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ABSTRACT

Context. Syn-glycolamide, a glycine isomer, has recently been detected in the G+0.693-0.027 molecular cloud. Investigations into its
formation in the interstellar medium could offer insights into synthetic routes leading to glycine in prebiotic environments.

Aims. Quantum chemical simulations on glycolamide (NH,C(O)CH,OH) formation on interstellar ice mantles, mimicked by a water
ice cluster model, are presented.

Methods. In this paper, we modeled glycolamide synthesis considering a stepwise process: the coupling between formaldehyde
(H,CO) and the radical of formamide (NH,CO®) occurs first, forming the glycolamide precursor NH,C(=0)CH,0°®, which is then
hydrogenated to give anti-glycolamide. We hypothesize that anti-to-syn interconversion occurs in conjunction with glycolamide des-
orption from the ice surface.

Results. The reaction barrier for NH,C(O)CH,O"® formation varies from 9 to 26 kJ mol~!, depending on surface binding sites. Kinetic
studies indicate that this reaction step is feasible in environments with a 7 > 35 K, until desorption of the reactants. The hydrogena-
tion step leading to anti-glycolamide presents almost no energy barrier due to the easy H atom diffusion toward the NH,C(O)CH,0O*
intermediate. However, it competes with the extraction of an H atom from the formyl group of NH,C(O)CH,O°, which leads to formyl
formamide, NH,C(O)CHO, and H,. Nonetheless, according to our results, anti-glycolamide formation is predicted to be the most

favored reactive channel.
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1. Introduction

The core idea behind the different scenarios suggested for the
origin of life on Earth is that simple biomolecular building
blocks, such as amino acids, sugars, and nucleobases, evolved
into polymers and macromolecules in the early Earth environ-
ment (Saladino et al. 2012). What kind of polymers started the
self-replication process is still an open question, and to under-
stand how these species could have formed, several points have
to be addressed, among them the origin of the early organic
material. These molecules might have been either delivered
to Earth by comets and meteorites or incorporated during the
planet formation, but their synthesis occurred in the interstel-
lar medium (ISM). The ISM is a surprisingly chemically rich
environment with a census of about 330 species detected to
date (Miiller et al. 2001, 2005; McGuire 2022). Several of them
show a strong prebiotic character, such as urea (NH,C(O)NH,)
(Belloche et al. 2019) and ethanolamine (OHCH,CH,;NH,)
(Rivilla et al. 2021), and the number of species is expected to
grow due to the continuous advances in observational facilities
and their sensitivity.

Recently, the first observation of glycolamide
(NH,C(O)CH,OH, also known as 2-hydroxyacetamide) was

* Corresponding authors: jessica.perrero@unito.it;
silvia.alessandrini7@unibo.it

reported in the G+0.693-0.027 molecular cloud (Rivilla et al.
2023). This species has two conformers, depending on whether
the hydroxyl (—OH) moiety is syn or anti with respect to the
carbonyl group (—C=0). Both conformers were considered in
the observation toward the G+0.693-0.027 molecular cloud, but
only the syn conformer was detected, which is the most stable
species in the gas phase by ~4 kJ mol™' according to experi-
mental data (Maris 2004). The increased stability of the syn
conformer is due to an intramolecular hydrogen bond between
the hydroxyl and carbonyl moieties, which is substituted by
a weaker H-bond interaction between the NH, group and the
oxygen of the OH moiety in the anti conformation.

Glycolamide contains both an amide functional group
(O=C-NH,) and a hydroxyl group (OH) in « position, closely
resembling an amino acid. The detection of glycolamide is
important because it is a structural isomer of the non-chiral
amino acid glycine, which has been identified in the comets
81P/Wild 2 (Elsila et al. 2009) and 67P/C-G (Altwegg et al.
2016) and in various carbonaceous meteorites (Pizzarello 2006;
Burton et al. 2012; Hiroi et al. 2001). Several experimental
studies have suggested that glycine could form without the
need of energetic irradiation (such as UV photons and cos-
mic rays) in interstellar water-rich ices (Ioppolo et al. 2021).
However, despite numerous attempts, the presence of glycine
in the ISM has not been unambiguously confirmed yet (e.g.,
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Lattelais et al. 2011; Hollis et al. 2003). Therefore, investigat-
ing the formation pathways of its isomers, such as glycolamide,
can provide new insights into its synthesis. Moreover, the prebi-
otic role of glycolamide does not end with its chemical relation
to glycine; this species might have played a pivotal role in the
early Earth conditions, being able to undergo polycondensa-
tion reactions that lead to dipeptides, such as N-(2-amino-2-
oxoethyl)-2-hydroxyacetamide. These processes could represent
a first step into the formation of peptide chains (Sz6ri et al.
2011).

