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The glycine molecule is the simplest amino acid molecule which is expected to be easily formed on ice
grains in the interstellar medium. Assessing its stability under interstellar irradiation is therefore crucial in a
prebiotic context. In this work we investigate the ionisation mechanism of ice-embedded glycine under
H* irradiation at kinetic energies of 1, 10, and 100 keV by studying charge and energy deposition
dynamics. To this aim, real time-time dependent-density functional theory combined with a quantum
mechanics/molecular mechanics approach is used. Charge distribution analysis reveals ebb-and-flow
effects at both molecular and atomic scales, with collisions at nuclei inducing stronger polarization and
dipole dynamics than impacts along chemical bonds. While electronic excitation occurs locally, glycine—
water interactions can collectively enhance, reduce or leave unchanged the energy deposition, depending

Received 23rd February 2026,
Accepted 30th April 2026

on the projectile trajectory and kinetic energy. The charge transfer between the glycine molecule and its
surrounding environment does not exceed 0.4 electrons once the projectile is gone. When the projectile
DOI: 10.1039/d6cp00651e does not directly intersect the glycine backbone, the deposited energy on the glycine molecule is negligi-

ble and glycine remains neutral. Consequently, the degree of molecular perturbation is governed not only
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1 Introduction

Ionising radiation as cosmic rays (CRs) are believed to initiate a
complex and diverse chemistry in space. They ionise H, forming
H," which can initiate an efficient gas phase ion-molecule
chemistry’ in the interstellar dense clouds. They can also
dissociate H, producing UV photons that can break apart simple
molecules within interstellar ices, generating reactive radicals
which can recombine to form complex organic molecules
(COMs). Such a mechanism has been proposed to explain the
potential formation of glycine—the simplest amino acid—under
interstellar conditions.”” Despite extensive efforts, glycine has
yet to be detected in the gas phase of interstellar environments.
An initial claim of detection was made in 2003,* but this was
later refuted.® Nevertheless, glycine has been identified in extra-
terrestrial materials, including cometary dust from Comet
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by the projectile’s energy, but also by its microscopic trajectory and the surrounding ice environment.

81P/Wild 2,° the coma of Comet 67P/Churyumov-Gerasimenko,’
and more recently, in returned samples from the Ryugu® and
Bennu® asteroids. These findings support the hypothesis that
glycine formed in interstellar ices have survived incorporation
into small Solar System bodies. However, they also prompt
important questions regarding the molecule’s stability and
resistance to degradation under exposure to ionising radiation.

Various studies have considered the effects of ionising radiation
on interstellar COMs. Comprehensive astrochemical modelling
covering gas-phase and solid state chemistry in the interstellar
medium, including processes enhanced by high-energy collisions,
are available in Arumainayagam et al.'® and Renoud et al.™" refer-
ences. Experiments and theoretical studies simulating the effects of
cosmic rays on interstellar ices have also been reported,"*™*
demonstrating the formation and evolution of COMs under astro-
physically relevant conditions. Among specific studies focusing on
glycine, Maclot et al’>'® examined its gas-phase fragmentation
following collisions with low- and high-energy multiply charged
ions. Furthermore, the irradiation of glycine in a water environ-
ment has been investigated experimentally in references.'”*° Addi-
tionally, Portugal et al.*® investigated the irradiation of crystalline
glycine using Ni''* ions, shedding light on its stability and decom-
position pathways under energetic ion bombardment.

On the other hand, theoretical studies in this area remain
limited. The RT-TD-DFT (functional theory) method is widely
regarded as the most suitable approach for studying high-energy
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phenomena, particularly those that induce ultrafast electron
rearrangement in colliding systems. This method is particularly
effective for investigating how energy is deposited into a
molecule during a collision with a high-energy particle, and
how this energy is subsequently dissipated, often through
electron emission. To date, only two studies have applied this
method to astrochemical scenarios of glycine irradiation. The
first one, conducted by Parise et al.,** explored the response of
a glycine molecule in the gas phase upon collision with a high-
energy alpha particle (He>"), demonstrating the ionisation of
glycine. The second study focused on glycine embedded in an
interstellar ice, investigating its degree of ionisation and frag-
mentation following a collision with a high-energy heavy ion
(Ni''") at 46 MeV.?

