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ABSTRACT: Hydrogen cyanide, HCN, is a fundamental building Micrgg
block in astro- and cosmochemical environments, known for its A

ability to form prebiotically relevant molecules such as nucleobases. _ Dryconditions P a0 mn
Although its polymerization is inhibited under the cold, dilute Kinetic accelergtion )

conditions of the interstellar medium, the higher temperatures of HON = & »

more evolved rocky bodies, combined with the presence of mineral P '

surfaces, can catalyze the reaction. In this study, we use atomistic
simulations grounded on the density functional theory (DFT) to
elucidate the complete tetramerization pathway of HCN to
diaminomaleonitrile (DAMN) and diaminofumaronitrile
(DAFN), catalyzed by the crystalline Mg,SiO, forsterite (120)
surface. Results demonstrate that the intrinsic acid—base properties
of the surface facilitate chemical bond formation/cleavage needed
for HCN oligomerization, lowering activation barriers by ~120—220 kJ mol™" with respect to the gas-phase. Kinetic analyses reveal
that the reactions are feasible at temperatures above 300 K, particularly under conditions present in warm, rocky bodies such as
asteroids, meteorites, and planetary surfaces. The presence of water further accelerates key steps by assisting proton transfer
processes. These findings support a model in which Mg-rich silicate minerals (abundant in the early Solar System) may have directly
catalyzed the formation of complex organic molecules, which, in turn, are precursors of more complex biomolecules, thereby
contributing to the essential chemical inventory for the emergence of life on early Earth and other primitive planets with propitious
conditions.

Forsterite

KEYWORDS: cosmochemistry, periodic surface modeling, heterogeneous catalysis, diaminomaleonitrile, comets

B INTRODUCTION could have further evolved to form crucial species involved in
the origin of life."®

Despite its high reactivity and the diversity of its potential
products in space, the gas-phase conversion of HCN into more
chemically complex compounds in the interstellar medium is
significantly hindered by the low temperatures, with rate-
limiting steps characterized by potential energy barriers as high

Hydrogen cyanide (HCN) is a ubiquitous molecule detected
in various astronomical environments, spanning from the more
pristine interstellar clouds, presolar bodies like comets and
carbonaceous chondrites, to rocky protoplanetary atmospheres
and primitive planets.' ° It possesses an enhanced ability to

polymerize and form a diverse array of(products, some with as 200—300 kJ mol™,' thereby preventing its polymer-
prebiotic potential, including adenine.”~” Oligomeric species, ization.”"”>” Base-induced catalysis in solution, instead,
possibly deriving from HCN, have been identified in evolved facilitates the reaction by promoting the deprotonation of
astrophysical environments, as evidenced by the detection of HCN, giving rise to nucleophilic CN™ anions, which in turn
nucleobases within the organic fractions of the Murchison and can react with neutral H,C,N, species, and enhancing
Orgueil meteorites.'*~'> Moreover, possible HCN-derived polymerization of pure HCN.””>™*° Similarly, solid water
polymers have been observed in Comet Halley13 and could surfaces can favor such mechanism by helping proton transfers
also be present in Saturn’s satellite Titan and other evolved

bodies.'”"> Further evidence of nucleobases synthesized in Received: June 17, 2025

space was obtained in the asteroids Ryugu and Bennu, sampled Revised:  October 9, 2025

for the first time in the recent missions Hayabusa2 and Accepted: October 13, 2025

OSIRIS-REx, respectively.'®'” These findings suggest that Published: November 8, 2025

prebiotic compounds could have been introduced to the
primordial Earth via exogenous delivery, and, once there, they
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Figure 1. (a) Top view of the Mg,SiO, forsterite (120) periodic surface model superimposed on the electrostatic potential map (red = negative;
green = neutral; blue = positive). For the sake of clarity, only the most exposed atoms are shown. (b) Side view of the same surface model, showing
all atoms. (c, d) Top and side zoom-in of two adsorbed HCN molecules, one of which is deprotonated by an exposed silicate. For axes
perpendicular to the reading plane, the X symbol indicates an in-going axis and the ® symbol represents an out-going one. Color coding: dark cyan,
Mg atoms; red, O atoms; yellow, Si atoms; blue, N atoms; brown, C atoms; white, H atoms; black, unit cell.

from adsorbed HCN to the ice surface,”® while radical
initiation on defective Si—O’ silica surfaces can successfully
lead to the formation of 1,3,5-triazine from pure HCN.”

Ionic Mg oxides and silicates, abundant minerals in
astronomical rocky bodies, are promising catalysts for the
prebiotic polymerization of HCN due to the bivalent
properties of their surfaces, constituted by both exposed O~
Lewis bases and Mg** Lewis acids.”® Infrared (IR) measure-
ments identified an increasing reactivity of HCN at 300 K
when catalyzed by (from lowest to highest) crystalline
Mg,SiO,, amorphous Mg,SiO,, and MgO,29 a trend consistent
with an increasing basicity of their surface-exposed O~ anions.
High-resolution mass spectrometry analysis of the samples
reported the presence of different products with m/z = 80—
177, including small fractions of adenine on all materials. On
both the crystalline and amorphous Mg,SiO, samples, the
most abundant identified product was diaminomaleonitrile
(DAMN), a thermodynamically stable HCN tetramer form, in
agreement with what was previously reported for basic reaction
mixtures.’”’" The lightest detected HCN oligomer was
aminomalononitrile (AMN, the HCN trimer), while the
iminoacetonitrile (IAN, the HCN dimer) was not detected,
as it is a short-lived intermediate.

Such results show evidence of the possibility of catalytic
processes taking place in the rocky fraction of comets and
chondritic bodies, where Mg silicates appear both in their
amorphous and crystalline phases and represent the majority of
the mineral fraction.”” " For these reasons, in previous works
by some of us, we explored the properties of crystalline
Mg,SiO,, forsterite surfaces and the adsorption of gaseous
HCN on them, in which efficient deprotonation and strong
perturbations of the HCN bonds upon adsorption were
observed, already at low temperatures.””*® More recently, as a
follow-up work, the results on the catalytic properties of
forsterite surfaces of different stabilities—(120), (101), and
(111), with surface energies of 1.52, 1.78, and 1.99 ] m™?
respectively, at the PBE-D*N level of theory’—toward the
dimerization of two adsorbed HCN molecules to form IAN
were reported.”” The catalytic effect of forsterite was attributed
to two main factors (similarly to what was observed in the
liquid phase23’24): (i) the activation of HCN through its
deprotonation by surface-exposed O*~ Lewis basic atoms and
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(ii) the stabilization of transition states for reactions occurring
on surface-exposed Mg®* Lewis acidic metal centers. Energy
barriers computed on forsterite surfaces were between 149 and
269 kJ mol™' smaller than those in the gas-phase, varying
depending on the specific facet. Moreover, the direct formation
of IAN, involving a C—C bond, was favored on the surface, at
variance with the gas-phase, where the isomer imidoformyl
isocyanide (with a C—N bond instead) is formed first.
Remarkably, low-energy barriers were predicted on the stable
and extended (120) surface (in detriment to less stable ones)
since this surface represents an optimal trade-off between the
acidity/basicity of the surface-exposed Mg**/O*~ pairs,”
resulting in high reaction rates and a ready production of
IAN through a concerted mechanism. Moreover, we found
HCN-adsorption complexes on the (120) surface to well
reproduce experimental observations,”® further supporting
their adoption as reactants for the HCN self-reactivity.

In the present work, we aim to expand the HCN/forsterite
reactive systems toward the prebiotic oligomerization of HCN.
The focus of the study is directed toward the catalytic effect of
the (120) forsterite surface under different temperature
conditions, with particular attention to its influence on the
reaction barriers. Remarkably, silicates like forsterite, ubiq-
uitously present as the main constituent of asteroids and comet
interiors, are always in contact with water, either in the
amorphous i? form or as thin liquid films wrapping the
mineral core.”*™*" The liquid water results from heating
processes such as body collisions or radioactive decay of *’K. It
is, therefore, important to study the role of tiny amounts of
water on the polymerization paths and how they may affect the
kinetics of the process. Accordingly, the effect of the presence
of water on the efficiency of the investigated reactions has also
been considered. The cosmochemical implications of our
findings from an experimental and observational perspective
are discussed.