In addition to syn-glycolamide, a few other amides have
been detected and identified in the ISM: urea (NH,C(O)NH,),
acetamide (CH3C(O)NH,), N-methylformamide
(HC(O)NHCH3), and formamide (HC(O)NH,) (Belloche
et al. 2017, 2019; Jiménez-Serra et al. 2020; Ligterink et al.
2022; Zeng et al. 2023). Formamide is considered the precur-
sor of the amide family, but other chemical links have been
suggested as relevant. The formation of amides in the ISM can
arise from isocyanates (R—NCO) (Colzi et al. 2021) as their
hydrogenation can lead to amide precursors. For example, the
hydrogenation of HNCO can form the NH,CO® formamide
radical, which in turn has been suggested by quantum chemical
computations to be a key intermediate of the *CN + H,O and
*NH, + CO reactions on interstellar water ice mantles (Rimola
et al. 2018; Silva-Vera et al. 2024). For this reason, many
studies on the formation of amides in the ISM have focused
on their ice-surface synthesis. For example, astrochemical
models suggest that formamide could be formed on ices starting
from *CN/HCN and H,O, while acetamide could result from
the addition of *CHj; to the *NH,CO radical (Garrod et al.
2008). In both processes the role of energetic photons was also
investigated. It was found that formamide is obtained from
irradiation of CO:NHj3 ices (Jones et al. 2011), while acetamide
is produced in ices composed of NH; and CH3;CHO (Marks
et al. 2023). Instead, mixtures of CH3NH, and CO ices were
suggested as possible precursors of N-methylformamide (Bossa
et al. 2012; Frigge et al. 2018). However, not much is known
about the formation of glycolamide on ices.

Interstellar ices have a versatile role in astrochemistry. They
can act as reactant concentrators, allowing species to reside in
close proximity, and thus favoring their reaction. The ice surfaces
can also play a chemical catalytic effect, providing alternative
reaction mechanisms with lower energy barriers compared to
the analogous gas-phase processes. Finally, the icy mantles can
exert a third-body effect that dissipates the energy liberated by
exothermic processes, without harming the products so formed.
Accordingly, ice surface reactions are particularly relevant for
the G+0.693-0.027 molecular cloud, where glycolamide and
the other amides have been detected. This region is thought to
undergo a cloud—cloud collision and, as a consequence, large-
scale shocks occur. These events sputter the dust grains, and
therefore many species are expected to be released into the gas
phase (Zeng et al. 2020; Jiménez-Serra et al. 2008).

The aim of the present study is to investigate a plausible for-
mation pathway for glycolamide, in which the radical NH,CO*®
(formed by hydrogenation of HNCO, reaction of *CN with icy
H,O, or both) acts as its precursor by reacting with H,CO (an
available species within interstellar ices). The overall formation
pathway considered here is composed of two steps that can be
sketched as follows:

H,CO + NH,CO* — NH,C(O)CH,0°, (1)
NH,C(O)CH,0°* + H* — NH,C(O)CH,OH. 2)
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For this work, we investigated the glycolamide synthetic
route taking place on the surfaces of interstellar water ice grains
by means of state-of-the-art quantum chemical simulations and
mimicking the water ice surfaces with an atomistic 18-H,O clus-
ter model. To this end, the potential energy surfaces (PESs) of
the two reaction steps shown above were explored in order to
obtain their intrinsic energetics. The study was then comple-
mented with a kinetic analysis to predict their feasibility under
interstellar conditions.

The paper is organized as follows. The next section illustrates
the computational methodology employed to investigate steps (1)
and (2). Section 3 provides an overview of the results, followed
by their discussion in Sect. 4. Finally, the main conclusions are
summarized in Sect. 5.

2. Computational methodology

All the computations carried out in this work (geometry opti-
mizations, frequency calculations, and single-point calculations
for energy refinement) were performed using the ORCA 5.0.4
software (Neese 2022). The strategy employed to understand the
reaction mechanism and to establish the most suitable computa-
tional methodology can be summarized as follows.

The gas-phase reaction steps (1) and (2) (i.e., in the absence
of the water ice model) were characterized to obtain their intrin-
sic energetics (i.e., energy barriers and reaction energies) and
to benchmark the performance of different cost-effective quan-
tum chemical methods grounded on the density functional theory
(DFT). The final goal was to identify the most appropriate func-
tional to describe the formation of glycolamide on the water ice
cluster model, as these calculations are more expensive in terms
of computational cost than those describing gas-phase reactions.
The density functionals tested in this preliminary benchmarking
study were B3LYP (Lee et al. 1988; Becke 1988, 1992), BHLYP
(Becke 1993; Lee et al. 1988), M062X (Yan & Truhlar 2008),
and wB97X (Chai & Head-Gordon 2008). Since these function-
als do not properly cope with the dispersion interactions, they
were all corrected with the Grimme’s D3 zero damping disper-
sion or, when available, the D3(BJ) Becke—Johnson dispersion
terms (Grimme et al. 2010, 2011). Additionally, the wB97M-
V functional (Mardirossian & Head-Gordon 2016), a van der
Waals density functional that employs the same electron den-
sity to incorporate dispersion effects, was tested. Each functional
was combined with the ma-def2-TZVP basis set (Zheng et al.
2011). All these methods were used to optimize the geometry of
the pre-reactant complex (given by the gas-phase adduct between
H,CO and NH,CQO?*), the transition state (TS) and the interme-
diate (NH,COCH,0°*), as well as the TS for the hydrogenation
of the latter yielding glycolamide (NH,COCH,OH).