Protons account for almost 90% of cosmic rays (CRs) that
traverse the interstellar medium. Despite being the least energetic
of these particles, protons are the most frequent ionising agents.
However studying their impact on molecules experimentally pre-
sents significant challenges. In our former work,”” we showed that,
among various possible chemical fragmentation pathways, the
triply ionised glycine via collision with Ni''*, dissociated sponta-
neously. In the case of collision with a proton, the efficiency of the
ionisation dissociation channel is under-investigated. In the pre-
sent study, we address this question using the RT-TD-DFT
approach to gain a deeper understanding of both the ionisation
process of glycine by H" and the role played by the surrounding ice
environment restricting our analysis to the electronic rearrange-
ment. A proper treatment of the ensuing nuclear response would
need non-adiabatic molecular dynamics method implementation,
coupling nuclear and electronic motions, ie. the Ehrenfest
approach. Such studies are beyond the scope of this work.

2 Methodology

2.1 Models and computational details

The response of the glycine, embedded in interstellar ice,
to the collision with H was studied with the RT-TD-DFT>?

tt-N-Gly-LDA
tt-N-Gly - 62H,0 (QM) - 282H,0 (MM)

tt-N-Gly
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approach using the deMon2k software package,”* developers
version 6.1.6.>

The ice-embedded glycine model used in this work has been
taken from our previous simulations.?® It consists of a neutral
canonical glycine molecule (N-Gly) trapped in a non periodic
water cluster with 20 A cubic box, dimensions obtained from the
optimization of the low density amorphous (LDA) ice through
classical dynamic simulations,>” and named in this paper as
N-Gly-LDA. Only the trans-trans (tt) N-Gly isomer was considered
in accordance with experimental evidence®® as the ¢ isomer can
easily be formed on interstellar ices. In addition, experimental®®
and our theoretical®® investigations showed that this isomer
transforms into its zwitterionic structure only at temperatures
above 200 K, not relevant for interstellar ice conditions.

We employed an additive quantum mechanics (QM)/classi-
cal mechanics (MM) scheme with electrostatic embedding.?*°
The QM (DFT) region includes the ¢t N-Gly, surrounded by 62
water molecules, as illustrated in Fig. 1a. The N-Gly structure
and the surrounding LDA model (i.e. without the N-Gly mole-
cule) are illustrated in Fig. 1b and c, respectively. The MM
region (282 water molecules) was described by the TIP3P force
field,>'* which includes Coulomb effects inside the MM part.
The Lennard-Jones potential was employed to describe the QM-
MM and MM interactions and the polarization of the QM region
by the MM environment was captured by including the Cou-
lomb interactions between MM atomic charges and QM electro-
nic densities. The glycine QM-MM parameters were taken from
the AMBER-FF99SB force field.*’* TIP3P QM-MM parameters
were assigned to the DFT treated water molecules. Several
studies pointed out the importance of using polarizable force
fields (MMpol),>**>3¢ nevertheless, in this study we included a
wide size QM subsystem, allowing to treat more accurately the
interactions between either glycine and water molecules, or
between water molecules in the glycine solvation shells. Further-
more, energy deposition and charge migration are expected to
be local processes, therefore interactions are likely to occur in
the vicinity of the collision area.

LDA ice model
62H,0 (QM)- 282H,0 (MM)

Fig. 1 Models used in this study: (a) tt-N-Gly-LDA molecular system with 72 atoms treated at the QM (DFT) level (balls representation) and 282 water
atoms (lines representation) treated at the MM level; (b) tt-N-Gly gas phase molecule; (c) surrounding LDA ice model that contains 62 H,O molecules
described with DFT (ball representation) and 282 molecules described with MM (lines representation). The LDA ice model in (c) has an internal cavity due
to the elimination of the tt-N-Gly molecule. The atoms are represented with the following color code: O in red, H in white, C in cyan, and N in dark blue.
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The Perdew-Becke-Ernzerhof (PBE) exchange-correlation
functional®” was employed and the electrons were described
with triple-¢ basis functions (TZVP).*® Automatically generated
auxiliary basis set, GEN-A2,*> was used to fit the electronic
density. The functional and the basis sets were chosen after an
extensive acquisition of benchmark results on the deposited
energy, because it is sensitive to the chosen basis set.*>*' The
benchmark results are reported in Fig. S1-S4 and their detailed
analysis is provided in Section S1 “Benchmark study”.

The self consistent field (SCF) tolerance and the auxiliary
density convergence criterion were restricted to 107° and
10~° a.u., respectively. An adaptive grid for the exchange corre-
lation (XC) functional numerical integration was selected with a
tolerance of 10~ % a.u. and the charge convergence criterion was
adjusted to 10~ ° a.u. The Hirshfeld density partitioning was
used to provide charge dynamics analysis.*?

