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Abstract

The interstellar medium (ISM) is rich in molecules, from simple diatomic to complex organic ones,
some of which have a biotic potential. A notable example, in this respect, is represented by the so-
called interstellar complex organic molecules (iCOMs). Interestingly, the various phases involved
in the formation of Solar-type planetary systems lead to an increasing chemical complexity, in
which, at each step, more complex molecules form. In dark molecular clouds, dust grains are
covered by ice mantles, mainly made up of H,O but also of other volatiles species such as CO, NHj,
CO;,, CH,4 and CH3OH. Although their mass is one hundred times lower than the gas-phase matter,
these ice-covered grains play a fundamental role in the interstellar chemical complexity as some
important reactions are exclusively catalyzed by their surfaces. For example, one of the current
paradigms on the iCOMs formation assumes that iCOMs are synthesized on the ice mantle surfaces,
in which reactants accrete and diffuse to finally react. As the usual approaches employed in
astrochemistry (i.e., spectroscopic astronomical observations, astrochemical modelling and
laboratory experiments) cannot easily provide details on the iCOMs formation processes occurring
on ice mantles at the atomic level, computational chemistry has recently become a complementary

tool to fill in this gap. Indeed, it can provide an accurate description (i.e., structures and reactive
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energy profiles) of these processes. Accordingly, several recent studies simulating the formation of
ICOMs on icy surfaces by means of quantum mechanical methods have appeared in the literature.
This article aims to comprehensively review most of these works, focusing not only on standard
iICOMs but also on simpler organic compounds as well as biomolecules. Perspectives on possible

future directions of research using computational chemistry are also proposed.

1 Introduction

Despite the harsh conditions of the interstellar medium (ISM), more than 200 interstellar molecules
have been discovered so far, with this number steadily increasing with time.* Among them, the class
of C-bearing molecules with at least 6 atoms are defined as interstellar complex organic molecules
(ICOMs).%® Such a definition allows us to exclude simple molecules that are sure not organic, like
H,0, NH;3 or CO, but excludes some relevant ones like formaldehyde (H,CO) and methanimine
(CH,=NH). Moreover, other species, although not being categorized as iCOMs, can play a crucial
role in the organic, and eventually pre-biotic, chemistry occurring in the ISM, such as the case of
formic acid (HCOOH), hydrogen cyanide/isocyanide (HCN/HNC) or the isocyanic acid (HCNO),

just to mention a few.

Nonetheless, iCOMs have lately received a lot of attention for their potential contribution to the
emergence of life and because iCOMs in solar-type hot corinos provide a direct link between

interstellar chemistry and the small bodies of the Solar System, i.e. comets and asteroids.*®

Although the presence of iCOMs has been known for decades,” the chemical routes that lead to
their formation is still matter of intense debate. Two alternative paradigms are invoked in the
literature: either iCOMSs form in the gas-phase,>™™® or on the interstellar grain surfaces.>*™* Here,
we will focus on the latter paradigm. Briefly, it postulates that iCOMSs are synthesized on the grain
surfaces following a three-step process: i) hydrogenation of frozen atoms and molecules to form

saturated species (e.g., CHsOH from CO*

) during the cold prestellar phase; ii) formation of
radicals (e.g., CH30-, HCO-, NH,-) derived from the frozen hydrogenated species due to incidence
of UV radiation and cosmic rays on the ice mantles, and iii) coupling of radicals to form iCOMs, in

2
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which radicals are assumed to diffuse on the ice mantles due to temperature increase (=30 K) during

the protostellar phase.**™*3

In this paradigm, therefore, interstellar grains play a major role, so we briefly describe their
characteristics, in the context of this review. They are silicate and carbonaceous sub-micron size
particles that permeate most of the Galaxy I1SM.***® In cold molecular clouds, grains are enveloped
by iced mantles constituted mostly of water with smaller quantities of carbon monoxide and dioxide
(CO, CO,), ammonia (NHs) and methanol (CH3;OH).**?° Therefore, when referring to grain surface

reactions, what one really means is reactions occurring on surfaces of water ice.

Little is known about the structure of these iced mantles. Experiments evidenced similarities
between the IR features of interstellar ices and those of amorphous solid water (ASW),* and
accordingly they are usually referred to be amorphous and partly porous.?? However, IR
spectroscopy is not a definitive technique to derive conclusive structural features of these ices, as
outlined in a recent work on the solid CO/H.0 interface.”® From IR observations, it seems that ices
present two different solid phases: i) a water-rich polar phase, most containing of iced H,O, CO,,
NHj3 in direct contact with the silicate/carbonaceous core, and ii) an apolar phase, comprising most

of the iced CO, the remaining CO; and probably most of the iced CH3OH.

Investigating iCOMs has been carried out by means of the usual multidisciplinary approach applied
in astrochemistry: astronomical spectroscopic observations, astrochemical models, and laboratory
experiments. Spectroscopic observations can detect iCOMs in different astronomical sources and
provide abundances in the different environments. However, they are not capable to give direct
information on how iCOMs are formed, either on the grain-surfaces or in gas-phase. Astrochemical
models are useful in rationalizing iCOMSs observations. In these models, however, the energetic
parameters introduced as input data are associated with some large and critical uncertainties (i.e., in
some cases they are derived from gas phase or empirical estimates) and, accordingly, predictions
are uncertain too. As a matter of fact, current “grain-surface-formation” models are not capable to
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reproduce the recent observations for methanimine and of methoxymethanol (CH;OCH,OH), where
discrepancies of several orders of magnitude were reported.>** Laboratory experiments are very
useful in telling us the nature of the products formed but they are not able to reproduce realistically
the physical conditions of the ISM (e.g., the very low temperature and gas densities or the relatively
high UV photon or H-atoms fluxes), as well as the chemical features of the ice grains such as the
exact chemical composition.?®

Within this context, computational chemistry is a complementary tool to the other approaches as it
can alleviate part of the abovementioned problems. Computational simulations can furnish the
atomistic and electronic structures of the systems under investigation, providing unique information
such as structural, energetic and spectroscopic features of the ice mantles. They can also provide a
molecular description of the elementary steps involved in a grain surfaces reaction (i.e.,
adsorption/accretion, diffusion, chemical reactions and desorption) in which a full characterization
of the energy profiles can be simulated. Interestingly, with these profiles, relevant energetic
information of the grain surface process (e.g., energy barriers, reaction rates, binding/desertion
energies) can be obtained, which in turn can be used as accurate input data in the astrochemical
models. However, this approach also holds some disadvantages: the main one is that results depend
on both the method chosen to solve the equations describing the systems and the atomistic model
adopted to represent the grain surface structure. In gas phase calculations this latter disadvantage is
avoided, and hence different works dealing with the formation of iCOMs through gas phase
processes are available in the literature, reporting accurate energy profiles and reaction rate

coefficients.?5%

The very first computational chemistry works dealing with astrochemical reactions on ice surfaces
date from the beginning of this century. However, the structural ice models were based on the
presence of a limited number of H,O molecules or implicit solvation models. It was not since the

beginning of this decade that ice models started to be structurally more realistic, as periodic slab
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models, amorphous systems, etc. Several works have covered the formation of interstellar
molecules on grain surfaces. Some of them addressed the formation of simple compounds on dust

grains, (e.g., H, and H,0 formation on silicates®

), but most of them are related to the formation
of iCOMs on ice mantles. The aim of the present work is to review all these later studies present in
the literature, which to the best of our knowledge is hitherto fully missing. We only focus on
computational works based on quantum (QM) or classical (MM) mechanics simulations, as these

techniques are the most reliable ones to tackle iICOMs formation.

The review is organized as follows. Section 2 provides a description of the computational
framework, focusing briefly on the quantum chemical methods and techniques, ways to calculate
rate constants (including tunneling effects) and ice surface modelling strategies. Section 3 is the
core of the review, in which the most relevant computational works dedicated to the “on-surface”
ICOM formation are briefly exposed. Here, we are not limited to iCOMSs according to the definition
given above, but to also other related species, such as H,CO, CH3;OH, and amino acids and
nucleobases. Finally, Section 4 provides the conclusions including some future perspectives in the

simulation of iCOMs formation on ice mantles by means of computational chemistry tools.

2  Computational Framework

2.1 Quantum mechanical methods

The chemical processes reviewed here concern a wide variety of reaction-types and mechanisms
(proton/electron transfers, nucleophilic/electrophilic attacks, etc.) occurring at structural models
mimicking the surfaces of interstellar ice mantles. Accordingly, accuracy of the results partly relies

on the QM methodologies describing the chemical reactions.

When high accuracy is needed, approaches based on the improvement of the wavefunction such as

the Maller-Plesset 2™ order perturbation theory and coupled cluster single, double and perturbative-

triple electronic extrications method (namely, MP2 and CCSD(T), respectively) are adopted.***

5
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However, these methods are extremely expensive for large systems and accordingly unpractical
hitherto when modeling on-surface reactions. Alternatively, since the late 1990s, approaches based
on the electron density, the so-called density functional theory (DFT) methods, have become
computationally cheaper alternatives to the wavefunction-based ones, in which well-designed DFT
methods provide acceptable accuracy.*®** Among them, the B3LYP, PBE and BHLYP functionals

are three the of the most adopted DFT methods in QM calculations.

2.2 Potential Energy Surfaces

Potential energy surfaces (PESs) describe the energy of a system (collection of atoms) as a function
of its geometry (the position of the atoms). Complete PESs are characterized by calculating the
energy of the system as a function of the internal coordinates (bonds, angles and dihedrals).
Stationary points (points with a zero gradient in the PES) have physical meaning (Figure 1A):
minima correspond to physically stable chemical species (reactants, products and intermediates),
while 1% order saddle points correspond to transition states (TSs), the highest energy points on the
reaction coordinates (the lowest energy paths connecting reactants with products). All other
stationary points (i.e., higher order saddle points and maxima) are physically unsounded. When the
PESs are described as a function of the reaction coordinate (the coordinate governing the reaction),
the surface is called energy profile (see Figure 1B).

The nature of the stationary points can be known by diagonalizing the Hessian matrix of second
derivatives of the potential energy with respect to the atomic positions. Hessian eigenvalues are
related to the frequency vibrational modes of the system: for minima structures, all frequencies are
real, while saddle points have one imaginary frequency.