To assess the accuracy of the above-mentioned methods, we
performed single-point energy calculations onto the DFT opti-
mized structures using the CCSD(T)-F12 method, which is the
F12 explicitly correlated variant of the coupled cluster theory
with singles, doubles, and a perturbative treatment of triples
(Adler et al. 2007, and references therein). Currently, this is con-
sidered the gold standard in terms of accuracy. However, the
computational cost of CCSD(T) is dramatically more expen-
sive than DFT calculations, making it almost unpractical for
large systems. CCSD(T)-F12 calculations require the use of cor-
relation consistent basis sets. In our case, cc-pVTZ-F12 was
employed as the main basis set, with cc-pVTZ-F12-CABS, aug-
cc-pVTZ, and aug-cc-pVQZ/C as auxiliary basis sets (Peterson
et al. 2008; Dunning 1989; Kendall et al. 1992). The compari-
son of the DFT results with those obtained at the CCSD(T)-F12
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Fig. 1. Cluster of 18 water molecules (W18) used in this work. Oxygen
atoms are shown in red, while hydrogen atoms are in light gray. The
dangling hydrogen (dH) atoms selected to adsorb H,CO and NH,CO*®
are highlighted in dark gray.

level allowed us to establish the most suitable functional to
characterize steps (1) and (2) in the presence of the water ice
cluster. At this stage, we also computed the PES of the gas-phase
isomerization from anti- to syn-glycolamide at the revDSD-
PBEPS6/jun-cc-pVTZ level of theory (briefly, revDSD/junTZ,
Papajak & Truhlar 2011; Santra et al. 2019) and compared it with
the best functional resulting from the benchmark study.

Afterward, we proceeded with the study of the same reac-
tions on the ice surface. For this purpose, an 18 water molecules
cluster model (W18) was used. This represents a compact, amor-
phous, and flat water ice surface (see Fig. 1), which was adopted
in previous studies (Rimola et al. 2014, 2018; Enrique-Romero
et al. 2019; Perrero & Rimola 2024). This model is a com-
promise between an extended structure, closer to reality, and a
smaller cluster comprising fewer units, allowing highly accurate
calculations.

Steps (1) and (2) were simulated adopting a Langmuir-
Hinshelwood mechanism, and thus the first step consisted in the
adsorption of the reactants, followed by their reaction. H,CO
and NH,CO*® were adsorbed singularly on six adsorption sites
represented by dangling hydrogen (dH) atoms on the W18 clus-
ter (illustrated in Fig. 1). The species were manually adsorbed
based on the H-bonding complementarity between the dH atoms
and the donor groups of the reactants.

The strength of the interaction between reactants and each
binding site is defined using the corresponding binding energy
(BE), which is expressed as the opposite of the interaction energy
(AE) corrected for the vibrational zero-point energy (ZPE)

BE = —(AE + AZPE), 3)

where AE = Ecomplex — Ewis — Enolecule and AZPE =
ZPEcomplex — ZPEwi1s — ZPEolecule. Due to its definition,
BE results in a positive quantity for favorable interactions
between the adsorbates and the surface. The ZPE, associ-
ated with the residual vibrational motion of a species at a
temperature of 0 K, is obtained from frequency calculations,
within the harmonic approximation. Furthermore, harmonic
frequency calculations also allowed us to confirm the nature of
the stationary points (minima or TSs) identified on the PES.

The adsorption complexes obtained for each of the reactants
were then classified from the strongest to the weakest with the
aim of identifying the couples of binding sites (i) that grant the
largest BE, (ii) whose reactants are in close proximity to promote
a reaction. The identified couples were used as the pre-reactant
structures to explore the PESs.

Reaction energy barriers were calculated as the energy dif-
ference between the TS structure and the pre-reactant complex,
while reaction energies were calculated as the energy difference
between the product and the pre-reactant complex. The addition
of the ZPE corrections to these energy values led to enthalpy
barriers (AH(0)ts) and reaction enthalpies (AH(O)r) at T = 0 K.
Once the PESs were characterized, the corresponding energet-
ics relative to the formation of the intermediate NH,COCH,O*®
was used to analyze its kinetics by means of the semi-classical
Eyring’s equation

K(T) = k X ]% x exp(—-AG*/RT), 4)

where « is the tunneling transmission coefficient (which, for this
reaction, is assumed to be 1 because tunneling effects are con-
sidered to be negligible as the reactive atoms are heavy species),
kg is the Boltzmann constant, T is the temperature, i is the
Planck constant, AG* is the Gibbs energy barrier, and R is
the gas constant. The AG* values were obtained by applying
thermochemical corrections (from statistical thermodynamics
formulae) to the energy values in the 7 = 5-100 K temperature
range, in steps of 5 K, and in the low pressure limit. The compu-
tation of the unimolecular rate constant k(7) from Eq. (4) allows
the temperature-dependent half-life time of the reactants to be
determined as #1,2(T) = In(2)/k(T), which is defined as the time
for the reactants to be half consumed.

After the formation of NH,COCH,0°®, the final step con-
sisted of its hydrogenation via H°® addition, and is thus a
radical-radical recombination. Initially, the H atom was adsorbed
on the WI8 cluster in the presence of NH,COCH,0°®, with
the two unpaired electrons having the same electronic spin,
and thus leading to a triplet system. This electronic state is
not reactive (due to the Pauli repulsion principle); its geomet-
rical optimization was useful to obtain a pre-reactant structure
before the hydrogenation process. To allow the formation of
the O—H bond, the system was then re-optimized in the sin-
glet electronic state, but as an open-shell biradical system. For
this purpose, to correctly describe its electronic structure, cal-
culations were performed within an unrestricted formalism and
adopting the broken-(spin)-symmetry ansatz (Neese 2004; Abe
2013). This approach allows two unpaired electrons with oppo-
site spins to reside in different orbitals, thus avoiding the need
to force the recombination between the two radicals. The valid-
ity of this strategy was proven in previous literature studies
on biradical systems (Enrique-Romero et al. 2022), where it
was also compared with CASPT?2 calculations (Enrique-Romero
et al. 2020). In those cases where the spontaneous formation of
NH,COCH,0H was not observed, the presence of a diffusion
barrier of the H atom on the ice surface was confirmed by per-
forming scan calculations along the H—O coordinate with steps
of 0.1 A and tight convergence criteria for the optimization.