B COMPUTATIONAL METHODS

All atomistic simulations were performed with the CP2K code
(v. 9.1.0),*" which mixes plane waves and Gaussian basis sets.
The PBEsol functional*” was adopted. Valence electrons were
described with a double-{ valence-polarized MOLOPT basis
set and a plane-wave energy cutoff of 600 Ry,""** while core
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electrons were described through Goedecker—Teter—Hutter
pseudopotentials.** Dispersive intermolecular interactions,
misdescribed in plain PBEsol, were introduced through the
Grimme’s D3 empirical term, including three-body interactions
and the Becke—Johnson (BJ) damping function, which avoids
near singularities at short distances.” " All the stationary
points of the characterized potential energy surfaces (PESs),
namely, reactants, products, intermediates, and transition
states, were optimized at this level of theory.

The periodic Mg,SiO, forsterite (120) surface slab model,
recovered from previous works by some of us,’>' was used
here and is depicted in Figure 1. The shorter a parameter was
doubled to avoid intercell interactions between the adsorbed
molecules, and an empty space of around 25 A was left
between slab replicas along the nonperiodic z direction. The
isolated slab structure was fully optimized (both atomic
positions and the 2D periodic cell parameters) at the current
PBEsol-D3(BJ) level of theory, resulting in the following
parameters: a = 12.043, b = 13.884, ¢ = 40.000 A, and a = § =
y = 90.0°.

The minima along the PES (i, reactants, products, and
intermediates) were localized with the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) algorithm,sz_s; adopting the
default convergence criteria for positions and gradients. At
each optimization step, the convergence of the SCF energy was
set to 1077 Hartree. The minima nature of each structure was
confirmed by vibrational harmonic frequency calculations
using the finite difference method implemented in the CP2K
code. To minimize the computational cost, only the atoms
belonging to the adsorbates, e.g., H, C, N, and, when present,
H and O atoms of water, were considered. Localization of the
transition states (TSs) was carried out by adopting the
climbing image-nudged elastic band (CI-NEB) algorithm.” TS
optimizations were performed by relying on the dimer method
in CP2K,*' with convergence threshold values tightened to
one-third of those adopted in minima optimizations, relying on
the conjugate gradient (CG) algorithm.‘w’58 The convergence
threshold of the SCF energy was set to 107" Hartree to better
describe the PES curvature around the saddle point. Frequency
calculations confirmed the real nature of the TSs, for which
one (and only one) imaginary frequency associated with the
reaction coordinate was identified.

To improve the accuracy of the energetics of the reactions,
onto the PBEsol-D3(BJ)-optimized stationary points, single-
point energy calculations at BHLYP-D3(BJ), coupled with the
Ahlrichs’” VTZP basis set for HCN and a smaller contracted
Pople basis set including polarization functions for forsterite
atoms,*”~°” were carried out with the CRYSTAL23 periodic
code.®® The same correction at the BHLYP-D3(B]) level was
applied in a previous study by some of us on the HCN
dimerization on forsterite surfaces.”” In the present work, we
characterized the accuracy of this scheme against DLPNO-
CCSD(T) in computing energy barriers and reaction energies
for the rate-determining steps of the HCN tetramerization,
namely, CN~ + H/C/N, nucleophilic attacks and intra-
molecular proton transfers, when catalyzed by a small forsterite
nanocluster® (see Table S1). It shows that computed BHLYP-
D3(BJ) energy barriers are very similar to the DLPNO-
CCSD(T) ones, with deviations no greater than 4.3 kJ mol ™",
while deviations in the order of 5—28 kJ mol™ are obtained in
reaction energies, confirming that the adopted level of theory is
particularly suitable for tracing kinetic insights in this reactive
system. Relative Gibbs energies at 300 K (AG(300)) were
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computed by applying thermal corrections to the BHLYP-
D3(BJ)//PBEsol-D3(B]J) potential energies.

Unimolecular kinetic rate constants for the simulated
reactions were calculated by adopting the Rice—Ramsgerg—
er—Kassel-Marcus (RRKM) transition state theory,” °°
which was adapted for surface reactions in a freely available
code developed by some of us.”’

B RESULTS AND DISCUSSION

As previously mentioned in the Introduction, the oligomeriza-
tion of HCN proceeds by successive additions of HCN to the
organic H,C,N, structure. Figure 2 shows the elementary steps

H
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Figure 2. Elementary steps of the HCN tetramerization through
successive HCN additions forming the dimer iminoacetonitrile
(IAN), the trimer aminomalononitrile (AMN), and the tetramer
aminoiminosuccinonitrile (AISN). AISN can yield diaminomaleoni-
trile (DAMN) or diaminofumaronitrile (DAFN). For each elementary
step, the BHLYP-D3(BJ)//PBEsol-D3(BJ) gas-phase Gibbs reaction
energy at 300 K (AG(300)) is reported in parentheses, in k] mol™".

of the reaction: first, the reactivity between two HCN
molecules leads to IAN (HCN dimer), the second addition
(HCN + IAN) leads to AMN, and the last one to
aminoiminosuccinonitrile (AISN), a tetramer species. From
AISN, two possible processes can take place: (i) direct
tautomerization, involving a set of proton transfers yielding
DAMN, or (i) the rotation around the main C—C bond
followed by tautomerization via proton transfer, yielding
diaminofumaronitrile (DAFN).

The mechanistic details of these reactions in the gas-phase
are not presented here, as they are extensively described in ref
19, but the AG(300) values of these processes calculated here
are shown in Figure 2 for the sake of comparison when
occurring on the surfaces, since the specific adsorbate/site
interactions may affect the thermodynamics.

HCN Dimerization: IAN Formation. The AG(300)
profile for the dimerization of two HCN molecules to form
IAN on the Mg,SiO, forsterite (120) surface is shown in
Figure 3.>” The adsorption of HCN occurs with the N-end of
the molecule coordinating one or two surface-exposed Mg>*
centers. The adsorption of two HCN molecules as reactant
species is considered here (structure 1 of Figure 3). The
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Figure 3. BHLYP-D3(BJ)//PBEsol-D3(BJ) AG(300) profile, in kJ mol™!, for the formation of the HCN dimer (IAN) from two HCN molecules
adsorbed on the Mg,SiO, forsterite (120) surface. Both the top and lateral views of the structures are represented. For the sake of clarity, only the
most exposed surface atoms are shown. Color coding: dark cyan, Mg atoms; red, O atoms; yellow, Si atoms; blue, N atoms; brown, C atoms; white,

H atoms.
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Figure 4. BHLYP-D3(B]J)//PBEsol-D3(BJ) AG(300) profile, in kJ mol™", for the formation of the HCN trimer (AMN) from one HCN molecule
and IAN adsorbed on the Mg,SiO, forsterite (120) surface. Both the top and lateral views of the structures are represented. For the sake of clarity,
only the most exposed surface atoms are shown. Color coding: dark cyan, Mg atoms; red, O atoms; yellow, Si atoms; blue, N atoms; brown, C

atoms; white, H atoms.

reaction is initiated by the deprotonation of one HCN by a
surface-exposed O~ atom (TS{*, AG*(300) = 35 kJ mol™"),
forming structure 2, which exhibits a stable SIOH"---CN~ H-
bonded ion pair. The reaction proceeds with the nucleophilic
attack of CN™ on the C atom of the second (molecularly
adsorbed) HCN, followed by the spontaneous protonation of
the available N-end of the resulting product (TS$¢, AG*(300)
= 48 kJ mol™"), forming finally IAN (structure 3). While the
overall process is exothermic (AG(300) = —21 kJ mol™),
intermediate 2 is more stable (AG(300) = —45 kJ mol™") than
the IAN in 3, preferring the formation of 2. Nevertheless, we
cannot exclude a priori that other possible surface---adsorbate
conformations, not investigated here, could instead favor IAN
or, complementarily, that the deprotonation energy associated
with the formation of 2 could be channeled in the subsequent
reaction steps. Indeed, as mentioned in the introduction, IAN
is a short-lived intermediate that is not observed exper-
imentally in reacting mixtures of HCN, suggesting that it can,
once formed, rapidly evolve to further products. This reactive
HCN + HCN — IAN path is the same as that reported in ref
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37, but adopting a different quantum chemical methodology.
Despite this, the results are in full agreement.