Since QM calculations account for the electronic structure of the systems, exploration of PESs for
reactions (in which chemical bonds break and form) has to be done within this framework (at

variance with classical mechanics, which do not account for electrons).”*
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Figure 1. A) Example of a potential energy surface (PES) described as a function of two internal
55 coordinates. The different stationary points are also shown: minima (reactants and products), 1°
56 order saddle point (connecting the minima with the reaction path) and maxima (with no physical
58 meaning). B) Example of an energy profile, in which the PES is described as a function of the
59 reaction coordinate, with the different stationary points. The intrinsic energy barrier (in blue) and
the reaction energy (in green) are also shown.
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2.3 Static calculations versus dynamic simulations

Exploration of PESs is done systematically by solving the electronic Schrédinger equation for the
different stationary points. These are called static calculations because dynamic effects inferred by

temperature are not accounted for, i.e., calculations are performed considering 0 K.

Dynamic simulations (also known as molecular dynamics simulations, MDs) allow studying of the
evolution in time-space phase of the atomic positions subject to the internal forces of chemical
nature and to the Kinetic energy due to the temperature of the system. MDs simulations combining
electronic structure theory (for electron description) with classical molecular mechanics (for the
nuclei motion) are usually referred as ab initio molecular dynamics simulations (AIMDs). MDs are
adaptable to very different situations: indeed, they can be used to transform a crystalline system into

23,48

an amorphous one, to sample the adsorbate/surface PES,* to study the diffusion properties of

the adsorbates,* or to explore the role of temperature and pressure in surface phenomena.***?

2.4 Kinetics

Reaction kinetics refers to the velocity of chemical reactions, which are quantified by the rate
constant. Quantitatively, reaction rates can be derived from the classical “transition state theory”
originally developed by Henry Eyring, Meredith G. Evans and Michael Polanyi in 1935.> Starting
from the assumption of the existence of a “quasi-equilibrium” between reactants and TSs, the

kinetic rate constant k of a given reaction can be derived as:***°

AG*
k = KkBTTe_W(CO)l_m Eq. 1

where k is the transmission coefficient (for reactions without tunneling assumed to be 1), T the
absolute temperature, kz the Boltzmann constant, h the Planck constant, R the ideal gas constant,

c? the standard concentration, m the molecularity (m = 1 or 2 for uni or bimolecular reactions) and

AG7 the Gibbs free energy barrier, i.e. the free energy difference between the TS and the reactants.

8
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For a unimolecular reaction (m = 1), k can be easily related to the half-life time ¢, ;" i.e., the

time needed to consume the half of the initial amount of reactants:

LN R e Eq. 2
V2= T T et &

At the very low temperatures of the ISM long half-life times are derived, even for very low energy
barriers. The dependence of log(tl/z/l Myr) on AG¥ for different typical temperatures of ISM is

reported in Figure 2. Data shown in the inset clearly indicate that, in the 10-25 K temperature range

of MCs,*® only reactions with very low kinetic barriers can occur.

— 10K
—25K
—50K
75K
— 100K

51‘6/
4917/

|0g(t1/2/1 Myr)

T T 7 T T T T
0 5 10 15 20 25 30 35 40 45 50 55

AG7 (k) mol™Y)
Figure 2. Dependence of the half-life time (t,,,) with the free energy barrier (AG™) for a

unimolecular reaction at different temperatures (in K). t;,, are normalized to 1 Myr. The two
straight horizontal lines represent 1 and 10 Myr, respectively, taken as reference lifetimes of a
typical molecular cloud.” Inset: zoomed view in the -2 < log(t,,/1 Myr) < 2 range. Numbers at
the crossing points are the AG* values at which t, , equals 1 and 10 Myr, respectively.

It is worth mentioning that at the particularly low interstellar temperatures, and for not too high and
wide barriers, quantum tunneling may play a prominent role favoring reaction rates. There are

several ways to account for such tunneling effects,*® such as the semi-classical approaches, in which

9
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the the transmission coefficient x is calculated through specific formulae (e.g., the Eckart formula,

6061 \which is a

usually used in astrochemical modeling). More evolved is the instanton theory,
derivation of the harmonic quantum transition state theory,®® where the tunneling path is fully
optimized in the Feynman-path-based instanton theory.®® Few examples on the use of the instanton

theory in astrochemical reactions can be found elsewhere.®*®

The free energy of a given species can be easily obtained once computed the partition functions
(translation, rotational, electronic and vibrational) and applying statistical thermodynamics

relations.®® The free energy of a species at temperature T is given by:
G(T)=E+{+¢€(T)+PV(T)—TS(T) Eq. 3

where E is the potential energy (electronic plus nuclear) of the species from the electronic structure
calculation, ¢ is the zero-point energy (ZPE), €(T) is the thermal contribution to the internal energy
(both terms obtained with frequency calculations), and P, VV and S represent the volume, pressure
and entropy, respectively. At the low temperatures of the ISM, the last three terms of Eq. 3 are
small and usually neglected. Thus, energy profiles are usually presented in terms of E or E + ¢,

with the latter being referred to as “internal energy at 0 K” or, equivalently, “enthalpy at 0 K”.

2.5 Surface Modeling

Accuracy of the theoretical results, in addition to the QM methods (see above), also relies on the
specific models adopted to simulate the ice surfaces. Two strategies can be adopted to model the
external surfaces of icy grains: the periodic approach and the cluster approach. The periodic
approach consists of applying the periodic boundary conditions (PBC) into a unit cell containing the
surface adsorptive/catalytic sites, resulting in an infinite 2D slab model, i.e., periodicity is only
applied in the two directions defining the unit cell (Figure 3A).2®"" In contrast, the cluster
approach consists of cutting out from the periodic model a finite set of atoms containing the surface

sites, so that the surface is essentially modelled by a molecular system (Figure 3B).

10
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Powerful computer codes have been developed over the years to solve the PBC problem for infinite
systems. However, due to their infinite nature, application of highly accurate wave function-based
methods is overwhelming (although recent developments indicate applicability for MP2®) and they
can in practice only be studied using DFT methods. Moreover, localization of transition state
structures is less developed compared to molecular codes, thus PES characterization being limited
to “simple” reactions. On the contrary, a large variety of quantum molecular programs can properly
handle cluster models, characterizing PESs of complex chemical reactions, using even CCSD(T),

depending on the cluster size.

The cluster approach can be limited by: i) the need to “*heal’” dangling bonds resulting from cutting
covalent/ionic bonds from the extended system, and ii) the size of the cluster, which should be large
enough to include the catalytic sites. For this latter, cluster sizes can prohibitively be large, reducing
the abovementioned advantages when adopting molecular computer codes. A possible solution is to
use embedding techniques like the ONIOM method,”*®" in which the region of interest (e.g., the
region close to the catalytic sites) is treated at high level of theory (MP2, CCSD(T)), whereas the
surrounding region is treated at a lower level (DFT, semi-empirical or even molecular mechanics,

Figure 3C).

Interstellar ices are usually reported to be highly amorphous and, partly, porous,?>#2-®* although the
degree of porosity has recently been questioned.” Amorphous surfaces (Figure 3D) can be
generated by amorphizing (e.g., running MDs at high temperature) the slab model, or by cutting out
a previously amorphized bulk system. The presence of pores can influence the reactivity on
interstellar ices since: i) adsorbates can be entrapped and retained inside the pore (hence favoring
reaction with other entrapped species), and ii) water molecules may exert a “solvent-like” effect,
thus stabilizing intermediates or transition states. A consistent way to simulate pores is through
clathrate models, as clathrate-like IR features have been identified in interstellar ices,® and the
1386

presence of different H,O-clathrate encapsulated species in Earth and Titan’s atmospheres.®’

11
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Interestingly, even for amorphized systems, ice water molecules tend to form clathrate-like cages.?®
However, to the best of our knowledge, no theoretical works addressing iCOMs formation using
clathrate atomistic models are available, while those focusing on the clathrate-molecule interactions
are scarce.”® A way to account for the “pore stabilizing effects” is by using the “polarizable
continuum model” (PCM).2*%® PCM is a computationally cheap technique in which solvation
effects are described with a continuous dielectric constant ¢ (the value of liquid water, 78.5, is

usually used to simulate solid water”™

). Reactive compounds are immersed within the continuum
dielectric medium (Figure 3E). However, as solvent molecules are not explicitly considered,
specific ice-molecule interactions are omitted. Although this can partly be solved by introducing a

“first hydration sphere” of explicit water molecules within the PCM cavity,**

using a reduced
number of water molecules without geometrical constraints can convert the initial pore into a

surface due to aggregation phenomena between water molecules.?

12
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48 M

49 a <=

52 Figure 3. Different strategies to model water ice surfaces: A) Side view of a crystalline 2D-periodic
53 slab model; B) Minimal cluster of 4 waters; C) ONIOM approach for a 33 H,O cluster: molecules
as balls represent the “high level”, those as stick the “low level”. D) Side view of an amorphous 2D-
56 periodic slab model. E) PCM approach for a 4 H,O cluster (blue background represents the
continuum dielectric €). For A) and C), a and b are the periodic vectors and z is the non-periodic
59 direction (the a vector is represented in blue). H-bonds among water molecules are not represented.
Colour legend: oxygen in red, hydrogen in white.
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3  Computational chemistry works for iCOMs formation
3.1 Formaldehyde (H,CO) and methanol (CH;OH) formation

Formaldehyde (H,CO) and methanol (CH3OH) are among the few molecules that have been widely
detected as components of the icy mantles.”® From the point of view of iCOMs formation, these two
compounds are very important because they are the precursors of more complex species. For
instance, their dissociation leads to the formation of HCO-, CH30- and CH,OH- radicals, which can
trigger reactions forming iCOMs.

Surface formation of H,CO and CH3OH, firstly postulated® and then confirmed experimentally,**

takes place through successive hydrogenation of CO, which was previously accreted onto dust
grains (see Scheme 1, horizontal path). However, these reactions present competitive processes

(represented by the vertical paths), which can make less efficiency H,CO and CH3OH formation.

H2 + CO H2 + HCO H2 + H2CO
A A A

+H- +H- +H-
co HCO:- —>» H,CO |—>» CH,0- > CH,0OH

\ \ 4 v
COH- HCOH CH,OH-  CHy +OH-

Scheme 1. Formation of formaldehyde (H,CO) and methanol (CH3OH) from successive H--
additions to carbon monoxide (CO, horizontal path). Vertical paths refer to competitive channels.
Adapted from Ref. 97.