3. Results
3.1. Gas-phase reactions

As mentioned above, the first step of this investigation consists of
a benchmarking study using the gas-phase reactivity. The struc-
tures of stationary points on the gas-phase reactive PES (namely,
pre-reactant, TS, intermediate, and product) are shown in Fig. 2.
While the reaction step (1) shows an energy barrier, this is not
the case for the reaction step (2) because hydrogenation of the
NH,COCH,0°* intermediate occurs spontaneously (the O—H
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Fig. 2. Structures of the stationary points for the gas-phase reaction evaluated at the BHLYP-D3(BJ)/ma-def2-TZVP level. Distances in A.

Table 1. Energetics (in kJ mol™") of the gas-phase formation of glycolaldehyde.

Step (1) Step (2)
Energy barrier Reaction energy Reaction energy
DFT geom. @ DFT® SP© err. @ DFT® SP© err. @ DFT® SpP© err. @
B3LYP-D3(BJ) 2.0 12.9 84% -29.8 -20.9 43% —441.9 —472.8 7%
BHLYP-D3(BJ) 13.1 14.3 9% —48.4 -25.3 91% —439.8 -469.3 6%
MO062X-D3 5.8 13.0 55% =339 -25.3 34% -463.9 —469.7 1%
wB9TM-V 7.1 14.1 50% -35.1 -243 44% —459.2 —-469.6 2%
wB97X-D3(BJ) 6.6 13.8 52% -38.5 -24.2 59% —452.0 -469.6 4%

Notes. A visual representation of these data is available in Fig. A.1. @“DFT geom.” indicates the DFT level at which the geometries were
optimized. In all cases, the ma-def2-TZVP basis set was employed. ®’“DFT” indicates that the energy was evaluated at the same level as the “DFT

geom.”. V“SP” refers to single-point CCSD(T)-F12/cc-pVTZ-F12 energy evaluations on top of the “DFT geom.”.

relative deviation of “DFT” with respect to “SP”.

bond directly forms upon geometry optimization). The energy
barriers and reaction energies (without ZPE corrections) cal-
culated for each step are summarized in Table 1. In this table,
the results for the DFT functionals considered are reported and
compared with the CCSD(T)-F12 counterparts.

The energy barriers calculated as CCSD(T)-F12 single
energy points on the optimized DFT geometries lie around
13-14 kJ mol™!, indicating a robust value irrespective of small
geometry variations. In contrast, different energy barriers (rang-
ing between 2 and 13 kJ mol ') are obtained when using different
DFT functionals, overall showing that DFT tends to under-
estimate the energy barrier. The relative error given by each
functional with respect to CCSD(T)-F12 has been worked out
as an indicator of the accuracy. Table 1 points out that BHLYP-
D3(BJ) is the most suitable functional for the description of the
energy barrier of step (1), with a relative error of 9%. At the
same time, though, it provides the worst performance in describ-
ing its exoergicity, the corresponding value being almost twice
that estimated by CCSD(T)-F12. However, the parameter that
determines whether the reaction does or does not proceed toward
the formation of the product is the energy barrier. Moreover, an
overestimation of the energy released by the formation of the
product does not affect the outcome of the reaction. The reaction
is exoergic at all the levels of theory considered, thus indicating
that product formation is thermodynamically favored in any case.
Additionally, the benchmark of step (2) shows that the error of
all functionals on its exoergicity is comprised between 1% and
7%. A similar argument to that discussed above applies to this
energy difference. For these reasons, the BHLYP-D3(BJ)/ma-
def2-TZVP level of theory was selected for the characterization
of glycolamide formation on the W18 cluster.
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As Fig. 2 shows, the final product obtained from the reac-
tion of NH,CO with H,CO is anti-glycolamide. This is because
the two reactants maximize their interaction by forming two
H-bonds that orient the transition state only toward the anti con-
formation. Since only syn-glycolamide was observed in the ISM,
we characterized the interconversion barrier between the two
conformers in the gas phase, as shown in Fig. 3. The geometries
and their relative energies were computed using the BHLYP-
D3(BJ)/ma-def2-TZVP and revDSD/junTZ levels of theory. Iso-
merization and its barrier (~15 kJ mol™!) are discussed in detail
in Sect. 4.

3.2. Adsorption of NH,CO*® and H2CO on W18

The first step in simulating the formation of glycolamide on the
W18 cluster is the adsorption of H,CO and NH,CO® on the six
binding sites identified in the ice model (see Fig. 1). This resulted
in 12 adsorption complexes for H,CO and 16 for NH,CO®. This
variety arises from the different orientation that each species can
adopt upon adsorption on the same binding site, which in turn
depends on the interacting neighboring atoms. The BEs obtained
for the H,CO and NH,CO*® adsorption complexes are listed in
Table 2.