2.2 Electron dynamics simulations

The H' colliding particle was modeled as a point charge particle
with a constant velocity and a constant charge of +1. Three
different irradiation energies Ey+ = 1, 10 and 100 keV have been
investigated. These projectile kinetic energy values are in the
range of the average energies, established for stellar winds and
low-energy cosmic rays in the interstellar medium."®'*** At each
simulation, the projectile position was initialized 13 A from the
center of mass (CoM) of glycine (placed in the center of the N-Gly-
LDA system), ensuring its starting position lies outside the ice
box and avoiding any interaction between the projectile and the
system at the early stages of the collision process. Due to
computational cost limitations, the number of trajectories was
reduced to four representative ones covering typical situations in
which the proton’s trajectory passes through a bond, an atom,
or near the glycine molecule. This limited number of trajec-
tories prevents the derivation of statistical properties (e.g., cross
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sections), but provides insights into the orders of magnitude of
the deposited energies and the underlying physical processes
such as the glycine ionization. Fig. 2 shows collision trajectories
striking the N-Gly molecule at the center of the C-C covalent
bond (labelled as CC and colored in orange), at the nitrogen atom
of the amino functional group (N, purple color) and at the oxygen
atom of the carboxylic functional group (OH, green color). The
last chosen collision site, labelled as DISP-5 (see Fig. 2), depicts
the projectile trajectory passing through the water-ice environ-
ment avoiding a direct collision with the N-Gly molecule. In this
latter scenario, H' was displaced by 5 A from the N-Gly-LDA CoM
and the projectile only passes through water molecules. This
trajectory has been chosen to capture the electron perturbation
caused by H' collision on the water-ice environment and its
diffused effects on N-Gly molecules. For easier reading, the suffix
“col” will be added to each projectile orientation label, i.e. CCcol,
Ncol, OHcol and DISP-5-col, to avoid misunderstanding between
notation of a specific atom and collision trajectory.

The electron density was propagated to a total of 7 fs
dynamics employing the magnus second order propagator
coupled to a predictor-corrector scheme with a propagation time
step (t) of 1 as. The choice of the propagation time step depends
on the projectile velocity.>® Several test calculations - ¢, = 0.01,
0.1 and 1 as - were performed beforehand. The results, pre-
sented in Fig. S5 indicate high similarity between the deposited
energy profiles for the three time steps. Therefore, ¢, = 1 as was
chosen for the present electronic dynamics simulations as a
good compromise between accuracy and computational cost.

2.2.1 Energy deposition and charge analysis. The electro-
nic deposit energy (Egq) has been computed according to the
following expression:*

Ed(l) = Em‘(l‘) - <ESI3FT + ZZA¢proj (RA7 t)) (1)
A

OHcol

Fig. 2 Four simulated collision trajectories for H*-N-Gly-LDA irradiation: C—C bond (CCcol), nitrogen atom (Ncol), carboxylic oxygen (OHcol), and
displaced at 5 A from the glycine center of mass (DISP-5col), where H* passes only through the water environment. The atoms are represented with the

following color code: O in red, H in white, C in cyan, and N in dark blue.

This journal is © the Owner Societies 2026
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where E, corresponds to the total energy of the system,
expressed as the sum of the DFT total energy and the inter-
action energy between projectile and the N-Gly-LDA system
(Bor = E°™ + Eproj)- Eep' refers to the ground state energy
obtained from the SCF procedure and ¢pj, Zs and R, corre-
spond, respectively, to the potential generated by the projectile,
the atomic charge and the coordinate vector of A nucleus.

With the aim to compare and decompose the irradiation
effects on the deposit energy in N-Gly-LDA molecular subsys-
tems, a set of electron dynamics simulations were carried out
separately on the gas-phase N-Gly molecule and on the LDA ice
model using the same computational and dynamics simulation
details as used for the entire system. These trajectories are
shown in Fig. S6. The N-Gly structure was extracted from the
N-Gly-LDA system without further geometry optimization. Simi-
larly, no initial geometry optimization was performed on the
LDA model (in Fig. 1c), so that the proton encounters the same
molecules with similar orientation during collision. It must be
noted that the cavity created from the N-Gly molecule elimina-
tion was preserved and that the level of treatment (QM or MM)
of each water molecule was consistent with its description in
the full system simulations.