David E. Woon computed the PESs of the first (CO + H- — HCO-) and third (H.CO + H- —
CH30-) hydrogenation in the presence of (H,O), clusters (n = 0-4 and 12). For 0 < n < 4, post-
Hartee-Fock calculations were performed, which were complemented with the PCM solvation
approach.”” Calculated energy barriers varied from 17-70 kJ mol™, depending on the QM method,

n, and PCM application or not. Author concluded that water molecules did not possess a specific

14
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catalytic role in the reactions, probably playing and indirect role (e.g., third body), and opening the

possibility that tunneling effects could be important for their occurrence.

More recently, Rimola et al.?® simulated the same reactions in gas phase and in the presence of ice
surfaces made up by 3, 18 and 32 H,O molecules at the BHLPY DFT level. Authors indicated that
both reactions presented exceedingly high energy barriers (=9-14 kJ mol™) to occur at 10-20 K.
Accordingly, tunneling effects were advocated for the occurrence of the reactions. Despite this,
authors underlined a catalytic role of water ice since on the ice the energy barriers were slightly
lower than in gas phase. Such catalytic effects were associated with bond polarizing effects caused
by the interaction of CO and H,CO with H,O surface ice molecules, i.e., the C-O bonds became
weakened upon interaction, making the C atom more prone to be hydrogenated. Similar results were

I 99,100

also found by Goumans et a when the reactions occurred on hydroxylated silica surfaces.

Here, the C—O bond polarization was induced by the surface Si-OH groups.

Finally, Woon identified an alternative “on-ice” synthetic route for CHzOH.'®" In this work, it was
found that interaction of CH3 with H,O ice led first to the formation of CH3;OH5 (i.e., protonated
methanol) and then to the release of the extra proton to the ice to finally form CH3OH, i.e., CH3 +
(H20)n — CH30H3 + (H20)(n-1) = CH30H + H30" + (H,0)(n-2) (see Figure 4). All these processes
were found to be barrierless, i.e., they occurred spontaneously during the geometry optimization.
Despite the novelty of the path, authors highlighted its dependence on the CHj interstellar
abundance, a controversial aspect since direct observation of CH3 is difficult due to transition

symmetry rules so tentative detections are complemented with its CH,D* isotopolog.*?%1%3
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CH30H;-OHj +

CH30H---H,0 +
H30% +
(H0), 2 . ®

Figure 4. Schematic representation of CH3;OH formation from CH3. Some H,O molecules are

explicitly shown, while the rest are rendered in light blue. Adapted from Ref. 101. Colour legend:
oxygen in red, carbon in grey, hydrogen in white.
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3.2 Formamide (NH,CHO) formation

Formamide (NH,CHO) is one of the molecules that attracted great attention in the last years. It was
first detected in 1971 in the massive star forming regions Sgr B2 and in Orion KL1,” and since then

dedicated observational campaigns have revealed its presence in a variety of star-forming regions,

104-109 110,111

shock sites and protostellar objects, as well as comets, suggesting a relatively
widespread abundance. The astrochemical relevance of formamide arises from manifold aspects: i)
it is the simplest iCOM containing the four most essential elements for biological systems (i.e., H,
C, N and O), ii) it is the simplest organic compound containing the amide bond —C(=0O)-NH-, the
same bond joining amino acids into peptides, and iii) there is experimental evidence that it is an
effective reactant for the synthesis, in the presence of naturally-occurring minerals and oxides, of

precursor biomolecules constituting metabolic and genetic material (see Section 3.8).

Formamide, as other iCOM, is not exempted from the debate whether its formation occurs in the
gas phase or on the surfaces of the icy grain mantles. Several theoretical works addressed its gas

phase formation through diverse ion-molecule reactions****?

and the bimolecular reaction of H,CO
+ NHy- = NH,CHO + H-.%"? On the ice mantles, its formation has also been addressed by several

authors.

Song and Kastner studied the HNCO hydrogenation (i.e., H- + HNCO — NH,CO-) on an

amorphous water ice cluster model at an hybrid QM/MM theory level.**

The second hydrogenation
was considered to be barrierless, involving a radical-radical reaction. This synthetic route was
studied in view of the linear correlation between NH,CHO and HNCO abundance in different
sources.’® On the ice surfaces, calculated energy barrier adopting an Eley-Rideal mechanism was
found to be 4 kJ mol™ lower than in gas phase (31.8 and 36.2 kJ mol™ respectively) due to bond
polarizing effects exerted by the ice (similar to hydrogenation of CO and H,CO, see above®™).
However, tunneling rate constants obtained with the instanton theory were found to be low at the

low ISM temperatures, due to a tunneling inefficiency caused by the broad energy barrier width.
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These results were in agreement with the inefficient hydrogenation of HNCO ices found

experimentally.**®

Another reaction channel investigated theoretically is the NH;,- + HCO- — NH,CHO radical-radical
coupling on a (H20)s3 cluster model at BHLYP DFT theory level.*** This “simple” radical coupling
followed the usual scheme proposed for iCOMs formation in several astrochemical models,
and tested experimentally.**® Results indicated that the actual biradical system (i.e., the two radicals
adsorbed on the ice surface with opposite spin states) was stable, precisely because of the
interaction with the surface, and that the coupling had an energy barrier of 3 kJ mol™. However, it
was also found that, when the two radicals are properly oriented, a direct H--transfer from HCO- to
NH,- leading to CO + NHj3 occurred in a barrierless way. H--transfers of this kind were also
observed in acetaldehyde (CHsCHO) formation HCO- + CHgs- by Enrique-Romero et al.:**" in this

case, CH3;CHO formation competed with CO + CH, formation, pointing out that reactivity between

radicals not always leads to iCOMs formation.

In the same work of Rimola et al.,"** two additional synthetic paths were investigated: reaction of
one H,O molecule of the ice with either HCN or CN-. The first path (i.e., H.O + HCN —
NH,CHO) was found to have very large energy barriers (167 kJ mol™), and therefore unfeasible in
ISM. The second one (i.e.,, H,O + CN- — NH,CO), however, was found to be energetically
favorable due to two aspects: i) the high reactivity of the CN- radical, and ii) water ice acts as a
catalyst by lowering the energy barrier. Indeed, here we present one of the most important aspects
of water in the reactions of iCOMs formation, i.e. its capability to act as a hydrogen-transfer
assistant, with hydrogen having a proton (H") character. Upon this role, water molecules belonging
to the ice exchange H”, i.e., they receive one H” releasing at the same time another one, helping the
transfer process. This role of H*-transfer assistant can be shared by different water molecules, thus
establishing a H" relay mechanism. Such a behavior allows both the occurrence of H*-transfers
through a chain of well-connected water molecules and the reduction of the geometrical strains in
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TS structures with respect to the gas phase, hence stabilizing them and lowering the energy barriers
of the associated H'-transfer process. As an example, the TS structures for the HNCOH- —
NH,CO- isomerization for water ice acting as H*-transfer assistant and in gas phase are reported in
Figure 5A and B, respectively: the strongly geometrical-strained four-member ring in the gas phase
becomes a low strained eight-member ring when three water molecules are present. The final step
leading to the formation of the actual NH,CHO from NH,CO- was proved to occur via either H-:-
addition (barrierless) or via H--abstraction of a H,O ice molecule, in which kinetic results indicated
a fast-overall process (k~107° s7).

Finally, Bredehoft et al.'®

studied — by combining experiments and theory — the synthesis of
NH2CHO under electron exposure of NH3:CO ice mixtures. Experiments detected NH,CHO
formation and calculations provided a molecular interpretation of these findings (only considering
the reactive species, namely, without considering the rest of the ice components). The mechanistic

key point was the formation of a transient radical anion NHz-, which triggered the following multi-
step reaction: i) formation of NH,- and H™ (barrierless), ii) reaction of NH,- + CO — NH,CO-
(barrierless), and iii) reaction of NH,CO- + NH; — NH,CHO + NH,-, in which the excess energy

provided by the electron attachment was advocated to help overcoming the high energy barrier (=65

kJ mol™).
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A) Reactant Transition state Product

B) Transition state
in gas phase

Figure 5. A) Schematic representation of the role of water ice acting as H*-transfer assistant. In this
case, three water molecules are helping the transfer adopting a relay mechanism for the HNCOH-
— NH,CO- isomerization occurring in the CN- + H,0 — NH,CO- reaction.'** B) Transition state
structure for the HNCOH- — NH,CO- isomerization in gas phase. Colour legend: oxygen in red,
carbon in grey, hydrogen in white.

3.3 Acidic species

3.3.1 Formation HCOOH (and related species) and its reactivity

Woon studied the OH--addition to CO forming the trans-COOH- radical, whose dehydrogenation
led to the formation of CO,, i.e., CO + OH- — trans-COOH- — CO, + H-.'** Formation of trans-
COOH was found to be more favorable than CO, in PCM (energy barriers ~13 and ~40 kJ mol™,
respectively). In the same work, it was shown that the radical-radical coupling between trans-

COOH- and CH;NH,- yielded glycine formation in a barrierless fashion.

Woon also investigated the formation of HCOOH and CO, from the precursors of HCO" and “OH"

+ CO”, respectively, in a similar way to CH;OH formation from CH$ (see Section 3.1),'*! i.e.:
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HCO" + (H,0)n - HCOOH3 + (H;0) (-1 = HCOOH + H30" + (H20)(n2)

OH" + CO + (H20), — COOH" + (H20), — CO3 + H30" + (H20) -1y

These processes were identified to occur spontaneously during the geometry optimizations when

HCO" and “OH" + CO” interacted with water molecules of the ice models.

Rimola et al.*® studied the CO + OH- — COOH- reaction on a cage-like (H,O)g-derivative cluster
as water ice surface model. The OH- reactant was initially formed by processing of the (H,O)g
cluster (see Figure 6), i.e., photolytic removal of one H atom, leading to the formation of a radical
neutral cluster (RN path in Figure 6), and one electron removal, leading to the formation of a radical
cation cluster (RC path in Figure 6) showing both OH- and H3O". Reaction of these OH- species
with CO to form COOH- (Figure 6, last steps) were computed at BHLYP level providing relatively

low energy barriers (14 and 12 kJ mol™, respectively).