Similar mechanisms for the catalyzed HCN dimerization are
reported in water env1'ronments,7’23725 where the reactants are
activated by basic species, while acidic species stabilize T'Ss and
products. On forsterite, these roles are played by the surface-
exposed O?~ and Mg*" atoms, respectively.”” According to the
mechanism proposed by Jung and Choe,' instead, the
dimerization step in the gas-phase involves a N—C coupling
between two neutral HCN, followed by isomerization, the rate-
determining step showing an intrinsic potential barrier of 312
k] mol™" (CBS-QB3//B3LYP/6-31G(d) level of theory).
Moreover, the reaction energy on the surface (AG(300) =
—21 kJ mol™") clearly indicates a higher exothermicity with
respect to the gas-phase as computed here (AG(300) = —2 kJ
mol ™!, see Figure 2), consistent with the presence of stabilizing
IAN/forsterite interactions.

HCN Trimerization: AMN Formation. HCN oligmeriza-
tion proceeds with the addition of another HCN molecule to

https://doi.org/10.1021/acsearthspacechem.5c00166
ACS Earth Space Chem. 2025, 9, 2567—-2578
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Figure 5. BHLYP-D3(BJ)//PBEsol-D3(BJ) AG(300) profile, in k] mol™", for the formation of AISN from one HCN molecule and AMN adsorbed
on the Mg,SiO, forsterite (120) surface in dry conditions (‘Dry’, black) and in the presence of one water molecule assisting proton transfers (‘1
H,O’, blue). Both the top and lateral views of the dry structures are represented. Relevant structures in the presence ofone water molecule are
shown in Figure 6. For the sake of clarity, only the most exposed surface atoms are shown. Color coding: dark cyan, Mg atoms; red, O atoms;

yellow, Si atoms; blue, N atoms; brown, C atoms; white, H atoms.

the IAN dimer.”*® The AG(300) profile for this process is
shown in Figure 4.

The newly added HCN is stabilized by an H-bond with JAN
and by Mg®* coordination (structure 4 of Figure 4). The
reaction proceeds in a similar way to IAN formation, but in this
case, HCN donates the proton to the = NH group of IAN,
which, in turn, deprotonates toward the surface (TS$,
AG*(300) 73 kJ mol™'), forming structure S as an
intermediate. Compared to the previous stage, this deproto-
nation step is thermodynamically less favored and presents a
higher energy barrier, probably due to a poorer stabilization of
the resulting CN™: in structure 2 (Figure 3), it interacts
directly with the surface-exposed Mg’* and the SiOH*
counterion, while in structure 5 (Figure 4), it interacts directly
with the neutral E- isomer of IAN.

The local kinetic barrier at 300 K for the C—C nucleophilic
attack (TS$C, AG*(300) = 111 kJ mol™!) amounts to 78 k]
mol™", 15 kJ mol™" smaller than the one for IAN formation (93
kJ mol™") and appreciably smaller than the potential energy
barrier associated with the rate-determining step in the gas-
phase (202 kJ mol™)."” Similar to IAN, AMN is mildly more
stable than the corresponding reactants (AG(300) = —11 kJ
mol ™), confirming the exothermicity of trimerization.”'**%>¢
However, the formation of AMN on the surface is less
favorable than in the gas-phase (AG(300) = —53 kJ mol ™/, see
Figure 2), at variance with IAN formation. This is because, at
the geometry of 6, out of the four possible anchoring points of
AMN (the two nitrile groups and the two H atoms of the
amine group), only one nitrile and one H atom interact
relevantly with the surface, hence making the process less
favorable.

Sandstrom et al.” reported a reaction free energy at 278 K
of =59 kJ mol™" for the production of AMN in a HCN
solution (using as a solvent the polarized continuum model).
This value is comparable to the one computed here in the gas-
phase, pointing to the robustness of the reaction energies in
the gas-phase and in solution, similarly to further reactions of
DAMN.” This is because reactants and products undergo
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comparable stabilization under isotropic solvation, in contrast
to the reaction on the solid forsterite surface.

HCN Tetramerization: DAMN and DAFN Formation.
AISN Tetramer Formation. To form the tetramer, a new HCN
molecule needs to be added to the AMN. Adopting the
mechanism of the previous steps, HCN deprotonates and
carries out a nucleophilic attack on AMN. Nevertheless, a
favorable AMNH*/CN™ configuration is not stable in this
specific adsorption site and, accordingly, a different mechanism
has been considered, represented in Figure S. In this new
mechanism, the HCN — HNC isomerization takes place first,
aided by a surface-exposed SiO group assisting the proton
transfer from the C-end to the N-end (TS, AG*(300) = 37 k]
mol™).

Upon introduction of zero-point energy, thermal and
entropic corrections, the newly formed intermediate (structure
7°) lies 1 kJ mol™" higher in energy than TS}°. This occurs
because (i) the actual potential energy difference between TS}°
and structure 7°° is small (they are 42 and 41 kJ mol™,
respectively) and (ii) the transition frequency associated with
the bond formation/breaking within the process produces a
nonfavorable zero-point energy difference toward structure 7°.
The nucleophilic C—C attack now occurs between the HNC
and AMN (TS$€, AG*(300) = 131 kJ mol™!), concerted with a
proton transfer from HNC to a surface-exposed SiO group.
The resulting intermediate (structure 8*°) is the deprotonated
form of AISN. To finally form AISN (structure 8), the surface
proton is transferred to the nearest N atom (TS5°, AG*(300) =
109 kJ mol ™). In the corresponding gas-phase mechanism, the
rate-determining step is the HCN + AMN addition (N—-C
bond formation), showing an intrinsic potential energy barrier
of 269 kJ mol™' (CBS-QB3//B3LYP/6-31G(d)),"” thus
confirming the strong catalytic effect exerted by the surface.

On the opposite, the highest energy barrier steps for the
AISN formation on the surface involve proton transfers (TS}®
and TS5°). Such processes can be aided by the presence of
water molecules adopting a proton relay mechanism, in which
a water molecule assists the proton transfers by simultaneously
accepting and donating a proton, thus reducing the energy
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barriers. To this end, one water molecule was introduced to act
as a proton transfer assistant for HCN deprotonation and a
second one close to the nitrile group exposed to the
nucleophilic CN™ attack, facilitating the concerted reprotona-

tion of the product (see TS%® and TS in Figure 6). While the
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Figure 6. TSs for the conversion of adsorbed HCN and AMN to the
two tetrameric forms DAMN and DAFN in dry conditions and when
assisted by one and two water molecules. For each structure, the local
AG(300) barrier is reported (in k] mol™"). For the sake of clarity,
only the water molecules taking part in the elementary reaction step
are depicted. Color coding: dark cyan, Mg atoms; red, O atoms;
yellow, Si atoms; blue, N atoms; brown, C atoms; white, H atoms.

total amount of water molecules is two, each transfer is assisted
by only one water molecule, for which we refer to this system
as ‘1 H,O’, as opposite to the ‘Dry” system. The presence of
small quantities of water molecules is a reasonable scenario
considering the relatively high abundance of water on cosmic
refractory materials.

The energetics of the water-assisted processes are shown in
Figure S (blue profile), while the TS structures adopting such
water-assisted proton transfers are shown in Figure 6. The
presence of water favors energetically more feasible processes,
in which low barriers are associated with both the
deprotonation of HCN and the C—C nucleophilic attack
(AG*(300) = 15 and 54 kJ mol™!, respectively). Moreover,
water further helps the reaction by making the C—C
nucleophilic attack and the subsequent reprotonation a
concerted step, similar to what was reported in TS{® and
TSSC for the formation of IAN and AMN. A similar trend was
described by Kikuchi et al.** who reported a 134 kJ mol™!
energy barrier for the CN™ + HCN — IAN™ addition, which
lowers to 120 and 109 kJ mol™! when the TS is reprotonated
concertedly by ammonium or hydronium cations, respectively,
in accordance with their increasing Bronsted acidity. In our
case, an even larger reduction in the energy barriers is obtained
(=77 kJ mol™") due to the participation of water as a proton
shuttle, stabilized by surface-exposed Mg**. The kinetic boost
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provided by water occurs at the expense of a slight
destabilization of AISN (+8 kJ mol™"), which could possibly
be recovered on more acidic Mg*" sites.

At this point, AISN can tautomerize into two different cis—
trans conformers, giving rise to DAMN and DAFN,
respectively, two possible tetramers of HCN (see Figure 2).
The mechanistic details of the two isomerizations are discussed
in the following sections.