Both H,CO and NH,CO?* are polar species that interact with
the water ice mainly through H-bonds. H,CO spans a range
of BE = 15.7-27.1 kJ mol~!, which is governed by both the
strength of the H-bond accepted by the carbonyl moiety and the
secondary interaction between the CH; group and the surround-
ing water molecules. A shorter H-bond length is indicative of a
stronger interaction. In contrast, the BEs of NH,CO® cover the
range of 21.7-51.8 kJ mol~!. The interaction of NH,CO® with
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Fig. 3. ZPE-corrected gas-phase PES (in kJ mol™!) of the interconver-
sion between the anti and syn conformers of glycolamide, calculated
at the BHLYP-D3(BJ)/ma-def2-TZVP (in red) and revDSD/junTZ (in
blue) levels of theory. The dihedral angle ®occo, defining the syn and
anti conformations and adopted as the reaction coordinate that drives
the interconversion process, is also shown for the localized stationary
points (in degrees). For each level of theory, the TS imaginary frequency
(w, in cm™") is also reported. For the TS, two different orientations are
shown for the sake of clarity.

Table 2. Adsorption of H,CO and NH,CO® on the W18 cluster.

H,CO NH,CO*

Binding Site®@  AE BE Binding Site®@  AE BE
19a =271 157 19a -39.0 336
19b 272 16.5 19b -44.5 36.9
32a -30.1 232 32a -48.5 413
32b -30.9 220 32b -50.0 43.7
32¢ -32.0 25.7 32¢ -60.9 51.8
34a -26.5 195 34a =275 217
34b -31.8 25.8 34b -38.8 33.0

34c -48.6 409
40a -39.8 271 40a -46.2  39.8
40b -47.6 412
40c —44.2  38.0
46a -31.6 242 46a -53.5 470
46b -30.4 238 46b 475 394
46¢ -34.0 23.8
52a -31.8 212 52a -50.6 42.6
52b —48.7 40.8
52¢ -49.8 40.6

Notes. Interaction energies (AE) and ZPE-corrected binding energies
(BE) are given in kJ mol~!. The geometries of the different adsorption
complexes are available in the Appendix. The labels a, b, and c refer
to different adsorption complexes obtained at the same binding site.

the cluster occurs through two H-bonds in the majority of cases,
with the exception of a few cases in which a third longer H-bond
is established (such as 40c and 52c). The binding site 34a shows
the smallest BE because NH,CO® interacts with only one water
molecule, while the largest BE corresponds to the complex 32c,
in which two short and well-oriented H-bonds are formed. For
clarity, the geometries of the adsorbed reactants are shown in
Appendices B and C.

In order to determine a suitable combination of binding sites
to derive a pre-reactive complex for the reaction between H,CO
and NH,CO®, we established two conditions to be fulfilled: (i)
the strongest binding sites for each adsorbate are preferred since
they determine the positions in which the species are more favor-
ably adsorbed; (ii) reactants need to be close to each other, at
a distance that allows their reaction without the need of prior
diffusion on the ice surface. According to these criteria, we iden-
tified four couples resulting from the combination of the most
strongly bounded adducts for both H,CO and NH,CO®. The
derived structures were optimized and ordered according to the
final BE of the reactants in Table 3. Due to the simultaneous
presence of both species on the W18 cluster and the consequent
structural rearrangement of their atomic positions compared to
their isolated complexes, the BEs obtained for these structures
are not equal to the sum of the isolated H,CO and NH,CO* BEs,
but they are larger. This behavior is explained by the additional
interactions established between the two adsorbates.

3.3. Reactivity between NH,CO® and H.CO on W18

For each of the complexes listed in Table 3, we identified the TS
connected to the formation of NH,COCH,0°. As expected, the
reaction mechanism is analogous to the one characterized in the
gas-phase process, that is, a C—C bond forms after the two reac-
tants face each other. However, the calculated energy barriers
from the different ice-surface reactants are different, spanning
the AH(0)7s = 9.6-26.0 kJ mol~! range. The complete summary
of the structures for these reactions is reported in Fig. D.

For the sake of description and discussion, here we focus on
the two limiting cases: Reaction 1, AHys = 26.0 kJ mol~!, and
Reaction 4, AHzg = 9.6 kJ mol~!. Their corresponding reactant
and TS structures (Fig. 4) show that it is possible to identify an
atomistic reason for this difference. In Reaction 1, the adsorption
geometry of H,CO is essentially unperturbed by the formation
of the C—C bond (in contrast to what we observe in the prod-
uct, where it is not preserved), while the orientation of NH,CO*®
with respect to the W18 cluster changes drastically, causing an
elongation of the H-bonds accepted and received by the species
in the TS structure. In Reactions 2 and 3, the structural changes,
and therefore the energetics, are very similar to those of Reac-
tion 1. Overall, these conditions are responsible for the increase
in the energy barrier in ice surface reactions compared to the
gas-phase, which is characterized by AH(0)rs = 16.3 kJ mol ™.

In contrast, in Reaction (4), the H-bond interactions keeping
the reactants adsorbed on the surface are slightly weaker than
those of Reaction 1, explaining the lower BE. Additionally, the
rearrangement of H,CO and NH,CO?* in the TS structure causes
the strengthening of the H-bond interaction between H,CO and
W18 (which shortens by 0.1 A) and the interaction established
by the amino group of NH,CO® is also preserved. The only
H-bond negatively affected by the reaction is that accepted
by the NH,CO®. Such conditions lower the energy barrier of
Reaction (4) to 9.6 kJ mol~', thus making it preferable to the
gas-phase process. Remarkably, the geometrical features of the
products obtained from Reactions 1 to 4 already suggest that the
successive hydrogenation step will form anti-glycolamide.