RN path

Figure 6. Schematic representation of the formation of COOH- from CO + OH- reaction for the RN
and RC paths (see text). OH- comes from the processing of a (H,O)s cluster. Adapted from Ref.
120. Colour legend: oxygen in red, hydrogen in white, carbon in grey.

In relation to the HCOOH reactivity, Woon studied the amination of HCOOH in the presence of 0,

1 and 2 H,O molecules at MP2 level and adopting PCM.** Reaction of HCOOH with NHs led first
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to NH,CH(OH); (i.e., hydrated formamide), which eventually dehydrated to give NH,CHO. In the
same work, direct formation of glycine through reaction of HCOOH with CH,=NH (methanimine)
was also investigated. Examined reactions showed large energy barriers, the lowest one being 49 kJ
mol™ for the formation of NH,CH,(OH)- in presence of two explicit water molecules, while direct
glycine formation showed a very high energy barrier (406 kJ mol™). Generally, PCM solvation
effects lowered the energy barriers by about 5-45 kJ mol™, while the largest energy decreases were
observed when water molecules acted as H*-transfer assistants (about 80 kJ mol™, at the most).

Park and Woon focused on the protonation of NH; from HCOOH in the presence of explicit waters
(2-7, 9, 14, 15 molecules) at B3LYP."?! The purpose of this work was, rather investigating the
reactivity, to reproduce the IR features of the HCOO/NH; solid ion pair. In the presence of at least

3 H,0 molecules, H*-transfer was found to be barrierless. Using “large” (i.e., 7, 9, 14 and 15) H,O

clusters, simulated vibrational features reproduced fairly well the observed ones.**

Finally, Kayi et al. found that CO, and methylamine (CH3NH;) on (H,0), (0 < n < 20 clusters)

formed the CH3NHZ/COj3 ion pair as a result of a charge transfer from CH3;NH, to CO,.* It was

identified that water favored the charge transfer and the ion pair stabilization.

3.3.2 Reactivity of other acidic species: HOCN/HNCO, HCN/HNC and CH;COOH

Park and Woon dealt with the deprotonation of cyanic (HOCN) and isocyanic (HNCO) acids
reacting with NH; with the purpose to: i) simulate the reactive processes,'® and ii) check if the
“XCN” interstellar band could correspond to one of the resulting species.*** Different approaches
were employed to simulate the water environments, i.e., PCM, small water clusters calculated at full
QM methods, and large water clusters calculated with the ONIOM strategy. The main conclusions
of these works were that water-assisted deprotonation of both cyanic and isocyanic acid was

barrierless in water environments, forming the OCN™/NH; ion pair, and that this pair reproduced

reasonably well the observationally IR features of the “XCN” band, suggesting OCN™ as a good
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candidate carrier. It was also shown that both HOCN and HNCO spontaneously deprotonated even
in absence of NHa, thus forming an OCN7/H;0" ion pair.

M, 12126 \which

Both hydrogen cyanide (HCN) and isocyanide (HNC) have been observed in the IS
can be interconverted by the HCN <« HNC isomerization. There are essentially two works dealing
with this isomerization in water environments. Garderbien and Sevin investigated the reaction in the
presence of (H,0), (n = 1-4) clusters at CCSD(T) level.**” HCN — HNC conversion was found to
be thermodynamically disfavoured, the HCN/(H,0), complexes being about 50 kJ mol™ more
stable than the HNC/(H,0), ones. Additionally, calculated energy barriers were 178, 124, 96 and 80
kJ mol™ for 1, 2, 3 and 4 H,O acting as H*-transfer catalysts, respectively. In the second work,

Koch et al. investigated the HNC — HCN transformation at B3LYP combining the presence of 3 +

4 water molecules (representing the first + second hydration spheres) with PCM.** Authors
identified a progressive energy barrier decrease when adding successively solvation effects (i.e.,
first hydration sphere, the second one, and PCM), reaching the lowest free energy barrier of 11 kJ
mol™ at 50 K (all solvation effects accounted for), leading to a half-life time of 714 s. The
discrepancies between this two works can be definitely assigned to different adopted models and

methods.

Finally, Woon investigated the protonation of NH3 with acetic acid (CH3COOH) and HCN/HNC in
presence of (H,0), (n = 2-6) clusters at B3LYP and MP2 levels.*?® For all the considered processes,
protonation of NH3 via water-assisted mechanisms became barrierless when at least the (H,0)3

cluster was considered.

3.4 Aminoalcohols formation

Aminoalcohols are organic compounds containing both the alcohol (-OH) group and the amino

groups, this latter being primary (-NH>), secondary (—-NH) or tertiary (—N).
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Addition of NH3; to H,CO vyields the formation of aminomethanol (NH,CH,OH), the simplest
aminoalcohol. However, this process in water environments has methylenglycol (HOCH,OH)
formation as a competitive channel (see Scheme 2). In both cases, reactions proceed through a
nucleophilic attack of NH3/H,0O to the C atom of H,CO followed by a proton transfer to the O atom

of the aldehyde C=0 group.

(aminomethanol)

. . NH/7 NH,—CH,—OH
/g\
HTSH N\

+ H,0 HO-CH,—~OH  (methylenglycol)
formaldehyde

Scheme 2. Formation of aminomethanol and methylenglycol by addition of NH3; and HO,
respectively, to formaldehyde.

In a seminal work, Woon investigated these two reactions, alongside polymerization of H,CO as a
possible by-side process, in the presence of explicit water molecules and the PCM solvation model
at MP2 level.'* NH,CH,OH formation was found to be the process with the lowest energy barrier
(2.5 kJ mol™) in detriment of HOCH,OH and H,CO-polymer formations (energy barriers of 13 and
300 kJ mol™, respectively). The same author published another article dealing with the formation of
more complex aminoalcohols by successive reaction of H,CO with aminoalcohols formed in
previous steps, as well as polyoxymethylenamine H-(-OCH,-),-NH, (POM-NH), an aminoalcohol
polymeric form (Scheme 3).2® Results indicated that, regardless of the catalytic effects exerted by
the PCM environment and the presence of explicit water molecules, these reactions were not likely
to occur in interstellar conditions because of their relatively high energy barrier, with values ranging

from 20 to 140 kJ mol™,

24

ACS Paragon Plus Environment



Page 25 of 72 ACS Earth and Space Chemistry

oNOYTULT D WN =

NH, + H,CO —> NH,CH,OH

+ +
H,CO H,CO

l l

N(CH,OH);  NH,CH,OCH,OCH,OH

Scheme 3. Successive reactivity of formaldehyde (in blue) with aminoalcohols (in red).

Courmier et al.** refined Woon’s calculations'®® for the NH,CH,OH formation in the presence of
(H20), (n = 0-3) explicit molecules at CCSD(T) level. Figure 7A shows the initial structure of the
reaction, in which NHs3 and H,CO interacted with a the (H,O); cluster adopting a pentamer-like
configuration in the way to maximize the H-bond interactions. All calculated energy barriers were
found to be systematically higher by about 15 kJ mol™ than those obtained by Woon.'?
Nevertheless, the role of water acting as H'-transfer assistant was clearly shown, with energy
barriers of 150, 75 and 50 kJ mol™ for n = 0, 1 and 2, respectively. For n = 3 the energy barrier was

found to slightly increase compared with n = 2.

In a more recent work, Rimola et al."*? simulated the same reaction of NH,CH,OH formation on a
water ice surface modelled by 18 H,O molecules at B3LYP level. Figure 7B shows the initial
structure of the reaction. An energy barrier of 40 kJ mol™ was computed, disagreeing by some
amount with that of 60 kJ mol™ found by Courmier et al.**!. The reasons of such a difference arise
from both the different theory levels and the different water ice models, where in the Rimola’s
one®® more water molecules were implicated in the H* transfer-assistance and its surroundings,

inferring stabilizing effects.

All these mentioned works based the NH,CH,OH formation reaction on a concerted mechanism, in

which the nucleophilic attack and the proton-transfer occurred synchronically. However, Chen and
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Woon found that when the H,CO and NH3; reactants were well-encaged, fully surrounded by water
ice molecules, the C-N coupling took place spontaneously forming the NH3;*—~CH,O~ zwitterionic
compound (see Figure 7C).** Zwitterions are neutral species bearing localized charges which are
stabilized by water solvent effects. In this case, 4 H,O molecules are enough to induce the
barrierless formation of NHz*—CH,O™ and its stabilization. Subsequent proton-transfer (assisted by
the water molecules) leading to final NH,CH,OH was computed to have an energy barrier of 13 kJ
mol™ (B3LYP level and PCM). Similar zwitterion spontaneous formation was also observed more
recently by Riffet et al.,>® where the H,CO/NHs/(H,0), (n = 0-4) complexes were studied within the
PCM model at G3B3 DFT theory level. In this work, with only 3 H,O molecules NH3*-CH,0~
formation was already observed. Calculated energy barrier of the water-assisted H*-transfer was 20
kJ mol™ (for n = 4), 7 kJ mol™ higher than that calculated by Chen and Woon.** Differences arise
from both the level of theory and the configuration of the water clusters, in which the Riffet’s ones
resemble more to a water ice surface (see Figure 7D). For the sake of completeness, Riffet et al.
also investigated the formation of NH3;"~CH,OH (protonated aminomethanol) by reaction of H,CO

with the ammonium cation (NHZ).93 Computed barriers were found to be significantly higher

compared with the neutral processes, e.g., 125 kJ mol™ for n = 4.

As mentioned above, NH,CH,OH formation in water ice media can have a competitive channel,
i.e., HOCH,OH formation. This synthetic route was studied by Duvernay et al. on a water ice
surface model of 33 H,O molecules ate B3LYP level.!* Results indicated that pure reaction of
H,CO + H,O — HOCH,O0H (in which the reacting H,O belonged to the ice) occurred via formation
of a transient H3O"/OH™ pair, in which OH™ performed the nucleophilic attack. This process was
calculated to have an energy barrier of ~70 kJ mol™. However, the presence of NHs in the ice
catalyzed the reaction because of the easier formation of the NH; /OH™ ion pair as intermediate
(energy barrier ~8 kJ mol™), followed by the OH™ nucleophilic attack (energy barrier ~20 kJ mol™)

forming deprotonated HOCH,O™ methylenglycol. Protonation of HOCH,O™ was carried out by the

26

ACS Paragon Plus Environment



Page 27 of 72 ACS Earth and Space Chemistry

oNOYTULT D WN =

NH; (energy barrier ~39 kJ mol™, the highest one). By comparing the energetics for NH,CH,OH
4

and HOCH,OH formations, it is clear that the former process is more favorable. However, one has
to keep in mind that for NH,CH,OH formation, NH3; has to be in stoichiometric quantities with
H,CO (it is the reactant), while for HOCH,OH traces are enough to act as catalyst. Accordingly,

occurrence of one reaction or the other will strongly depend on the initial amount of NH3.