3 Results

In this section, the electronic dynamics within the N-Gly-LDA
system induced by different proton collision trajectories are
reported. We first address the electron density migrations (also
referred to as charge migration), followed by the electronic
energy deposition and the examination of the water-glycine
collective contributions to Ej,.

3.1 Charge migration in N-Gly-LDA system under H' ion
collision process

The charge fluctuations were studied for the three H' collision
energies, i.e. 1, 10 and 100 keV. The three charge profiles present-
ing similar behaviors, we only show the results at 10 keV in Fig. 3,
the charge evolutions at 1 and 100 keV being reported in Fig. S7
and S8, respectively. For easier reading, only the most significant
charge variations are shown in Fig. S9-S11. The subplots a.1, b.1,
c.l1 and d.1 in Fig. 3 depict the charge exchange between the
glycine molecule and its water environment for the four projectile
trajectories. Similar behavior is observed for the three collisions
involving a trajectory crossing the glycine molecule (a.1, b.1 and
c1). In the initial stage of the simulation, when the proton
projectile approaches the glycine molecule, the electrons migrate
toward the impact point. After the projectile leaves the glycine
region and its Coulomb attraction vanishes in this area, the excess
of negative charge on the glycine molecule creates strong Coulomb
repulsion that ejects electrons in the ice environment, leaving the
glycine molecule positively charged. This ebb-and-flow effect has
already been pointed out for other molecules in liquid water
impacted by a positive charge (see for instance ref. 35 and 44).
We now examine the lower panels (a.2, b.2, and c.2), which
show the charge fluctuations of each glycine atom over the full
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simulation time, with insets zooming into the first 2.5 fs. For a
collision centered on the C-C bond (CCcol, Fig. 3(a.2)), both
carbon atoms attract electrons in a comparable manner. The
two hydrogen atoms of the methylene group, H; and H,, display
opposite trends, creating a dipole oriented toward the projec-
tile: before impact, H; loses electron density while H, gains it,
and this pattern reverses once the projectile passes the C-C
bond. After the projectile exits the glycine region (after around
1 to 2 fs), pronounced intramolecular charge dynamics persist,
with atomic charge variations reaching about 0.05 e~ (see inset
zoom in Fig. 3(a.2)).

In the collision at the nitrogen atom (Ncol, Fig. 3(b.2)), the
nitrogen atom accumulates ~ 0.9 electrons. Most of this elec-
tronic density is drawn from the water molecules (~0.6 e~) and
the amino hydrogen HN, (~0.3 e™). The projectile gives birth
to a dipole dynamics: HN, initially acquires electrons, as it lies
in the direction of the incoming projectile, before being elec-
tronically depleted after the projectile leaves the N-Gly mole-
cule. The opposite behaviour is observed for the second amino
hydrogen (HNj,). This dipole oscillation persists throughout the
simulation, as reflected in the charge dynamics of HN; and
HN,. Notably, the nitrogen atom retains a net electron loss of
about 0.15 e~ due to the ebb-and-flow effect at the N-atom until
the end of the simulation (see inset zoom in Fig. 3(b.2)).
Therefore, roughly half of the electrons transferred from gly-
cine to water originate from the nitrogen atom.

The third projectile trajectory through the carboxylic oxygen
Oy (OHcol, Fig. 3(c.2)) also induces a significant negative
charge accumulation (~0.8 e”) at the impact site Oy. Roughly
0.5 electrons are drawn from the surrounding water, while the
remaining charge originates from intramolecular migration,
mainly from the other glycine oxygen atom. Once the projectile
passes beyond N-Gly, the Coulomb repulsion ejects electrons
from the impacted oxygen atom, revealing that the ebb-and-
flow behavior occurs at the atomic level in addition to the
molecular scale. In the remaining part of the simulation (see
inset zoom in Fig. 3(c.2)), charge dynamics with an amplitude
of about 0.1 e~ are observed predominantly on the carboxyl
group as follows from the more pronounced Oy, C; and O
charge fluctuations.

In the last trajectory (DISP-5col, Fig. 3(d.2)), the projectile
does not collide with the N-Gly molecule, instead it passes
entirely through the surrounding ice environment. As a result,
the charge transfer between the glycine molecule and the
nearby water molecules is minimal. It produces charge fluctua-
tions of less than 0.01 e~ (see inset zoom in Fig. 3(d.2)),
indicating that the projectile’s effect in this trajectory is essen-
tially negligible.