Finally, we computed the BE of the newly formed
NH,COCH,0°* intermediate, using as a reference the W18 clus-
ter adopted for the adsorption of the reactants. The BEs range
between 38.1 and 47.1 kJ mol™!, and are thus similar to those
found for NH,CO®. This result agrees with the fact that the inter-
action between NH,COCH,0O*® and the ice surface occurs mainly
through the O=C-NH, moiety.
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Table 3. Energetic data (in kJ mol~') computed for the adsorption complexes chosen as reactants.

Reaction  H,CO@  NH,CO*@  BER®  AH(O)s©  AH(OR@  BEp©
1 46a 52a 78.0 26.0 238 41.4
2 32b 19a 73.8 17.9 299 432
3 32¢ 19b 73.9 23.6 247 38.1
4 52a 46b 67.0 9.6 ~40.6 471

Notes. “The number-letter combination indicates the binding site considered (see Table 2). ¥ Total BEs of the species constituting the reactants.
©Energy barrier. Reaction energy. “BE of the newly formed NH,COCH,O* product.
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Fig. 4. BHLYP-D3(BJ)/ma-def2-TZVP optimized structures of reactant, transition state, and product for Reactions (1) and (4) (those presenting the
highest and the lowest energy barrier, respectively). Distances are in A, those in teal refer to H-bond lengths. The atoms are color-coded as follows:
red, oxygen; light gray, hydrogen; gray, carbon; blue, nitrogen. The geometries for Reaction 2 and 3 are available in the Appendix.
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Fig. 5. Arrhenius plots for Reactions (1) and (4). The dots represent the computed kinetic constants k. In the left panel, the entire range of
temperatures considered (7 = 5-100 K) is shown. The right panel shows a detailed zoomed-in image of the Arrhenius plots in the 50-100 K

temperature range.

3.4. Kinetic analysis

To determine whether these reactions are feasible on the surface
of the icy dust grains, in the temperature range 7' = 5-100 K, we
calculated the Gibbs energy barriers for Reactions 1 and 4, the
unimolecular rate constants, and the half-life time of the reac-
tants (as explained in Sect. 2). Figure 5 shows the Arrhenius
plots for the two reactions in the temperature range considered.
The resulting straight lines have a negative slope, thus pointing
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out that the reaction follows a classical behavior. According to
our kinetic calculations, Reaction 1 is unfeasible at 7 = 50 K, at
which t;, =225 Myr, and lower temperatures.

However, warmer environments are predicted to guarantee
an efficient production of the glycolamide precursor. To give an
example, ti/; is 43 s a T = 100 K. On the other hand, applying
Eyring’s equation to Reaction (4) returns t;,, = 0.014 s at 50 K,
which reduces to a timescale of microseconds at 7 = 100 K.
This difference between the two processes is due to the fact that
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Table 4. Outcomes of step 2.

Geometry @ Barrier Product
1-H1 barrierless formyl formamide + H,
1-H2 1.4 kI mol™'  formyl formamide + H,
1-H3 0.3 kJ mol™! anti-glycolamide
1-H5 barrierless anti-glycolamide
4-H1 barrierless anti-glycolamide
4-H3 2.3 kJ mol™! anti-glycolamide
4-H5 3.6 kJ mol™! anti-glycolamide
4-H6 barrierless anti-glycolamide
4-H7 1.5 kJ mol™! anti-glycolamide

Notes. Hydrogenation of NH,C(O)CH,0°® on W18. “Geometries are
shown in the appendix.

the Gibbs energy enters in the exponential term of Eq. (4), and
consequently a small variation in the AG* is responsible for a
large variation in the kinetic constant and, by extension, in the
half-life time.

3.5. Hydrogenation of NH.C(O)CH-0O"

Hydrogen addition to the glycolamide NH,C(O)CH,O® radical
precursor leads to the formation of the targeted final prod-
uct, glycolamide. As we suspected from the previous reaction
step, hydrogenation leads to the anti conformer. The Langmuir—
Hinshelwood mechanism of this final reaction involves the
adsorption of the H atom in proximity of NH,C(O)CH,0*
previously formed. To better describe this process, different ori-
entations of the H atom with respect to NH,C(O)CH,0°® were
tested, resulting in an interaction energy AE of the incorporated
H atom in the NH,C(O)CH,O*/ice system ranging from —2.1 to
—6.6 kJ mol™! in the triplet electronic state, thus indicating a
weak interaction.

The optimization of the NH,C(O)CH,0*/ice + H* complex
in the biradical singlet state returned three possible scenarios
(summarized in Table 4): (i) the H addition forms spontaneously
the O—H chemical bond during the optimization process, thus
forming glycolamide in a barrierless way; (ii) the H atom causes
a hydrogen abstraction from the CH, group, leading to H, and
formyl formamide (HCOCONH,); or (iii) no spontaneous reac-
tion is observed. In this last case, scan calculations revealed
the presence of a small diffusion barrier, between 0.3 and
3.6 kJ mol~!, which must be overcome by the H atom in order
to reach the CH,O® moiety and to react. In this case, we also
noted the formation of both glycolamide and formyl formamide
+ H; (see Fig. 6). A complete summary of geometries for the
hydrogenation step results is reported in Fig. E.