Formation of aminoalcohols from acetaldehyde (CH3CHO) and acetone [(CH3),CO] proceeds in a
similar way as for aminomethanol, i.e., CH;CHO and (CHj3),CO react with NH3; to give
NH,CH(CH3)OH (1-aminoethanol) and NH,C(CHs),OH (2-amino-2-propanol), respectively,
following the same “nucleophilic attack + proton-transfer” mechanism. These two reactions were
simulated by Fresneau et al. on different amorphous water-dominated dirty ice mantles at B3LYP-
D3 level,*****® and by Chen & Woon** in an already mentioned work (see above). For all cases,
water acting as H'-transfer assistant was found to be essential to lower the energy barriers
compared with the gas phase processes. In the Fresneau’s works, both processes adopted a stepwise
mechanism, in which the first step involved the N-C coupling forming the NHs;"-CH(CH3)O™ and
NH;"-C(CHs3),0~ zwitterions followed by H*-transfer. As for the NH,CH,OH case, in the Chen &
Woon work, zwitterion formations were spontaneous, at variance with respect to the Fresneau’s
ones. Differences can be explained by the different H,O ice models: in the Fresneau’s model, both
the reactive species interacting with water and the same water molecules of the cluster were largely
geometrically constrained due to the H-bond network (hence representing more realistic ice surface
properties), while in the Chen and Woon’s ones, reactants were fully surrounded by H,O molecules
and/or the clusters were geometrically exceedingly flexible, hence overestimating the stability of
the zwitterion induced by water. The highest calculated energy barriers for NH,CH(CH3)OH and
NH,C(CHs),OH formations were ~34 and ~26 kJ mol™, respectively, in the Fresneau’s works and
about 12-13 kJ mol™ in the work by Chen & Woon,**® the energetic differences being due to the

different ice models (as explained above).
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Figure 7. Representative initial structures for the formation of NH,CH,OH from reaction of H,CO
with NH3: A) with a (H,0)s cluster model;**! B) with a (H,0)1s cluster model as water ice surface
(atoms involved in the H*-transfer assistance were highlighted as balls);*** C) with a (H,0)4 cluster
model;*** and D) with a (H,O), cluster model.*® In these two later systems, the NH3*—CH,O"
zwitterion was spontaneously formed. Colour legend: oxygen in red, carbon in grey, nitrogen in
blue and hydrogen in white.

3.5 Methanimine (CH,=NH) formation and reactivity

The aforementioned works of Rimola et al.*? and Riffet et al.”* also dealt with the dehydration of
aminomethanol to form methanimine (CH,=NH). In the former work,"*? the -OH and -NH, groups
of aminomethanol acted as H-bond acceptor and donor groups, respectively, thus enabling the
dehydration reaction through a water-assisted H*-transfer mechanism. Despite the catalytic
behavior of water, the reaction presented an energy barrier of ~90 kJ mol™. In the second work,*®
the same reaction was also studied using diverse water cluster models, presenting energy barriers of

100-150 kJ mol™. In this work, moreover, a charged mechanism was also studied involving the
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dehydration of HOCH,NH3" (previously formed by reaction of NH; with H,CO). This path

presented relatively lower energy barriers, between 70-90 kJ mol™.

Hydrogenation of HCN to form CH,=NH was studied by Woon following the reactions shown in
Scheme 4.1*° The PESs of each step were characterised in absence of explicit water molecules but
using the PCM model at QCISD(T) level. Results indicated that for the first H--addition, CH,N-
I—l

formation was more favorable than HCNH- (energy barriers of 30.5 vs 53.6 kJ mol™, respectively),

while the second one was considered to be barrierless.

+ H- + H-
HCN —> CH,N- or HCNH: ——> CH,=NH

Scheme 4. Hydrogenation of HCN leading to the formation of methanimine (in red). Compounds in
blue are the two possible radical intermediates.

In relation to CH,=NH reactivity, its hydration (leading to NH,CH,OH) by reaction with one water
molecule and a second one acting as H™-assistant was calculated to have an energy barrier of 119
kJ mol™ in PCM conditions, while its amination to give diaminomethane (CH»(NH,),) catalysed by
one H,O molecule in PCM had an energy barrier of 83 kJ mol™.* Reactivity of CH,=NH with
HCN giving aminoacetonitrile (NH,CH,CN) has also been studied. Since acetonitriles are a family
of iCOMs extensively investigated theoretically, formation of these compounds is reviewed in a

new section presented below.
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3.6 Acetonitrile-derivatives formation

Acetonitrile is the compound with chemical formula CH3CN. The most relevant feature is the nitrile
C=N group. In this section, theoretical studies related to the formation of acetonitrile-derivatives on

interstellar ice mantles are reviewed.

3.6.1 Hydroxyacetonitrile (HOCH,CN) and hydroxyacetoisonitrile (HOCH,NC)

formation

HOCH,CN and HOCH,NC are two hydroxylated acetonitrile compounds that can be formed by
reaction of H,CO with HCN and HNC, respectively. Although the reactants have widely been
detected in the ISM,*?>*?°137 only HOCH,CN has been detected very recently.*® Woon examined
these two reactions, as well as the subsequent reactivity of these compounds with a second H,CO
molecule (see Scheme 5), all of them in the presence of (H20), (n = 0-2) clusters at the MP2 level
in PCM.* In the same work, the HCN + H,O — NH=CHOH and HCN + NH; — NH=CHNH,
reactions were also investigated. Results indicated that reactivity with HNC presented lower energy
barriers than with HCN (e.g., 66 and 109 kJ mol™ for the formation of HOCH,CN from HNC and
of HOCH,;NC from HCN on (H20), in PCM, respectively, see Scheme 5). Moreover, reaction
energies were found to be negative in the former case, while slightly positive in the latter one.
However, as shown above, HNC is more unstable than HCN (about 50 kJ mol™) and hence the

difference in the energetic features of these reactions.

HCN + H,CO ——> HOCH,NC
HNC + H,CO —> HOCH,CN

HOCH,CN + H,CO —> HOCH,OCH,CN

HOCH,NC + H,CO —> HOCH,OCH,NC

Scheme 5. Reactions simulated by Woon in the presence of small H,O clusters.** Nitrile species
are in red, while isonitriles in green.
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More recently, Rimola and coworkers studied the HOCH,CN formation by reaction of HCN with
H,CO on a water ice model of 33 H,O molecules at B3LYP-D3 level.**® Results indicated that this
reaction was activated by a proton-transfer of the HCN to the H,O ice, forming the H3O*/CN™ ion
pair, in which CN™ was the responsible of the nucleophilic attack to the C atom of the C=0 group
(see Figure 8). The resulting intermediate was "OCH,CN (deprotonated hydroxyacetonitrile), the
protonation of which was performed by recovering the proton initially transferred to the ice. Here,
the role of the ice was not as H*-transfer assistant but allowing the generation of the CN™ anion. The
first step presented the highest energy barrier, ~54 kJ mol™, which is significantly lower to that
calculated by Woon.™ Interestingly, authors also explored the formation of HOCH,OCH,CN by
reaction of the "OCH,CN intermediate (formed in the second step) with a second H,CO molecule.
The coupling between the C atom of H,CO with the charged O atom of "OCH,CN presented a very

low energy barrier (2.5 kJ mol™), indicating the feasibility of the process.

Reactant Transition state Product

& 4

)

:
:
&
.
< .O‘ “
4 -
*
.

Figure 8. Schematic representation of the HOCH,CN formation on a water ice surface through
previous formation of the HsO*/CN ion pair. The blue arrow indicates the nucleophilic attack of the
C atom of CN™ anion to carbonyl group of H,CO. Adapted from Ref. 140.

Rimola and coworkers also investigated the reactivity of HCN with CH3CHO and (CHj3),CO

leading to the formation of HOCH(CH3)CN and HOC(CHs),CN, respectively, in these cases
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adopting diverse dirty ice surface model clusters.***'** Simulated reaction mechanisms were the
same as for the H,CO case, presenting similar energy barriers (50-54 kJ mol™). Interestingly,
calculations also indicated that the presence of traces of NHs in the ice favoured the formation of

the CN™ anion because of the larger stability of the NH;/CN™ pair than the H3O"/CN™ one, which

was reflected by a significant decrease of the energy barriers (about 30-35 kJ mol™).
3.6.2 Aminoacetonitrile (NH,CH,CN) and aminoacetoisonitrile (NH,CH,NC)

NH,CH,CN and NH,CH,NC can be formed by reaction of CH,=NH with HCN and HNC,
respectively. Among these two nitriles, only NH,CH,CN has been detected in Sgr B2(N).**?
Computational formation of these two compounds was first investigated by Woon at MP2 level in
PCM conditions.” The reaction mechanisms adopted are summarized in Scheme 6, in which
NH,CH,CN formed via a two-step process, i.e., reaction of CH,=NH with HCN to give
NH,CH,NC which then isomerized into NH,CH,CN. Nevertheless, direct formation of NH,CH,CN

can occur by the addition of HNC to CH,=NH. The two-step mechanism was computed to have

energy barriers of 96 and 110 kJ mol™, while the direct one 40.5 kJ mol™.

CH,=NH + HCN ——> NH,CH,NC

NH,CH,NC —>  NH,CH,CN

CH,=NH + HNC ——> NH,CH,CN

Scheme 6. Formation of NH,CH,CN from CH,=NH studied by Woon.”* Two-step mechanism (first
addition of HCN to CH,=NH to give NH,CH,;NC and subsequent isomerization to NH,CH,CN,
top) vs direct reaction with HNC (bottom). Nitriles in red, isonitriles in green.