DAMN (cis-Product) Formation. The AG(300) profiles for
the AISN + HCN — DAMN reaction are shown in Figure 7
including, in addition to the dry surface, the presence of one
(‘1 H,0’) and two (2 H,0’) water molecules assisting the
proton transfers. The reaction consists of two subsequent
proton transfers, for which the total amount of water molecules
in the system is two for ‘1 H,0’ and four for 2 H,O".

In the gas-phase, the proton transfer from the C—H group to
the NH group is concerted and, accordingly, a high-energy
barrier of 242 k] mol™' has been reported (CBS-QB3//
B3LYP/6-31G(d))."” On forsterite (see Figure 7), without a
preliminary rotation around the central C—C bond to bring the
C—H closer to the imine group, the tautomerization of AISN
from structure 8 of Figure 7 can only proceed through a
stepwise process: a proton transfer from the C—H to the
vicinal —NH,, namely, forming a zwitterion intermediate
(structure 9), followed by a second proton transfer from the
so-formed —NH;" to NH. Results indicate that the first proton
transfer presents an even higher barrier (TS™¥, AG*(300) =
278 kJ] mol™') than in the gas-phase due to forming a highly
strained 3-member ring.

The second proton transfer, instead, shows a lower energy
barrier (TSF*™, AG*(300) = 46 kJ mol™") as it involves a less
strained S-member ring. Both steps are exoergonic (AG(300)
—12 and —24 kJ mol™") although less than in the gas-phase
(AG(300) = —40 kJ mol™!, see Figure 2), probably due to a
greater stabilization of the AISN than DAMN when adsorbed,
the latter showing a single N—H:--O—SiO; H-bond interaction,
while the former two of them.

Due to the fact that the high activation barriers involve
strained proton transfers, the possibility that one and two water
molecules act as proton transfer assistants was explored (see
Figure 7, ‘1 H,O’ and 2 H,O’ profiles, and Figure 6). For the
‘1 H,O’-assisted reaction, local barriers were reduced to 141 kJ
mol™" and 2 k] mol™" (TS™# and TSF™, respectively). In the
2 H,O’-assisted reaction, the first proton transfer energy
barrier becomes even lower (83 k] mol™"). In contrast, for the
second proton transfer, the barrier is 51 kJ mol™}, higher than
when assisted by one water. This is due to the geometrical
strain imposed by the presence of the second water onto the
molecular structure. It has been reported that each water-
assisted proton transfer has its own optimum number of waters
that best catalyzes the processes, which, among other factors,
indeed depends on how well the assistant waters fit into the
proton relay chain.”' Regarding the thermodynamics, the high
exothermicity observed in the presence of water is because,
after proton transfer assistance, water molecules tend to adopt
more favorable interactions with the product and the surface
(Figure S1). This prevents reaching definite conclusions on a
preferred stabilization until more exhaustive conformation
exploration on the reactants + water and product + water
systems will be performed.

DAFN (trans-Product) Formation. The AG(300) profile for
the formation of DAFN is shown in Figure 8, both on the dry
surface and in the presence of one and two water molecules. As
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Figure 7. BHLYP-D3(BJ)//PBEsol-D3(BJ) AG(300) profile, in k] mol ™", for the formation of DAMN by tautomerization of AISN adsorbed on
the Mg,SiO, forsterite (120) surface in dry conditions (‘Dry’, black) and in the presence of one and two water molecules assisting the proton
transfers (‘1 H,O’, blue; 2 H,O’, pink). Both the top and lateral views of the dry structures are represented. Relevant structures in the presence of
one and two water molecules are shown in Figure 6. For the sake of clarity, only the most exposed surface atoms are shown. Color coding: dark
cyan, Mg atoms; red, O atoms; yellow, Si atoms; blue, N atoms; brown, C atoms; white, H atoms.
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Figure 8. BHLYP-D3(BJ)//PBEsol-D3(BJ) AG(300) profile, in k] mol™, for the formation of DAFN by tautomerization of AISN adsorbed on the
Mg,SiO, forsterite (120) surface in dry conditions (‘Dry’, black) and in the presence of one and two water molecules assisting the proton transfers
(‘1 H,O’, blue; 2 H,0O’, pink). Both the top and lateral views of the dry structures are represented. Relevant structures in the presence of one and
two water molecules are shown in Figure 6. For the sake of clarity, only the most exposed surface atoms are shown. Color coding: dark cyan, Mg
atoms; red, O atoms; yellow, Si atoms; blue, N atoms; brown, C atoms; white, H atoms.

only one proton transfer is involved, one water molecule is reported in the literature,'” where the DAMN — DAFN
present in the ‘1 H,O’ system and two in the 2 H,O’ one. The
first step for a direct tautomerization from AISN to DAFN is
the rotation of the central C—C bond. This requires breaking
stable AISN/surface interactions (namely, a H-bond and a

conversion was studied, instead, showing a potential energy
barrier as high as 253 kJ mol™ (CBS-QB3//B3LYP/6-
31G(d)), due to rotation around a rigid double bond. The

CN~/Mg?* bond), resulting in an energy barrier of 61 k] mol ™! reaction then proceeds with the tautomerization and
(TS™") and forming intermediate 11. This specific step is not exothermic formation of DAFN.
2573 https://doi.org/10.1021/acsearthspacechem.5c00166
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TS™°™ (d), and TS™™ (e). When present, the plots for water-assisted proton transfer are also represented.

On the dry surface, the tautomerization presents a high-
energy barrier of 254 kJ mol™ due to forming a strained 4-
membered ring structure (see TS5"**™ in Figure 8). Nonethe-
less, the progressive addition of one and two water molecules
assisting the proton transfer reduces the barrier to 108 and 24
k] mol™’, respectively, consistent with a decrease of the strain
of the TS structure.

Remarkably, the surface plays a fundamental role in altering
the thermodynamics of the process compared with the gas-
phase. Indeed, in the latter, DAMN is 4 k] mol™ more stable
than DAFN,'?’%7%73 while on the surface, DAFN becomes
more stable by 45 kJ mol ™, as it finds more anchoring points
than DAMN (either H-bonds or CN---Mg).

According to the mechanism of ref 30, to form adenine by
DAMN in solution, a DAMN — DAFN isomerization is
required first, followed by its cyclization. While a ground-state
mechanism in the gas-phase is hindered by a high-energy
barrier,"” both experiments and theoretical calculations report
efficient photocatalytic DAMN — DAFN conversions.”””>"*”>
Interestingly, our results indicate that DAFN is easily formed
directly from AISN on a microsolvated forsterite surface,
preventing the preliminary DAMN — DAFN isomerization.

We would like to stress that the thermodynamics of the
HCN oligomerization can differ importantly on other forsterite
faces or on other sites of the same surface,”” which, in turn,
may change the relative stability of the different HCN
intermediate oligomers. As the recent experimental measure-
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ments”” do not allow distinguishing the two isomers (DAMN
and DAFN), the hypothesis of a generalized better stabilization
of DAFN in spite of DAMN should be checked through a
complete and unbiased sampling of the adsorption sites,” "’
possibly coupled with a systematic conformational research to
account for the many geometrical degrees of freedom of the
oligomers.*”"**> As mentioned above, this applies in particular
to the cases of water-assisted mechanisms, in which the
thermodynamics is strongly affected by water adsorption on
the surface after reaction.

Kinetic Analysis. The RRKM Arrhenius plots for the most
relevant steps of the tetramerization of HCN to DAMN/
DAFN between 150 and 350 K are reported in Figure 9.
Tunneling effects were also considered, but they are mainly
dominant below 150 K (see Figure S2). Accordingly, all the
rate constants follow a classical behavior, and all the trends can
be correlated with the trends of the energy barriers.

The different rates associated with the HCN deprotonation
steps (TS, TSS", and TSE® ‘1 H,0’) can be rationalized by
the propensity of the proton acceptors. Indeed, the lowest rate
constants are computed for TS;¥', where the proton is
transferred to the = NH group of the IAN, while larger rate
constants are obtained for TSP, in which the proton acceptor
is a surface-exposed basic O*~ atom. The largest rate constants
are obtained when the proton transfer to the surface is assisted
by one water molecule (TS ‘1 H,0’), consistent with the
reduction of the energy barriers.
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As previously commented, all nucleophilic attacks forming
C—C bonds in dry surface conditions show similar barriers
(between 78 and 93 kJ mol™"). Accordingly, the correspondin§
Arrhenius plots are also similar (see TS, TSSC, and TS§
plots). In the latter, the presence of water (TS$¢ ‘1 H,0’)
allows for a more favorable process and hence the faster
kinetics compared to dry surface conditions.

