surface and the H,CO adsor-
bate were computed by subtracting the charge of the isolated adsorbate and
bare surface from the adsorbate-surface system in their optimized config-
urations, and subsequently averaged and plotted along the z axis using the
SISL software””. Non-covalent interactions (NCIs) of relevant structures
were revealed by computing NCI plots showing the interactions between the
adsorbates and the surface sites, as implemented in the Critic2 software®
(we direct the reader to relevant literature on this matter)*"*’. We note that
NCI plots provide a pseudo-quantitative representation of all non-covalent
interactions governing the stabilization of the molecule on the surface,
where the more negative (positive) the peaks appear, the more attractive
(repulsive) that specific interaction is.

For the proposed direct pathway, which follows an ER mechanism, the
reaction rate r is formally described as

r = kb, colCO]

Where k is the rate constant, 6;; o is the fractional surface coverage of
formaldehyde, and [CO] is the concentration of gas-phase CO. Given the
nature of the modelled systems and proposed mechanisms, values for k are
calculated using the classical Eyring equation,

(b

h

where AG* is the Gibbs energy barrier for the rate limiting step, T is the
considered temperature, and R, kj and h are the ideal gas, Boltzmann and
Planck constants, respectively. In contrast to the values reported in
Figs. la and 2b, activation energies considered in the Arrhenius plots were
calculated dynamically at each temperature step; resulting rates were plotted
as log, (k) against the inverse of the temperature.

IR spectra of gas-phase Gly and z-Gly™* were constructed by computing
vibrational frequencies and Born effective charges at I'-point using density

functional perturbation theory (DFPT). Vibrational intensities were cal-
culated as described by Gianozzi and Baroni*’ and implemented elsewhere*.

Data availability

Input and output files of all the calculations reported in this work can be
accessed via an ioChem-BD database with the following https://doi.org/10.
19061/iochem-bd-6-572.
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