In a more recent work, Koch et al. examined the NH,CH,CN formation by reaction of CH,=NH
with HCN in the gas phase, in the presence of (H,O), (n = 1-3) clusters, and in the presence of 2
water molecules acting as proton transfer assistants plus 12 water molecules acting as ice spectators,
all of them at B3LYP level.*> Authors considered two different mechanisms: a direct one, in which
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NH,CH,CN was formed by reaction of CH,=NH with HNC (previous HCN — HNC

isomerization), and an indirect one, in which NH,CH,;NC was first formed, which then isomerized

oNOYTULT D WN =

into NH,CH,CN. The free energy profiles at 50 K for the gas phase reactions, in the presence of a
10 (H20), cluster, and with the “2+12” H,0 ice model are shown in Figure 9A and B for the direct and
indirect mechanisms, respectively, in which the gas phase optimized geometries are also shown.
15 The catalytic role of water is evident from these energy profiles, since energy barriers decrease
17 successively when the water ice model is improved. The indirect path was found to be more
19 favourable, with free energy barriers of 26 kJ mol™, while the direct one presented a free energy

2 barrier of 46 kJ mol™ due to the initial HCN — HNC isomerization.
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aminoacetoisonitrile
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Figure 9. Free energy profiles (in kJ mol™) at 50 K for the direct (A) and indirect (B) formation of
NH,CH,CN from CH,=NH and HCN in gas phase (solid blue lines) in the presence of a (H,0).
cluster (dashed red lines) and in the presence of the “2+12” H,O ice model (dotted green lines).
Adapted from the work of Koch et al.®* We keep the same nomenclature of the stationary points of
the original work. Optimized gas phase geometries are also shown. Atom color legends: carbon in

grey, nitrogen in

blue and hydrogen in white.
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Finally, Rimola et al. also studied NH,CH,CN formation on a water ice cluster model of 18
molecules at B3LYP level.**? They first simulated the direct path, namely, HCN — HNC first and
then CH,=NH + HNC — NH,CH,CN, whose energy barriers (adopting water-assisted H*-transfer
mechanisms) were ~75 and ~82 kJ mol™, respectively. In addition, authors also investigated an
ionic path. It started first with a proton-transfer from HCN to CH,=NH (energy barrier of =73 kJ

mol™), forming the CN7/CH;NH$ ion pair, stabilized by interaction with the water ice. Then the
CN™ anion performed a nucleophilic attack to the C atom of CH,NHj yielding final NH,CH,CN

with an energy barrier of 3 kJ mol™.

3.7 Glycine formation

143-145 and its

Glycine (NH,CH,COOH), the simplest amino acid, has been identified in comets
presence in meteorites (among other amino acids) is usual.**® The traditional route for the synthesis
of amino acids is the Strecker synthesis.**’ It involves different steps, some of them already
commented above: i) reaction of an aldehyde (RCHO, with R being a lateral chain) with ammonia
to give the corresponding aminoalcohol, i.e., RCHO + NH3; — NH,CH(R)OH; ii) dehydration of the
aminoalcohol to give the corresponding imine, i.e., NH,CH(R)OH — CH(R)=NH + H0; iii)
reaction of the imine with HCN to give the corresponding aminonitrile, i.e., CH(R)=NH + HCN —
NH.CH(R)CN, and iv) acidic hydrolysis of the nitrile group which is converted firstly into an amide
(-CONHy) and finally to an acid (-COOH) group, i.e., NH,CH(R)CN + 2H,0 — NH,CH(R)COOH
+ NHs. These steps are schematically represented in Figure 10 for the particular case of glycine

formation, in which the aldehyde is H,CO (R=H).
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FORMALDEHYDE

" AMINOACETONITRILE METHANIMINE

AMINOACETAMIDE GLYCINE

Figure 10 Different steps of the Strecker synthesis of glycine from formaldehyde. Colour code:
oxygen in red, carbon in black, nitrogen in blue and hydrogen in white.

Interestingly, all the Strecker initial species (H,CO, NHj, HCN, H,0) are relatively abundant
interstellar molecules and Rimola et al. simulated this synthesis on a water ice surface model of 18
H,0 molecules in PCM.** The first three steps, namely, formation of aminomethanol, methanimine
and aminoacetonitrile, have been commented above (Sections 3.4, 3.5 and 3.6.2, respectively), thus,
here we focus on the final step, the hydrolysis of the aminoacetonitrile, which involves the
successive nucleophilic attack of two H,O molecules on the C atom of the nitrile. Calculated energy
barriers were found to be the highest ones of the overall process (159 and 163 kJ mol™), a fact

which led the authors to conclude that the entire Strecker synthesis is unlikely at the cryogenic
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temperatures, advocating for external energy inputs such as UV radiation and cosmic rays to be

overcome.

These findings stimulated the same authors to investigate an alternative route for glycine formation
accounting for these energy inputs.*® In Section 3.3.1 we reported formation of COOH- on
processed water ice clusters (see Figure 6). That work was within the context of glycine formation,
in which the next step after COOH- formation was its reactivity with CH,=NH. On the RN cluster,
such a coupling, leading to formation of the NHCH,COOH- radical, was computed to have an
energy barrier of 50 kJ mol™. On the RC cluster, authors identified an almost barrierless proton-
transfer from the HsO" species to CH,=NH, and the formed CH,=NH," cation coupled to COOH-
through a lower energy barrier of 26 kJ mol™, to form the NH,CH,COOH-" radical cation. Due to
the enhanced acidity of the CH, group of this radical cation, authors simulated that one H atom
could be transferred to the ice (energy barrier of ~30 kJ mol™) so that the NH,CHCOOH- radical

was ready to react with other radicals, to form different amino acids (e.g., H- or CHs- to give

glycine or alanine, respectively).

Alternative paths beyond the Strecker synthesis have also been computed. In a couple of works,
Nhlabatsi et al. investigated formation of interstellar glycine adopting two different channels based
on the CH,=NH reactivity: i) CH,=NH + CO + H,0 — NH,CH,COOH,*® and ii) CH,=NH + CO,
+ H, — NH,CH,COOH.' For hoth reactions, authors found a concerted mechanism in which all
the components reacted synchronically (Figure 11). Despite the elegance of these mechanisms, the
energy barriers were found to be 172 kJ mol™ (142 kJ mol™ if assisted by an additional H,O
molecule) and 303 kJ mol™. For these two reactions, authors also investigated a stepwise
mechanism initiated by formation of the C(OH), carbene (via CO + H,0 and CO, + H; reactions,
respectively), which upon reaction with CH,=NH led to glycine. Although this later step was found
to have a relatively low energy barrier (38 kJ mol™), the processes were hindered by the high

energy barriers of the carbene formation (270 and 300 kJ mol™, respectively).
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A B
) H,0 ) CO,

CH,=NH CH,=NH

Figure 11 Transition states for the concerted formation of glycine from CH,=NH + CO + H,0 (A,
Ref. 148) and CH,=NH + CO, and H, (B, Ref. 149). Colour code: oxygen in red, carbon in black,
nitrogen in blue and hydrogen in white.

Lee and Choe investigated the formation of glycine from HCN oligomers reacting with H,0.* It
was found that the HCN trimer, NH,CH(CN),, reacted with one H,O molecule to form
NH2CH(CN)CONH,, and that water additions to this compound led to glycine formation through
different paths, which were catalyzed by one water molecule assisting the H*-transfers. It was found
the former reaction exhibited an energy barrier of 106 ki mol™ and that among the different
investigated paths, the one involving NH,CH(CN)CONH, + 2H,0 — glycine + HNCO + NH3; was

the most energetically favorable, with an overall energy barrier of 169 kJ mol™.

Finally, Kayanuma et al. investigated formation of glycine via a hydantoin mechanism.'*!
Hydantoin (2,4-imidazolidinedione) is an important precursor yielding glycine upon hydrolysis an it
can be formed by CO; addition to aminoacetonitrile (see Scheme 7). Hydantoin has been identified
in Murchison and Yamato-791198 meteorites.’****® The reaction was simulated by the authors in
the presence of two H,O molecules acting as proton-transfer catalysts. Reactivity of

aminoacetonitrile with CO; leading to hydantoin involved several steps, the highest energy barrier
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being 111 kJ mol™. Hydantoin hydrolysis, performed by two H,O molecules and accompanied by
NH;3; and CO, elimination, exhibited intrinsic energy barriers between 176-255 kJ mol™. Authors
pointed out that these energy barriers were too high to be overcome at cryogenic conditions even

considering interstellar time-scales (10° years).

0
NH,~-CH,~CN + cO, —> HN NH  hydantoin
o 0
HN)kNH +2H,0
\ , ——> NH,—CH,~COOH + NH, + CO,
0

Scheme 7. Formation of hydantoin by reaction of aminoacetonitrile NH,CH,CN with CO, (above)
and its hydrolysis to give Gly (below).

Another interesting amino acid precursor is the hexamethylenetetramine (1,3,5,7-tetraazatricyclo-
[3.3.1]-decane, CgH12N4, HMT), a fourth-cycled molecule whose hydrolysis seem to form amino
acids. Its solid-phase formation under astrophysical conditions has been simulated from reactivity
of H,CO and NH3 in HCOOH-rich ices by Vinogradoff et al. in 2012.** The reaction involved first
formation of NH,CH,OH followed by water elimination to form CH,=NH and then reactivity
between several CH,=NH molecules to form HMT. The identified mechanism consisted of a
complex process with eight steps, in which the coexistence of CH,=NH and CH,=NH" (this latter
forming an ion pair with HCOO") was crucial to activate the HMT formation by CH,=NH
additions. In addition to elucidating a plausible reactions mechanism, theoretical calculations also
served to identify an intermediate species detected experimentally. The highest computed barrier is
for the NH,CH,OH dehydration to CH,=NH, for which authors compute a thermal barrier at 70 K

equal to 53.3 kJ mol™.
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3.8 Nucleobases

Origin of nucleobases identified in meteorites is not well known. It seems, however, that formamide
(NH,CHO) is an essential precursor towards their formation. Several experimental works showed a
selective reactivity of NH,CHO on different mineral surfaces (e.g., montmorillonite, titania, silica,

etc.) towards formation of several nucleobases and derivatives.**>%

The detailed formation mechanism of nucleobases is a matter of debate. A first paradigm postulates
that NH,CHO dehydrates first into HCN, the polymerization of which (or reaction with NH,CHO)

leads to nucleobase formation. Another one advocates that NH,CHO polymerizes itself forming

163-165

nucleobases and relates species (see Figure 12).