The kinetics for TS™$, TSP°™ and TSP°™ further
highlights the extracatalytic role of water, as almost none of
the reactions would take place at appreciable velocity if the
proper number of water molecules helping the reaction is not
reached (speed up of 20 to 30 orders of magnitude).

Based on this kinetic analysis, it can be stated that the
catalytic activity of the forsterite surface, aided by water
molecules, toward the oligomerization of HCN is effective
above 300 K, corresponding to kinetic constants close to or
higher than 1 s'. Indeed, at these temperatures, the basic/
acidic behavior of the surface helps the subsequent activation/
addition of the HCN monomer to the H,CN, neutral
oligomers with favorable kinetics. Thus, the thermodynami-
cally stable DAMN and DAFN products can only be
synthesized at relatively high temperatures and in the presence
of water molecules. Remarkably, such conditions are easily
encountered in evolved astronomical environments where
possible HCN products have been detected (see Introduc-
tion). Indeed, a qualitative Eyring kinetic comparison at 300 K,
based on potential energies computed here and, in the gas-
phase, by Jung and Choe,"” shows accelerations of around
~20—40 orders of magnitude for the rate-determining steps of
the reaction (see Table S2). Accordingly, the mechanisms
reported here can be considered reliable models, explaining the
extraterrestrial, mineral-catalyzed HCN prebiotic tetrameriza-
tion.

B CONCLUSIONS

In the present work, the mechanistic details, including
energetics, of the prebiotic oligomerization of HCN to its
stable tetramers DAMN and DAFN catalyzed by the Mg,SiO,
forsterite (120) surface are reported for the first time. The
reaction is effectively triggered when HCN deprotonates upon
adsorption by the action of surface-exposed basic O*~ atoms,
forming surface SIOH*---CN~ H-bonded ion pairs. The growth
of the molecule is facilitated by incorporating CN™ in the
H,C,N, neutral oligomers through nucleophilic C—C attacks,
helped by surface-exposed acidic Mg** centers as well as the
presence of individual water molecules assisting proton transfer
processes, stabilizing the TSs. RRKM analysis shows that the
resulting reactions require temperatures above 300 K to occur
with appreciable rate constants (k > 1s7"), in accordance with
experimental observations. Optimal conditions in terms of
temperature and availability of water-assistant proton transfer
molecules can be found on warm and evolved rocky bodies
such as asteroids, comets, and planets.

B ASSOCIATED CONTENT

Data Availability Statement

The chemical processes simulated here thus support a reliable
reaction model to explain the catalytic tetramerization of HCN
up to DAMN and DAFN, which, in turn, is possibly related to
the presence of nucleobases and other biomolecules in warm
rocky environments. A Zenodo repository with all the
structures discussed in this work is provided (DOI: 10.5281/
zenodo.15624562).

2575

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsearthspace-
chem.5c00166.

Test on the performances of the BHLYP-D3(BJ)
scheme, structures for the AISN — DAMN conversion
on the surface when proton transfers are aided by one
water molecule, comparisons between the Arrhenius
plots between 150 and 350 K with and without
Tunnelling correction, barriers and kinetic constants
for the rate-determining step of each reaction when in
the gas-phase and on the surface and reaction potential
energy, enthalpy at 0 K and Gibbs energy at 300 K when
in the gas-phase and on the surface. (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Albert Rimola — Departament de Quimica, Universitat
Autonoma de Barcelona, 08193 Bellaterra, Catalonia,
Spain; © orcid.org/0000-0002-9637-4554; Phone: +34-
935813723; Email: albert.rimola@uab.cat

Marta Corno — Dipartimento di Chimica and Nanostructured
Interfaces and Surfaces (NIS) Centre, Universita degli Studi
di Torino, 10125 Torino, Italy; ® orcid.org/0000-0001-
7248-2705; Phone: +39-0116702439;
Email: marta.corno@unito.it

Authors
Niccolo Bancone — Departament de Quimica, Universitat
Autonoma de Barcelona, 08193 Bellaterra, Catalonia, Spain;
Dipartimento di Chimica and Nanostructured Interfaces and
Surfaces (NIS) Centre, Universita degli Studi di Torino,
1012S Torino, Italy; © orcid.org/0009-0005-0593-9150
Stefano Pantaleone — Dipartimento di Chimica and
Nanostructured Interfaces and Surfaces (NIS) Centre,
Universita degli Studi di Torino, 10125 Torino, Italy;
orcid.org/0000-0002-2457-1065
Gerard Pareras — Departament de Quimica, Universitat
Autonoma de Barcelona, 08193 Bellaterra, Catalonia,
Spain; © orcid.org/0000-0002-8435-3297
Piero Ugliengo — Dipartimento di Chimica and
Nanostructured Interfaces and Surfaces (NIS) Centre,
Universita degli Studi di Torino, 10125 Torino, Italy;
orcid.org/0000-0001-8886-9832

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsearthspacechem.5c00166

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This project has received funding within the European Union’s
Horizon 2020 Research and Innovation Program from the
European Research Council (ERC) for the project “Quantum
Chemistry on Interstellar Grains” (Quantumgrain), Grant
Agreement No. 865657, and the European Union’s Horizon
Europe Research and Innovation Programme under the Marie
Sklodowska—Curie Grant Agreement No. 101105235 for the
funding of the CHAOS project. The Italian Space Agency for
cofunding the Life in Space Project (ASI N. 2019-3-U.O) and
the Italian MUR (PRIN 2020, Astrochemistry beyond the
second period elements, Prot. 2020AFB3FX) are also

https://doi.org/10.1021/acsearthspacechem.5c00166
ACS Earth Space Chem. 2025, 9, 2567—-2578


https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.5c00166/suppl_file/sp5c00166_si_001.pdf
10.5281/zenodo.15624562
10.5281/zenodo.15624562
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00166?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00166?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.5c00166/suppl_file/sp5c00166_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Rimola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9637-4554
mailto:albert.rimola@uab.cat
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Corno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7248-2705
https://orcid.org/0000-0001-7248-2705
mailto:marta.corno@unito.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niccolo%CC%80+Bancone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-0593-9150
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Pantaleone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2457-1065
https://orcid.org/0000-0002-2457-1065
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Pareras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8435-3297
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piero+Ugliengo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8886-9832
https://orcid.org/0000-0001-8886-9832
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00166?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

acknowledged for financial support. This research is also
funded by the Spanish MICINN (projects PID2021-
126427NB-100 and CNS2023-144902). This research ac-
knowledges support from the Project CH4.0 under the
MIUR program “Dipartimento di Eccellenza 2023-2027.”
The authors thankfully acknowledge RES resources provided
by UMA for the use of Picasso (activity QHS-2023-3-0032),
by IAC for the use of LaPalma (activity QHS-2023-1-0020),
and by BSC for the use of MareNostrum$ (activities QHS-
2024-2-0008 and QHS-2024-3-0036). The supercomputa-
tional facilities provided by CSUC and CINECA (ISCRAB
projects) are also acknowledged. The EuroHPC Joint Under-
taking through the Regular Access call project no. 2023R01-
112, hosted by the Ministry of Education, Youth and Sports of
the Czech Republic through the e-INFRA CZ (ID: 90254), is
also acknowledged. G.P. thankfully acknowledges financial
support by the MICINN and the European Union’s Next
Generation EU fund for a Margarita Salas contract. A. R.
acknowledges Accademia delle Scienze di Torino for
supporting the project “In silico interstellar grain-surface
chemistry”. A.R. gratefully acknowledges support through the
2023 ICREA Award.

B REFERENCES

(1) Liszt, H.; Lucas, R. Comparative chemistry of diffuse clouds. II:
CN, HCN, HNC, CH;CN & N,H". Astron. Astrophys. 2001, 370,
576—585.

(2) Hirota, T.; Yamamoto, S.; Mikami, H.; Ohishi, M. Abundances
of HCN and HNC in dark cloud cores. Astrophys. J. 1998, 503, 717.

(3) Pizzarello, S. Hydrogen cyanide in the Murchison meteorite.
Astrophys. J. Lett. 2012, 754, L27.