4. Discussion

In this study, the formation of glycolamide on an interstellar
water ice surface has been characterized theoretically. In this
process, the ice acts as a reactant concentrator and we assume
it also behaves as energy dissipator, given the exothermicity of
the two simulated steps (in agreement with the findings observed
in previous investigations, such as Pantaleone et al. 2020, 2021;
Ferrero et al. 2023).

Furthermore, the ice surface is partly responsible for the
magnitude of the reaction barrier. In step (1), on the one hand,

. B e
& 0 T
e 9y »
A 2 \»G I =
6 A % A

anti-glycolamide

formyl formamide + H,

Fig. 6. Hydrogenation of NH,C(O)CH,0O* products. Top panel: the
addition of atomic hydrogen to the CH,O® moiety leads to the formation
of glycolamide. Bottom panel: hydrogen abstraction of the CH,O® moi-
ety promotes the formation of formyl formamide (HCOCONH,) and H,.

the ice surface can favor the reaction by bringing the reac-
tants closer and slightly activating them toward reaction (as
in Reaction (4)). On the other hand, when strong interactions
are established between the adsorbates and the W18 cluster, it
can work against the reaction, by preventing the reactants from
changing their conformations, meeting, and reacting (as in Reac-
tion (1)). As a result of these considerations, we have found that
the formation of the NH,C(O)CH,O?° radical can be either more
or less favored with respect to the gas-phase process from an
energetic point of view, with energy barriers ranging from 9.6 to
26.0 kJ mol~! against the value of 16.3 kJ mol~' for the gas-phase
process.

Due to its large AG*, and according to the rate constants
calculated through the Eyring’s equation, Reaction (1) is kineti-
cally favored only at temperatures close to 100 K, which however
pertain to the gas phase of the G+0.693-0.027 molecular cloud,
where dust grains are estimated to be at temperatures of around
20-30 K (Rodriguez-Fernandez et al. 2000). Moreover, for the
final product to be formed on the ice surface, we also need to
consider the hydrogenation step, which will be feasible only at
low temperatures, when atomic H can be adsorbed and retained
on the icy surface mantle. At variance, Reaction (4) represents
the only feasible pathway at low temperatures, with a reactants’
half-life time of 5 minutes at 35 K. This possibility is more con-
sistent with a scenario in which the glycolamide precursor forms
on the cold surface of dust grains. However, in our simulations,
we assume that H,CO and NH,CO?® are close to each other; on
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the real ice surface, diffusion must be accounted for, which can
be a limiting step.

H,CO was recently detected as component of the icy man-
tles (Rocha et al. 2024), after several studies hypothesized its
presence as a consequence of the hydrogenation of CO (Fuchs
et al. 2009; Rimola et al. 2014; Simons et al. 2020, e.g.,) or
the reaction of atomic C with H,O ice (Molpeceres et al. 2021;
Ferrero et al. 2024). Additionally, the reactivity of the ubiquitous
°*CN radical with water can explain the presence of NH,CO®.
Indeed, °*CN is known to easily form hemibonded complexes
with water ice (Rimola et al. 2018; Martinez-Bachs et al. 2024;
Enrique-Romero & Lamberts 2024), from which formamide can
be obtained after subsequent hydrogenation (Enrique-Romero &
Lamberts 2024). Given the presence of formamide in the same
molecular cloud where glycolamide was detected, it is reason-
able to consider that its precursor NH,CO® was available at
some point in the environment. However, as mentioned above,
the probability that H,CO and NH,CO® encounter each other,
which is beyond the scope of the present work, can limit the
efficiency of the coupling reaction.

In step (2), the specific location of the H atom on the ice clus-
ter does not seem to hinder the hydrogenation process. Even in
the case that the distance between the CH,O® moiety and the
incoming H atom is ~6 A, the computed diffusion barrier is
only 3.5 kJ mol~'. However, the possibility of the occurrence of
another reaction yielding formyl formamide and H,, which com-
petes with the formation of glycolamide, must be considered.
Nonetheless, this competitive reaction involves the cleavage of
the C—H bond prior to the formation of a new H-H bond,
while the production of the glycolamide only requires the for-
mation of an O—H bond. Furthermore, the orientation of the H
atom with respect to the glycolamide precursor plays a pivotal
role in determining the outcome of the reaction, with the for-
mation of NH,C(O)CH;,OH being preferred in the various cases
tested. Thus, we may suppose that the formation of glycolamide
represents the main channel. Nevertheless, a larger number of
simulations, likely involving molecular dynamics, could better
characterize the outcomes of the hydrogenation step as well as
the fate of its products (such as the possibility of the weakly
bound H, to desorb).