FORMAMIDE

?

e
THYMINE
PYRIMIDINE * 5
URACIL
CYTOSINE

Figure 12. Pyrimidine, purine and nucleobases as products of either formamide decomposition into
HCN followed by successive polymerization and reactivity or direct formamide polymerization and
reactivity. Colour code: oxygen in red, carbon in black, nitrogen in violet and hydrogen in white.
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Detailed mechanisms of nucleobase formation and the role of water in these reactions from an
atomistic point of view are very scarce. Nevertheless, few computational works can be found in
literature.

As regard the first paradigm, Ngueyn et al. have explored dehydration of formamide in presence of
1, 2 and 3 water molecules, at CCSD(T) level of theory.®® Authors identified two possible routes: i)
one occurring through the H,N-C-OH carbene species and forming HNC, and, ii) the other
occurring via the HN=CH-OH imine species and forming HCN. The latter is kinetically favored
since all the energy barriers are lower. In both routes, the role of the water was to favor the H*-
transfers, although barriers are too high in ISM conditions (the lowest one being 130 kJ mol™).
Despite this, in the case HCN to be formed, it was shown it could polymerize towards nucleobases

or related species.'®

Bera et al. investigated the formation of uracil (U) considering oxidation of pyrimidine (Py)
induced by UV photolysis at B3LYP and MP2 theory levels in absence and presence of a single
H,O molecule.®® Here, rather than providing full PESs, the thermodynamics of the different
mechanisms were investigated (i.e. no transition states and kinetic barriers were computed). The
first favourable step was the reaction of OH- (assumed to be derived from H,O photolysis) with Py
or its radical cations form, Py-* (also assumed to be formed by UV effects). Formation of different
mono-hydroxylated products were considered since OH- can react with any of the six positions of
Py/Py-*. The two most stable ones were 4(3H)-pyrimidone and 2(1H)-pyrimidone and their
tautomeric forms 4-hydroxypyrimidine and 2-hydroxypyrimidine (Scheme 8). The single water
molecule was found to help the H* abstraction during the OH- addition. A second OH- addition into
these two stable products led to the formation of U as di-hydroxylated product (see Figure 12).

These reactions were also energetically favoured by the presence of water.'®®
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13

14 FZ
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—_
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7 Pyrimidine-* H*

19

: T=0J
21

22

23
§§ 4(3H)-pyrimidone 4-hydroxypyrimidine

26
27 Scheme 8. Formation of mono-hydroxylated products from the OH- addition followed by H*

28 elimination to the radical cation of pyrimidine. From Ref. 166.
29

30

31 In a more recent work, the same authors extended the calculations to study the formation of thymine
32
33
34
35 . . . :
36 additions with one CHjs- addition. It was found that the formation of T from Py through two
37

38 successive OH- additions followed by a CHs- addition was the most thermodynamically favourable
39

2(1) path. The presence of an explicit H,O molecule helped the H* abstraction of the intermediate
42 :

43 species.

44
45
46
47 . . . . i - . : .
48 adopting the same idea to investigate the thermodynamic stability of different radical addition paths
49

50 in the absence and presence of one H,O molecule, in this case at BSLYP level and in PCM.*®® In
51

gg particular, authors investigated the OH- and NH,- additions onto the radical cation of Pu (Pu-*). The
54
55
56 -, . - - - - - - -, .

57 OH- addition, while 2-aminopurine and 6-aminopurine (adenine) for NH,- addition (see Scheme 9).
58

59 Interestingly, NH,- addition onto hypoxanthine led to formation of G, while OH- addition to A
60

(T, see Figure 12).**" In this case, different radical routes were considered, combining two OH-

Formation of adenine (A) and guanine (G), from purine (Pu) was also explored by Bera et al.

most stable products identified were 2-hydroxyhypurine and 6-hydroxypurine (hypoxanthine) for
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formed isoguanine. The role of the explicit water was again to help the H" abstractions, while PCM

effects induce an additional stabilization of the products of these reactions.

oNOYTULT D WN =

. 6-hydroxypurine A
2-hyd
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14
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55 Scheme 9. A) OH- and NH,- additions followed by H" elimination to the radical cation of purine.
57 One of the products is adenine. B) OH- and NH,- addition followed by H* elimination to the radical
58 cations of products formed in A). One of the products is guanine. From Ref. 168.
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3.9 i1COMs from meteorite impacts

Cometary ices, similar to the interstellar ones, are predominated by H,O but also contain other
volatile species such as CO,, NH; and CHsOH.>* Additionally, recent analysis of dust samples from
comet Wild 2 and 67/P showed the presence of glycine in the captured material®®*® These
cometary ices could undergo high energy processes due to impacting with planetary surfaces. High
energetic impacts generate strong pressure waves that propagate through the ice mantle, which
eventually can ignite complex reactivity. This section reviews few computational works focused on

the simulation of the chemistry taking place in an impacting cometary ice.

From a computational point of view, a high-pressure impact can be simulated by adopting
multiscale shock-compression simulation technique, which is based on AIMDs in 3D periodic
models. In this technique, periodic parameters are forced to shrink within a certain short time and
then relaxed, i.e., expanded and cooled down up to thermalization of the systems. Such a procedure
was carried out by Goldman and coworkers to investigate the chemistry triggered by high-pressures
of a mixture ice with composition of 20H,0, 10CH30H, 10NH3, 10CO and 10CO; per 3D unit

cell 5+

In a former study,”* authors adopted expensive AIMDs introducing shock velocities of 5, 6, 7, 8, 9,
10 km s for 5-11 ps (2 ps only for 10 km s™), corresponding to initial impact pressures of 10, 18,
24, 37, 47 and 59 GPa, and temperatures of 706, 1196, 1590, 2549, 3141 and 4083 K, respectively.
After the impact period, systems were decompressed and cooled down (relaxed) for some ps.
Authors analyzed the eventual formation of new bonds among the initial reactant mixture. The most
interesting finding of this work was the formation of a Gly-related species at 9 km s™ (47 GPa): the
high-pressure impact caused the formation of a long C-N-bonded oligomer containing the —-NH-
CH>—COOH sequence. In the relaxation phase, such oligomer broke apart forming several C—N-
bearing species such as HCN and NH,—COOH, but the sequence corresponding to Gly remained
intact. This molecular complex could eventually react with protonated species to form glycine; for
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instance, “OCO-NH-CH,—~COOH + H30"/ NH; — NH,~CH,~COOH + CO, + H,O/NHj3, with free

reaction energies of —101.3/-9.2 kJ mol™.

oNOYTULT D WN =

9 An analogous procedure was adopted in a second work,>? but at Density Functional Tight Binding
1 (DFTB) level, which is a simplified version of standard QM calculations which is close to
13 molecular mechanics in terms of computer resources. With the same initial ice composition of the
previous work, shocks at 36, 48, 60 GPa for 100 ps (phase 1), followed by adiabatic expansions
18 (phase 2) and final cooling at 300 K (phase 3) were simulated. In phase 1, several new C-C and C-
20 N bond forming species were identified, the actual composition depending on the given pressure.
Some of these transient species decomposed during phase 2. Among survival species, in phase 3,

25 authors identified amino acids precursors as well as aliphatic and aromatic hydrocarbons.
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Table 1 Summary of all the reviewed works. Acronyms legend: CO, carbon monoxide; CH3;OH, methanol; H,CO formaldehyde; HCOOH, formic
acid; COy, carboxylate anion; CO,, carbon dioxide; FOAm, formamide; HCO-, formyl radical; NH,:, amino radical; CHz- methyl radical; CN-, cyanil
radical; AM, aminomethanol; MG, methylenglicole; POM, polyoxymethylene; AcAl, acetaldehyde; Ac, acetone; HCN, hydrogen cyanide; HNC,
hydrogen isocyanide; Gly, glycine; NH3, ammonia; NH;, ammonium cation; CH,=NH, methanimine; CH3;NH,, methylamine; HOCN, cyanic acid;
HNCO, isocyanic acid; CH3COOH, acetic acid; HAN, hydroxyacetonitrile; HAisoN, hydroxyacetoisonitrile; AAN, aminoacetonitrile; HMT,

ACS Earth and Space Chemistry

hexamethylenetetramine; Py, pyrimidine; Pu, purine; U, uracil; A, adenine; G, guanine; T, thymine.

Topic Molecules QM Method Ice model Reference
. MP2, QCISD, 1-4, 12H,0
Hydrogenation of CO to form H,CO and CH3;OH CO, H,CO, CH;0OH ONIOM PCM 97
Hydrogenation of CO to form H,CO and CH;0OH CO, H,CO, CH;0H B3LYP, CCSD(T) |3, 18, 32H,0 98
. No water:
Hydrogenation of CO to form H,CO and CH;OH CO, H,CO, CH;0H QM/MM s 99
on silica surfaces
. No water:
Hydrogenation of CO to form H,CO and CH;0OH CO, H,CO, CH;0H QM/MM A 100
on silica surfaces
Form_atlon of CH;OH, HCOOH and CO, through cationic CH.OH. FH. CO, B3LYP, MP2 4, 17H,0 101
reactions
Hydrogenation of HNCO to form FoAm HNCO, FoAm QM/MM Hemispherical cluster 64
cut from amorphous slab
Formation of FoAm from HCO- + NH,-, HCN +HOand |05 N, HON, CN-, FoAm | BHLYP 33H,0 114
CN- + H,0
Formation of AcAl from HCO- + CHs- HCO-, CH;-, AcAl gl??szg(Dg 18, 33H,0 117
Formation of FoAm from CO + 2NH; CO, NH3, FOoAm B3LYP No water 118
Hydrogenation of HCN to form CH,=NH _
Radical formation of HCOOH and CO, HCN, CH,=NH, HCOOH, CO, |QCISD, QCISD(T) |PCM 119
Reactions of FH and CH,=NH with NH; _ 1, 2H,0
Direct formation of Gly from HCOOH + CH,=NH HCOOH, CH,=NH, NH;, Gly MP2 PCM 91
- " — -
Formation of NH;/CO; by protonation of NH; from HCOOH, NHs, NH3/CO; B3LYP 27,914, 15H,0 121