(4) Rodgers, S. D.; Charnley, S. B. HNC and HCN in comets.
Astrophys. J. 1998, 501, L227.

(5) Wirstrom, E. S.; Lerner, M. S.; Killstrom, P.; Levinsson, A.;
Olivefors, A.; Tegehall, E. HCN observations of comets C/2013 R1
(Lovejoy) and C/2014 Q2 (Lovejoy). Astron. Astrophys. 2016, 588,
A72.

(6) Huebner, W. F.; Snyder, L. E.; Buhl, D. HCN radio emission
from Comet Kohoutek (1973f). Icarus 1974, 23, 580—584.

(7) Oré, J. Mechanism of synthesis of adenine from hydrogen
cyanide under possible primitive Earth conditions. Nature 1961, 191,
1193—1194.

(8) Ferris, J. P.; Joshi, P. C.; Edelson, E. H.; Lawless, J. G. HCN: A
plausible source of purines, pyrimidines and amino acids on the
primitive earth. J. Mol. Evol. 1978, 11, 293—311.

(9) Ferris, J. P.; Hagan, W. J,, Jr. HCN and chemical evolution: the
possible role of cyano compounds in prebiotic synthesis. Tetrahedron
1984, 40, 1093—1120.

(10) Hayatsu, R. Orgueil meteorite: organic nitrogen contents.
Science 1964, 146, 1291—1293.

(11) Hayatsu, R; Studier, M. H.; Moore, L. P.; Anders, E. Purines
and triazines in the Murchison meteorite. Geochim. Cosmochim. Acta
1975, 39, 471—488.

(12) Martins, Z.; Botta, O.; Fogel, M. L.; Sephton, M. A.; Glavin, D.
P.; Watson, J. S.; Dworkin, J. P.; Schwartz, A. W.; Ehrenfreund, P.
Extraterrestrial nucleobases in the Murchison meteorite. Earth Planet.
Sci. Lett. 2008, 270, 130—136.

(13) Matthews, C. N.; Ludicky, R. In The Dark Nucleus of Comet
Halley: Hydrogen Cyanide Polymers, ESLAB Symposium on the
Exploration of Halley’s Comet, 1986.

(14) Matthews, C. N. Heteropolypeptides on Titan? Orig. Life Evol.
Biosphere 1982, 12, 281—-283.

(15) Cruikshank, D. P.; Allamandola, L. J.; Hartmann, W. K,
Tholen, D. J.; Brown, R. H.; Matthews, C. N.; Bell, J. F. Solid CN
bearing material on outer solar system bodies. Icarus 1991, 94, 345—
353.

2576

(16) Oba, Y.; Koga, T.; Takano, Y.; Ogawa, N. O.; Ohkouchi, N.;
Sasaki, K.; Sato, H.; Glavin, D. P.; Dworkin, J. P.; Naraoka, H.; et al.
Uracil in the carbonaceous asteroid (162173) Ryugu. Nat. Commun.
2023, 14, No. 1292.

(17) Glavin, D. P.; Dworkin, J. P.; Alexander, C. M. O. D.; Aponte, J.
C.; Baczynski, A. A,; Barnes, J. J.; Bechtel, H. A.; Berger, E. L.; Burton,
A. S.; Caselli, P.; et al. Abundant ammonia and nitrogen-rich soluble
organic matter in samples from asteroid (101955) Bennu. Nat. Astron.
2025, 9, 1-12.

(18) Chyba, C.; Sagan, C. Endogenous production, exogenous
delivery and impact-shock synthesis of organic molecules: an
inventory for the origins of life. Nature 1992, 35S, 125—132.

(19) Jung, S. H; Choe, J. C. Mechanisms of prebiotic adenine
synthesis from HCN by oligomerization in the gas phase. Astrobiology
2013, 13, 465—475.

(20) Smith, I. W. M.; Talbi, D.; Herbst, E. The production of HCN
dimer and more complex oligomers in dense interstellar clouds.
Astron. Astrophys. 2001, 369, 611—615.

(21) Yim, M. K.; Choe, J. C. Dimerization of HCN in the gas phase:
a theoretical mechanistic study. Chem. Phys. Lett. 2012, 538, 24—28.

(22) Benallou, A. Understanding the most favourable dimer of HCN
for the oligomerization process in the gas phase of interstellar clouds.
Comput. Theor. Chem. 2016, 1097, 79—82.

(23) Kikuchi, O.; Watanabe, T.; Satoh, Y.; Inadomi, Y. Ab initio GB
study of prebiotic synthesis of purine precursors from aqueous
hydrogen cyanide: dimerization reaction of HCN in aqueous solution.
J. Mol. Struct.. THEOCHEM 2000, 507, 53—62.

(24) Sandstrém, H.; Rahm, M. The Beginning of HCN Polymer-
ization: Iminoacetonitrile Formation and Its Implications in
Astrochemical Environments. ACS Earth Space Chem. 2021, S,
2152—-2159.

(25) Sandstrém, H.; Rahm, M. Crossroads at the Origin of Prebiotic
Chemical Complexity: Hydrogen Cyanide Product Diversification. J.
Phys. Chem. A 2023, 127, 4503—4510.

(26) Choe, J. C. Dimerization of HCN in Interstellar Icy Grain
Mantles: A DFT Study. Bull. Korean Chem. Soc. 2019, 40, 205—206.

(27) Fioroni, M.; DeYonker, N. J. Siloxyl radical initiated HCN
polymerization: Computation of N-heterocycles formation and
surface passivation. Mon. Not. R. Astron. Soc. 2022, S$12, 1629—
1638, DOI: 10.1093/mnras/stac271.

(28) Signorile, M.; Zamirri, L.; Tsuchiyama, A.; Ugliengo, P.;
Bonino, F.; Martra, G. On the Surface Acid-Base Properties of
Amorphous and Crystalline Mg,SiO, as Probed by Adsorbed CO,
CO,, and CD;CN. ACS Earth Space Chem. 2020, 4, 345—354.

(29) Santalucia, R.; Pazzi, M.; Bonino, F.; Signorile, M.; Scarano, D.;
Ugliengo, P.; Spoto, G.; Mino, L. From gaseous HCN to nucleobases
at the cosmic silicate dust surface: An experimental insight into the
onset of prebiotic chemistry in space. Phys. Chem. Chem. Phys. 2022,
24, 7224—7230.

(30) Sanchez, R. A.; Ferbis, J. P.; Orgel, L. E. Studies in prebiodc
synthesis: II. Synthesis of purine precursors and amino acids from
aqueous hydrogen cyanide. J. Mol. Biol. 1967, 30, 223—253.

(31) Ferris, J. P.; Donner, D. B; Lobo, A. P. Possible role of
hydrogen cyanide in chemical evolution: the oligomerization and
condensation of hydrogen cyanide. J. Mol. Biol. 1973, 74, 511-518.

(32) Nagashima, K; Krot, A. N.; Yurimoto, H. Stardust silicates
from primitive meteorites. Nature 2004, 428, 921—924.

(33) Scott, E. R. D.; Krot, A. N. Thermal processing of silicate dust
in the solar nebula: clues from primitive chondrite matrices. Astrophys.
J. 2005, 623, 571.

(34) Henning, T. Cosmic silicates. Annu. Rev. Astron. Astrophys.
2010, 48, 21—46.

(35) Bancone, N.; Pantaleone, S.; Ugliengo, P.; Rimola, A.; Corno,
M. Adsorption of HCN on cosmic silicates: a periodic quantum
mechanical study. Phys. Chem. Chem. Phys. 2023, 25, 26797—26812.