Finally, even if our simulations lead to the formation of anti-
glycolamide on the surface, they can still explain the gas-phase
detection of the syn conformer toward the G+0.693—-0.027 cloud
(Rivilla et al. 2023). Given that the binding energies obtained
for the glycolamide on W18 cover a range of BE = 51.0—
61.9 kJ mol™!, at temperatures of 7 = 10-50 K the thermal
desorption of this species in the gas phase is unlikely, requiring
some kind of energetic process. Concurrently, an energy source
that would cause the desorption of glycolamide from the ice sur-
face will be also sufficient to induce the conversion from the
anti conformer to the syn form. Furthermore, the interconver-
sion might occur thanks to near-IR photons, as suggested by an
isolated Ar-matrix study on glycolamide (Lapinski et al. 2019).
The gas-phase anti-to-syn interconversion barrier computed here
(see Fig. 3) is ~15 kJ mol~!, which is in agreement with the liter-
ature (Maris 2004). Such a barrier can be easily overcome once
the species has enough energy to desorb from the ice. Since the
transition frequency is low (~70i—80i cm™!) and the interconver-
sion process involves the motion of several heavy atoms (i.e., C
and O), tunneling is not expected to play a pivotal role in the
process, even though the barrier is comparable to or even lower
than that of imines or carboxylic acids (de la Concepcién et al.
2022, 2021).
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Remarkably, the requirements for the desorption and sub-
sequent interconversion of anti-glycolamide aligns with the
conditions of the G+0.693-0.027 molecular cloud, where cloud-
cloud collisions can induce shock-driven desorption. Similar
arguments might also help rationalize the absence of glyco-
lamide in the Sgr B2(N) and G31.41+0.31 hot molecular core
(Sanz-Novo et al. 2020; Colzi et al. 2021).

5. Conclusions

In this work, the formation of glycolamide (NH,C(O)CH,OH)
has been investigated by means of quantum chemical compu-
tations using a cluster of 18 H,O molecules representing the
icy mantle of interstellar dust grains. Syn-glycolamide has been
detected in the G+0.693-0.027 molecular cloud, where other
amides have also been observed. This molecule is expected
to provide a source for more complex amino acids via its
HO*CHC(O)NH, intermediate (Joshi & Lee 2025). Thus, gly-
colamide can also play a role in prebiotic chemistry.

Glycolamide synthesis has been simulated here considering a
two-step mechanism, involving the reaction between H,CO and
NH,CO* (step 1), followed by the hydrogenation of the prior
product, NH,C(O)CH,0°* (step 2). First, the gas-phase (i.e., in
the absence of the W18 cluster) coupling between H,CO and
NH,CO*® was simulated. This served to determine the intrinsic
energetic features of the reaction (characterized by an energy
barrier of about 16 kJ mol~!) and to conduct a methodological
benchmark study, which led to the identification of BHLYP-
D3(BJ)/ma-def2-TZVP as the most suitable level to describe this
reaction.

The adsorption of H,CO and NH,CO*® on different surface
binding sites of the W18 cluster allowed us to evaluate their
binding strengths on W18 and identify the most favorable H,CO
and NH,CO® adsorption pairs, in which the reactants are both
strongly bound to the ice surface and located in close proximity,
thus favoring their reaction. The computed reaction barriers for
the NH,C(O)CH,0°* formation (A H(0)rs = 9.6-26.0 kJ mol™!)
indicated that the ice surface can either facilitate or hinder the
process compared to the gas-phase reaction. Kinetic analysis
suggests that, considering the two limit situations, the reaction
is either feasible at temperatures above 35 K (lowest energy bar-
rier case) or above 100 K (highest energy barrier case), up to the
desorption of the reactants.

A final, almost barrierless, hydrogenation step leads to anti-
glycolamide formation. A competing pathway yielding formyl
formamide (HCOCONH;) and H, exists, but according to the
different cases tested, it is likely less favorable than glycolamide
synthesis. The BE of anti-glycolamide suggests that its thermal
desorption is unlikely. However, the physical conditions of the
G+0.693-0.027 molecular cloud, where cloud—cloud collisions
generate shock-induced desorption, enable grain mantle sputter-
ing, which not only allows its desorption, but also causes the
interconversion between the anti- and syn- glycolamide conform-
ers, thus explaining the exclusive presence of the latter form in
this source and its absence toward less harsh environments.
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Appendix A: Benchmark of gas-phase glycolamide formation

In the following figures, the color code employed is: red for oxygen, light gray for hydrogen, gray for carbon, and blue for nitrogen.
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Fig. A.1. Relative energies of the two reaction steps required to yield glycolamide. For the sake of clarity, given that the energies computed at the
CCSD(T)//DFT theory level are very similar, we adopted CCSD(T)-F12//BHLYP-D3(BJ) as the reference in the plot. Energies are given in kJ mol~'.
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Appendix B: Adsorption structures of H,CO on the W18 cluster

The XYZ files corresponding to the structures depicted in the following appendixes are freely available on Zenodo at https:
//doi.org/10.5281/zenodo. 14850268
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Fig. B.1. BHLYP-D3(BJ)/ma-def2-TZVP optimized adsorption structures of H,CO on the W18 cluster. Distances are given in A.
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Appendix C: Adsorption structures of NH,CO® on the W18 cluster
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Fig. C.1. BHLYP-D3(BJ)/ma-def2-TZVP optimized adsorption structures of NH,CO* on the W18 cluster. Distances are given in A.
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Fig. C.2. BHLYP-D3(BJ)/ma-def2-TZVP optimized adsorption structures of NH,CO* on the W18 cluster. Distances are given in A.
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Appendix D: Structures of reactant, transition state and product for the reaction investigated on the W18
cluster
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Fig. D.1. BHLYP-D3(BJ)/ma-def2-TZVP optimized structures of reactant, transition state, and product for Reactions 1, 2, 3, and 4. Distances are
given in A.
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Appendix E: Hydrogenation products
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Fig. E.1. Different results of the hydrogenation step, forming glycolamide or formyl formamide, as well as a non reactive adduct. Distances are
given in A.
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