HCOOH

46

ACS Paragon Plus Environment

Page 46 of 72



Page 47 of 72 ACS Earth and Space Chemistry
1
2 ) . . CH3NH,, COy,
+
3 Formation of a CH3NH3/CO;3ion pair CH,NH3/CO; B3LYP nH,O, 0 <n<20 122
4 - = -
Formation of NH}/OCN™ by protonation of NH; from 2-15H,0
5 4 HOCN, HNCO, NH B3LYP, ONIOM 2 123
6 HOCN/HNCO. : PCM
; Reproduction of “XCN” interstellar band HOCN, HNCO, NH; B3LYP 2-12H,0 124
9
10 HCN < HNC isomerization HCN, HNC MP2, CCSD(T) 1-4H,0 127
11
) . Reaction core: 3H,0
12
. HCN < HNC isomerization HCN, HNC B3LYP Solvation: 12H,0, PCM 94
1‘5‘ Deprotonation of CH;COOH, HCN, HNC in water ice CH,COOH, HCN, HNC B3LYP, MP2 2-6H,0 128
16 Formation of AM from H,CO + NHj;
1; Formation of MG from H,CO + H,O HCO, AM, MG MP2 PCM 129
19 Formation of POM from AM AM, POM derivatives MP2 PCM 130
20
21 . B3LYP, MP2,
2 Formation of AM from H,CO + NH; H,CO, AM CCSD(T) 1-3H,0 131
23 ;
> Reactivity of H,CO, AcAl and Ac with NH, H,CO, AcAl, Ac, aminated B3LYP 2, 4, 9, 12H,0 133
. products PCM
26 Two first steps of glycine Strecker's synthesis H,CO, AM, CH,=NH, B3LYP 1-4H,0 93
27
28 . .
29 Formation of MG from H,CO + H,O (with NH; presence) H,CO, MG B3LYP 33H,0 134
30 -
Formation of H,NCH(CH3)OH from AcAl + NH;
1 . .
22 Formation of NCCH(CH3)OH from AcAl + HCN AcAl, HCN, NHs B3LYP-D3 12H,0 135
2431 Formation of HOC(CH3),NH, from Ac + NH; Ac, NH; B3LYP-D3 15H,0 136
35 - -
i Formatlon pf I—_|AN and HAisoN from H,CO + HNC/HCN HZQO, HCN/HNC, HAN, MP2 PCM 139
37 and isomerization HAIisoN
38 Formation of HAN, HAisoN and POM-CN from H,CO + i
2 HNC/HCN H,CO, HCN, POM-CN B3LYP 33H,0 140
40
41
42 a7
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Formation of HOC(CHj3),CN from Ac + HCN (with NH;

Ac, HCN, NH; B3LYP-D3 33H,0 141
presence)
Formation of AAN from CH,=NH + HCN/HNC MI, HCN/HNC, AAN B3LYP Reaction core: 3H,0 92

2 : : Solvation: 7H,0, PCM
. , . H,CO, AM, CH,=NH,
Glycine Strecker's synthesis AAN, Gly B3LYP 18H,0 132
Radical formation of Gly from HCOOH and Ml HCOOH, CH,=NH, Gly BHLYP 8H,0 120
Formation of Gly from CH,=NH + CO + H,0 CH,=NH, CO B3LYP and 1-4H,0 148
several others
Formation of Gly from CH,=NH + CO, + H, CH,=NH, CO, CO,, H, B3LYP and No water 149
several others
Formation of Gly from H,NCH(CN)CONH, H,NCH(CN)CONH,, Gly B3LYP, CBS-QB3 |1H,0 150
Formation and Gly via hydantoin AAN, hydantoin, Gly B3LYP 1-3H,0 151
. - _ H,CO, HMT, CH,=NH, NH3:H2CO:FH mixed
Formation of HMT from reactivity of CH,=NH HCOOH, AM. NH, B3LYP clusters but no ice model 154
Dehydration of FoAm to form H,O + HCN/HNC FoAm, HCN/HNC MP2, CCSD(T) 1-3H,0 163
Ir_1tere_10t|0n gnd dehydration of FoAm on silica surfaces. No FoAm PBE No water: silica surfaces | 170
kinetic barriers
Radical formation of U from Py. No kinetic barriers Py, U B3LYP, MP2 No water 166
Radical formation of T from Py (via U). No kinetic barriers |Py, T, U B3LYP, MP2 No water 167
Formation of A and G from Pu-. No kinetic barriers Pu, A, G B3LYP PCM 168
Formation of iCOMs in impacting cometary ices H,0, CH;OH, NH,, CO, CO, B3LYP 20H29:10CH3OH:1ONH3: 51
10C0:10C0O,

Formation of iCOMs in impacting cometary ices H,O, CH;OH, NHs, CO, CO, DFTB 20H;0:10CH;0H:10NH: 52

10C0O:10CO;
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4 Conclusions and future perspectives

In this work, most of the quantum mechanical studies addressing the formation of iCOMs on ice
mantles have been reviewed. They are not only focused on standard iCOMs but also to simpler
organic compounds as well as those of increased complexity, i.e., formation of H,CO and CH3;OH,
NH,CHO, acidic organic species (e.g., HCOOH), aminoalcohols, CH,=NH, acetonitriles, glycine
and nucleobases. The different reaction-types yielding their formation have also been revised
theoretically: hydrogenations, radical additions, radical-radical couplings, and ion-ion, ion-neutral
and neutral-neutral reactions. All the reviewed works, including useful details, are summarized in

Table 1.

Since water is the main constituent of interstellar ices, ice mantles were simulated by either explicit
water molecules or implicitly with PCM solvation models. It was shown that water exerted from
moderate to strong catalytic effects in the reactions. They were particularly important when water
molecules were explicitly considered due to their role as H*-transfer assistants, in which the energy
barriers decreased as a consequence of the lower geometrical strains in TS structures than in gas
phase. In other cases, water stabilized ion pairs, allowing the occurrence of ion-induced reactions.
Despite these catalytic effects, most of the energy barriers were calculated to be significantly high
to occur at typical temperatures of MCs (10-20 K) and, accordingly, activation by temperature was

in most of the cases claimed.

All the reviewed works have contributed to improve our know-how of the iCOMSs formation on ice
mantles, by figuring out the processes from a molecular standpoint, providing exclusive structural
and energetic features, and helping us to assess their feasibility under interstellar conditions.

However, several relevant aspects remain still missing.

One of them deals with the plausibility of the occurrence of water-assisted H'-transfer processes
adopting a relay mechanism on ice surface mantles. To take place, the implicated waters must be

connected by H-bond interactions in a suitable way as they can be capable to donate and receive H*
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properly. However, whether this situation is indeed present or not in actual ice mantles and how the
structural state and the presence of other ice components can affect this water catalytic property are
still open questions that require further investigations, to be possible by combining experimental

measurements with quantum chemical calculations.

Another interesting aspect is the reliability of the surface models representing the ice mantles.
Among the reviewed works, they consisted of either minimal (H,O), (n = 1-4) clusters, in which the
mobility of the H,O molecules was at its maximum, larger clusters (n > 18-20), and only in the
most recent works they were represented by amorphous clusters of hundreds of H,O molecules,
while adoption of periodic slab models is very scarce. However, as mentioned in the Computational
Framework section, theoretical results can dramatically depend on the ice model and the evaluation
of this aspect, i.e., how results are actually affected by the structure and type of the ice model,
should represent an important topic of future works dealing with iCOMSs formation on atomistic ice
models. Accordingly, comprehensive studies, and consistent from a methodological viewpoint,
assessing the reliability of the different ice models and analyzing how similar/different are the

results when using different ice models, are of great importance.

The role of water ice as catalyst has been clearly evidenced here. However, ice mantles are not
limited to this role only. For instance, they can also act as reactant suppliers. In the reviewed works
this role was shown when the reactants were also usual ice components, e.g., H,O itself or CO and
NHs. However, there are two other roles which have hardly been investigated. One is as reactant
concentrator. Indeed, ice surfaces can immobilize and concentrate species, keeping them in close
proximity for subsequent reactions. Assessing this role can be carried out by calculating the
interaction energies between the reactants and the ice surfaces, which can indicate how strongly
reactants are retained on the surfaces. Interaction energies were usually provided in most of the
reviewed works but their relationship with the capability of surface ices to act as reactant suppliers

is not usual. Another way to assess this role is by simulating the diffusivity of the reactive species.
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This can be performed with AIMDs, in which retention times can be provided. Nevertheless,
AIMD-based studies devoted to the diffusion properties of the reactants are very scarce. The other
role is as third body, i.e., ices quickly absorb the reaction energy excess, thereby stabilizing the
product. This role can be investigated theoretically with AIMDs at NVE, in which the total energy
E is conserved along the whole simulation. These simulations allow elucidating how the nascent
reaction energies are partitioned, i.e., what amount transforms into translational and internal
energies of the product and what dissipates among the ice. Studies focused on this aspect are also
very rare. Remarkably, the lack of this kind of works also evidences that use of AIMDs is very
scarce in iCOMs formation investigations, a critical aspect since dynamic effects can be of great

relevance especially in those reactions in which thermal heating is essential.

Finally, we address some words claiming for the need to simulate non-investigated reactions.
Several important synthetic routes have indeed been simulated successfully but others, which are
also important, are still missing. For instance, radical-radical couplings have scarcely been
investigated: the HCO- + NH,- and HCO- + CHj3- reactions have been simulated,"***!” while other
radical couplings are still to be studied. This is quite surprising since these reactions are assumed to
be the main channels to form iCOMSs usually detected in diverse astrophysical objects, as mentioned
in the Introduction. In the same line, computational simulations have also been useful to identify
new formation paths which are not normally accounted for in astrochemical modelling schemes
(e.g., CN- + H,0,"*). Moreover, for some identified iCOMSs, no reaction mechanisms have been
proposed and simulated (e.g., acetone (CH3),CO or vinyl alcohol CH,=CHOH). Because of that,
extensive quantum mechanical simulations devoted to novel “on-surface” formation paths to check
their plausibility will be of great value. In relation to cometary and meteoritic biomolecules, the
focus has been done essentially on glycine formation (while no simulations have been done for the
rest of amino acids), on particular paths for nucleobases (but the NH,CHO-based routes are

unexplored yet), whereas sugars formation routes have not been addressed. Moreover,
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understanding the role of the cometary and meteoritic minerals and ices will help us to get a better

understanding on the origin of these compounds.
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