(36) Bancone, N.; Santalucia, R.; Pantaleone, S.; Ugliengo, P.; Mino,
L; Rimola, A; Corno, M. Unraveling the Interface Chemistry
between HCN and Cosmic Silicates by the Interplay of Infrared

https://doi.org/10.1021/acsearthspacechem.5c00166
ACS Earth Space Chem. 2025, 9, 2567—-2578


https://doi.org/10.1051/0004-6361:20010260
https://doi.org/10.1051/0004-6361:20010260
https://doi.org/10.1086/306032
https://doi.org/10.1086/306032
https://doi.org/10.1088/2041-8205/754/2/L27
https://doi.org/10.1086/311459
https://doi.org/10.1051/0004-6361/201527482
https://doi.org/10.1051/0004-6361/201527482
https://doi.org/10.1016/0019-1035(74)90023-2
https://doi.org/10.1016/0019-1035(74)90023-2
https://doi.org/10.1038/1911193a0
https://doi.org/10.1038/1911193a0
https://doi.org/10.1007/BF01733839
https://doi.org/10.1007/BF01733839
https://doi.org/10.1007/BF01733839
https://doi.org/10.1016/S0040-4020(01)99315-9
https://doi.org/10.1016/S0040-4020(01)99315-9
https://doi.org/10.1126/science.146.3649.1291
https://doi.org/10.1016/0016-7037(75)90101-5
https://doi.org/10.1016/0016-7037(75)90101-5
https://doi.org/10.1016/j.epsl.2008.03.026
https://doi.org/10.1007/BF00926899
https://doi.org/10.1016/0019-1035(91)90233-J
https://doi.org/10.1016/0019-1035(91)90233-J
https://doi.org/10.1038/s41467-023-36904-3
https://doi.org/10.1038/s41550-024-02472-9
https://doi.org/10.1038/s41550-024-02472-9
https://doi.org/10.1038/355125a0
https://doi.org/10.1038/355125a0
https://doi.org/10.1038/355125a0
https://doi.org/10.1089/ast.2013.0973
https://doi.org/10.1089/ast.2013.0973
https://doi.org/10.1051/0004-6361:20010126
https://doi.org/10.1051/0004-6361:20010126
https://doi.org/10.1016/j.cplett.2012.04.042
https://doi.org/10.1016/j.cplett.2012.04.042
https://doi.org/10.1016/j.comptc.2016.10.016
https://doi.org/10.1016/j.comptc.2016.10.016
https://doi.org/10.1016/S0166-1280(99)00356-5
https://doi.org/10.1016/S0166-1280(99)00356-5
https://doi.org/10.1016/S0166-1280(99)00356-5
https://doi.org/10.1021/acsearthspacechem.1c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c01504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c01504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bkcs.11666
https://doi.org/10.1002/bkcs.11666
https://doi.org/10.1093/mnras/stac271
https://doi.org/10.1093/mnras/stac271
https://doi.org/10.1093/mnras/stac271
https://doi.org/10.1093/mnras/stac271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP05407D
https://doi.org/10.1039/D1CP05407D
https://doi.org/10.1039/D1CP05407D
https://doi.org/10.1016/0022-2836(73)90043-0
https://doi.org/10.1016/0022-2836(73)90043-0
https://doi.org/10.1016/0022-2836(73)90043-0
https://doi.org/10.1038/nature02510
https://doi.org/10.1038/nature02510
https://doi.org/10.1086/428606
https://doi.org/10.1086/428606
https://doi.org/10.1146/annurev-astro-081309-130815
https://doi.org/10.1039/D3CP01459B
https://doi.org/10.1039/D3CP01459B
https://doi.org/10.1021/acs.jpcc.4c03454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.4c03454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

Spectroscopy and Quantum Chemical Modeling. J. Phys. Chem. C
2024, 128, 15171—-15178.

(37) Bancone, N.; Pantaleone, S.; Ugliengo, P.; Rimola, A.; Corno,
M. Exploring Forsterite Surface Catalysis in HCN Polymerization:
Computational Insights for Astrobiology and Prebiotic Chemistry.
ACS Earth Space Chem. 2028, 9, 303-313, DOI: 10.1021/
acsearthspacechem.4c00282.

(38) Prialnik, D.; Podolak, M. Changes in the structure of comet
nuclei due to radioactive heating. Space Sci. Rev. 1999, 90, 169—178.

(39) Jewitt, D.; Chizmadia, L.; Grimm, R.; Prialnik, D.Water in the
Small Bodies of the Solar System. In Protostars and Planets V;
Springer, 2007; Vol. 1, pp 863—878.

(40) Weissman, P. R; Lowry, S. C. Structure and density of
cometary nuclei. Meteorit. Planet. Sci. 2008, 43, 1033—1047.

(41) Kithne, T. D.; lannuzzi, M.; Del Ben, M.; Rybkin, V. V.
Seewald, P.; Stein, F.; Laino, T.; Khaliullin, R. Z.; Schiitt, O.;
Schiffmann, F.; et al. CP2K: An electronic structure and molecular
dynamics software package-Quickstep: Efficient and accurate
electronic structure calculations. J. Chem. Phys. 2013, $9,
No. 194103, DOI: 10.1063/5.0007045.

(42) Perdew, J. P.; Ruzsinszky, A,; Csonka, G. L; Vydrov, O. A;
Scuseria, G. E.; Constantin, L. A.; Zhou, X.; Burke, K. Restoring the
density-gradient expansion for exchange in solids and surfaces. Phys.
Rev. Lett. 2008, 100, 136406.

(43) VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.;
Chassaing, T.; Hutter, J. Quickstep: Fast and accurate density
functional calculations using a mixed Gaussian and plane waves
approach. Comput. Phys. Commun. 2008, 167, 103—128.

(44) Goedecker, S.; Teter, M.; Hutter, J. Separable dual-space
Gaussian pseudopotentials. Phys. Rev. B 1996, 54, 1703.

(45) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(46) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32, 1456—1465.

(47) Grimme, S.; Hansen, A,; Brandenburg, J. G.; Bannwarth, C.
Dispersion-corrected mean-field electronic structure methods. Chem.
Rev. 2016, 116, $105—5154.

(48) Johnson, E. R; Becke, A. D. A post-Hartree—Fock model of
intermolecular interactions. J. Chem. Phys. 2008, 123, No. 024101,
DOI: 10.1063/1.1949201.

(49) Johnson, E. R; Becke, A. D. A post-Hartree-Fock model of
intermolecular interactions: Inclusion of higher-order corrections. J.
Chem. Phys. 2006, 124, No. 174104, DOI: 10.1063/1.2190220.

(50) Becke, A. D.; Johnson, E. R. A density-functional model of the
dispersion interaction. J. Chem. Phys. 2005, 123, No. 154104,
DOI: 10.1063/1.2065267.

(51) Zamirri, L; Corno, M.; Rimola, A.; Ugliengo, P. Forsterite
surfaces as models of interstellar core dust grains: computational
study of carbon monoxide adsorption. ACS Earth Space Chem. 2017,
1, 384—398.

(52) Broyden, C. G. The convergence of a class of double-rank
minimization algorithms 1. general considerations. IMA . Appl. Math.
1970, 6, 76—90.

(53) Fletcher, R. A new approach to variable metric algorithms.
Comput. ]. 1970, 13, 317—322.

(54) Goldfarb, D. A family of variable-metric methods derived by
variational means. Math. Comput. 1970, 24, 23—26.

(55) Shanno, D. F. Conditioning of quasi-Newton methods for
function minimization. Math. Comput. 1970, 24, 647—656.

(56) Zarkevich, N. A; Johnson, D. D. Nudged-elastic band method
with two climbing images: Finding transition states in complex energy
landscapes. J. Chem. Phys. 2015, 142, No. 024106, DOI: 10.1063/
1.4905209.

(57) Stiefel, E. Uber einige methoden der relaxationsrechnung. Z.
Angew. Math. Phys. 1952, 3, 1-33.

2577

(58) Hestenes, M. R.; Stiefel, E. Methods of conjugate gradients for
solving linear systems. J. Res. Natl. Bur. Stand. 1952, 49, 409—436.

(59) Becke, A. D. A new mixing of Hartree-Fock and local density-
functional theories. J. Chem. Phys. 1993, 98, 1372—1377.

(60) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785—789.

(61) Schifer, A.; Horn, H.; Ahlrichs, R. Fully optimized contracted
Gaussian basis sets for atoms Li to Kr. J. Chem. Phys. 1992, 97, 2571—
2577.

(62) Bruno, M.; Massaro, F. R.; Prencipe, M.; Demichelis, R.;; De La
Pierre, M.; Nestola, F. Ab initio calculations of the main crystal
surfaces of forsterite (Mg,SiO,): a preliminary study to understand
the nature of geochemical processes at the olivine interface. J. Phys.
Chem. C 2014, 118, 2498—2506.

(63) Erba, A.; Desmarais, J. K.; Casassa, S.; Civalleri, B.; Dona, L.;
Bush, I J.; Searle, B.; Maschio, L.; Edith-Daga, L.; Cossard, A.; et al.
CRYSTAL23: A program for computational solid state physics and
chemistry. J. Chem. Theory Comput. 2023, 19, 6891—6932.

(64) Escatllar, A. M.; Lazaukas, T.; Woodley, S. M.; Bromley, S. T.
Structure and properties of nanosilicates with olivine (Mg,SiO,) N
and pyroxene (MgSiO;) N compositions. ACS Earth Space Chem.
2019, 3, 2390—2403.

(65) Marcus, R. A.; Rice, O. The Kinetics of the Recombination of
Methyl Radicals and Iodine Atoms. J. Phys. Chem. A 1951, 5§, 894—
908.

(66) Marcus, R. A. Unimolecular dissociations and free radical
recombination reactions. J. Chem. Phys. 1952, 20, 359—364.

(67) Rosenstock, H. M.; Wallenstein, M.; Wahrhaftig, A.; Eyring, H.
Absolute rate theory for isolated systems and the mass spectra of
polyatomic molecules. Proc. Natl. Acad. Sci. U.S.A. 1952, 38, 667—678.

(68) Baer, T.; Hase, W. L. Unimolecular Reaction Dynamics: Theory
and Experiments; Oxford University Press, 1996; Vol. 31.

(69) Romero, J. E.; Rimola, A. QuantumGrain RRKM code, 2024.
DOI: 10.5281/zenodo.10518616.

(70) Boulanger, E; Anoop, A, Nachtigallova, D.; Thiel, W,;
Barbatti, M. Photochemical steps in the prebiotic synthesis of purine
precursors from HCN. Angew. Chem., Int. Ed. 2013, 52, 8000—8003.

(71) Rimola, A; Rodriguez-Santiago, L.; Ugliengo, P.; Sodupe, M. Is
the Peptide Bond Formation Activated by Cu’* Interactions? Insights
from Density Functional Calculations. J. Phys. Chem. B 2007, 111,
S740—5747. ) ]

(72) Szabla, R.; Géra, R. W.; Sponer, J.; Sponer, J. E. Molecular
mechanism of diaminomaleonitrile to diaminofumaronitrile photo-
isomerization: An intermediate step in the prebiotic formation of
purine nucleobases. Chem. — Eur. J. 2014, 20, 2515—-2521.

(73) Michaelian, K. Microscopic dissipative structuring and
proliferation at the origin of life. Heliyon 2017, 3, No. e00424,
DOI: 10.1016/j.heliyon.2017.e00424.

(74) Sanchez, R. A.; Ferris, J. P.; Orgel, L. E. Studies in prebiotic
synthesis: IV. Conversion of 4-aminoimidazole-5-carbonitrile deriva-
tives to purines. J. Mol. Biol. 1968, 38, 121—128.

(75) Koch, T. H.; Rodehorst, R. M. Quantitative investigation of the
photochemical conversion of diaminomaleonitrile to diaminofumar-
onitrile and 4-amino-5-cyanoimidazole. J. Am. Chem. Soc. 1974, 96,
6707—6710.

(76) Germain, A.; Tinacci, L.; Pantaleone, S.; Ceccarelli C.;
Ugliengo, P. Computer Generated Realistic Interstellar Icy Grain
Models: Physicochemical Properties and Interaction with NH;. ACS
Earth Space Chem. 2022, 6, 1286—1298.

(77) Tinacci, L.; Germain, A.; Pantaleone, S.; Ceccarelli C.;
Balucani, N.; Ugliengo, P. Theoretical Water Binding Energy
Distribution and Snowline in Protoplanetary Disks. Astrophys. J.
2023, 951, 32.

(78) Mates-Torres, E.; Rimola, A. Unlocking the surface chemistry
of ionic minerals: a high-throughput pipeline for modeling realistic
interfaces. J. Appl. Crystallogr. 2024, 57, S03—508.

(79) Bariosco, V.; Tinacci, L.; Pantaleone, S.; Ceccarelli, C.; Rimola,
A,; Ugliengo, P. Gaseous methanol in cold environments: is thermal

https://doi.org/10.1021/acsearthspacechem.5c00166
ACS Earth Space Chem. 2025, 9, 2567—-2578


https://doi.org/10.1021/acs.jpcc.4c03454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1005202215579
https://doi.org/10.1023/A:1005202215579
https://doi.org/10.1111/j.1945-5100.2008.tb00691.x
https://doi.org/10.1111/j.1945-5100.2008.tb00691.x
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1021/acs.chemrev.5b00533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1949201
https://doi.org/10.1063/1.1949201
https://doi.org/10.1063/1.1949201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2190220
https://doi.org/10.1063/1.2190220
https://doi.org/10.1063/1.2190220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2065267
https://doi.org/10.1063/1.2065267
https://doi.org/10.1063/1.2065267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.7b00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.7b00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.7b00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1093/comjnl/13.3.317
https://doi.org/10.1090/S0025-5718-1970-0258249-6
https://doi.org/10.1090/S0025-5718-1970-0258249-6
https://doi.org/10.1090/S0025-5718-1970-0274029-X
https://doi.org/10.1090/S0025-5718-1970-0274029-X
https://doi.org/10.1063/1.4905209
https://doi.org/10.1063/1.4905209
https://doi.org/10.1063/1.4905209
https://doi.org/10.1063/1.4905209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4905209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF02080981
https://doi.org/10.6028/jres.049.044
https://doi.org/10.6028/jres.049.044
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.463096
https://doi.org/10.1063/1.463096
https://doi.org/10.1021/jp409837d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp409837d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp409837d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150489a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150489a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1700424
https://doi.org/10.1063/1.1700424
https://doi.org/10.1073/pnas.38.8.667
https://doi.org/10.1073/pnas.38.8.667
https://doi.org/10.5281/zenodo.10518616
https://doi.org/10.5281/zenodo.10518616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201303246
https://doi.org/10.1002/anie.201303246
https://doi.org/10.1021/jp071071o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp071071o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp071071o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201304224
https://doi.org/10.1002/chem.201304224
https://doi.org/10.1002/chem.201304224
https://doi.org/10.1002/chem.201304224
https://doi.org/10.1016/j.heliyon.2017.e00424
https://doi.org/10.1016/j.heliyon.2017.e00424
https://doi.org/10.1016/j.heliyon.2017.e00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2836(68)90132-0
https://doi.org/10.1016/0022-2836(68)90132-0
https://doi.org/10.1016/0022-2836(68)90132-0
https://doi.org/10.1021/ja00828a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00828a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00828a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.2c00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.2c00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3847/1538-4357/accae8
https://doi.org/10.3847/1538-4357/accae8
https://doi.org/10.1107/S1600576724001286
https://doi.org/10.1107/S1600576724001286
https://doi.org/10.1107/S1600576724001286
https://doi.org/10.1093/mnras/staf476
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

desorption from low binding energy sites the explanation? Mon. Not.
R. Astron. Soc. 2025, 539, 82—94.

(80) Kistner, J. Umbrella sampling. Wiley Interdiscip. Rev. Comput.
Mol. Sci. 2011, 1, 932—942.

(81) Wales, D. J; Doye, J. P. K. Global optimization by basin-
hopping and the lowest energy structures of Lennard-Jones clusters
containing up to 110 atoms. J. Phys. Chem. A 1997, 101, 5111-5116.

(82) Goedecker, S. Minima hopping: An efficient search method for
the global minimum of the potential energy surface of complex
molecular systems. J. Chem. Phys. 2004, 120, 9911—-9917.

(83) Jarvi, J.; Alldritt, B.; Krejéi, O.; Todorovi¢, M.; Liljeroth, P.;
Rinke, P. Integrating bayesian inference with scanning probe
experiments for robust identification of surface adsorbate config-
urations. Adv. Funct. Mater. 2021, 31, 2010853.

2578

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

CAS

https://doi.org/10.1021/acsearthspacechem.5c00166
ACS Earth Space Chem. 2025, 9, 2567—-2578


https://doi.org/10.1093/mnras/staf476
https://doi.org/10.1002/wcms.66
https://doi.org/10.1021/jp970984n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp970984n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp970984n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1724816
https://doi.org/10.1063/1.1724816
https://doi.org/10.1063/1.1724816
https://doi.org/10.1002/adfm.202010853
https://doi.org/10.1002/adfm.202010853
https://doi.org/10.1002/adfm.202010853
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