The above analysis of the charge migration at 10 keV
remains valid across the 1 and 100 keV energy range. The
charge evolutions at 1 and 100 keV are shown in Fig. S7 and S8,
respectively. The main difference lies in the quantitative mag-
nitude of the accumulated (on LDA) and depleted (on N-Gly)
charges. They range from 0 to approximately 0.1 e~ at 1 keV
(Fig. S7) and from 0 to about 0.4 e~ at 100 keV. The higher
projectile energy induces a stronger polarization of both N-Gly
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Fig. 3 Charge evolution in N-Gly-LDA molecular system (upper panels a.1, b.1, c.1 and d.1) and of each N-Gly atom (lower panels a.2, b.2, c.2, d.2) under
10 keV H* collision with the four impact sites: (a) CCcol, (b) Ncol, (c) OHcol, and (d) DISP-5col. The color codes are the following: dark green for the
carboxylic oxygen (Oy), light red for carboxylic hydrogen (Ho), gray for oxygen, dark brown for carbon from the carboxylic group (C;), yellow for the a-
carbon (bonded to amino group) (C,), light green and light purple for H; and H,, respectively, purple for N, dark blue and light blue for amino group
hydrogens (HNy and HN>).

and LDA. At 100 keV, the dipole dynamics of the impacted projectile traversing only water (DISP-5col) does not produce
glycine atom and its bonded atoms are more pronounced and significant charge exchange between the glycine molecule and
require a longer time to relax (see Fig. S8). In contrast, a its environment, even at 100 keV (Fig. S8).
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3.2 Deposit energy analysis in N-Gly-LDA system under H"
collision

Monitoring the electronic potential energy allows to track the
energy deposited in the system. The simulations allow to
capture the projectile energy transferred to the electronic
degrees of freedom only, which is reasonable considering that,
for collision energies of ~10 keV and above, the electronic
stopping power dominates over the nuclear stopping power, i.e.
the energy is deposited primarily into the electronic subsystem
rather than into nuclear motion.”>™*” In other words, only the
electron density is perturbed by the energy transferred during
irradiation processes while nuclei remained fix along the
simulation time.

The energy deposition profile for the specific case of the
10 keV H' CCcol trajectory is represented in Fig. 4 as a function
of the projectile position dpgjectite- The latter is preferred as it
makes the comparison of dynamics performed for different
collision energies easier.

It can be seen that the energy remains constant below 7 A
and above 23 A, which corresponds to subparts of the trajectory
where the projectile travels through the MM region. The energy
deposition profile has several peaks, which are associated to
geometrical configurations where the projectile approaches the

C-C collision H (H20) collision
t=1.01s (d,=13.5 4) t=1.3fs (d,=17.5 4)

v

ei g cm

(%

g 60 | CCiol H* 10keV-
2 50 \I"_ 1
B 40 - P

230 | /....} ABa(t:0) ]
=20 } AE,(Gly) i
) 10 ; £ T ]
§ 0 " |AEq(H,0)

a . . ‘ | . 1

0 5 10 15 20 25 30

dproiectile (A)

Fig. 4 Energy deposition in the N-Gly-LDA system by the 10 keV pro-
jectile going through the CC bond (CCcol) as a function of the travelled
distance (dprojectie)- The snapshots show the position of the projectile
(orange ball), corresponding to each peak location extracted at: 0.8 fs
(10.5 A) where AE4(H,0) ~ 11.0 eV are deposited in the water environment;
1.0 fs (13.5 A) when the projectile hits the glycine C—C bond and AE4(Gly) ~
17 eV are deposited; 1.3 fs (17.5 A) where AE4(H,O) ~ 10 eV are deposited
locally in one of the H,O molecules colliding with H*; 1.5 fs (20.5 A) where
AE4(H20) ~ 1.0 eV are deposited locally in the water molecules.
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molecules, as shown in the snapshots in Fig. 4. The second
peak at 13.5 A corresponds to the collision with the glycine
molecule at the center of the CC bond. The other peaks occur
when the projectile collides or passes at the vicinity of water
molecules (see snapshots at ¢ = 0.8, 1.3 and 1.5 fs in Fig. 4). We
note here that the simulations describe the collective electronic
response of the N-Gly-LDA QM region, and are not treated as a
sum of individual independent molecule responses. However,
the structuring of the deposited energy profile in successive
peaks indicates that the energy deposition remains predomi-
nantly local. This allows for a semi-quantitative estimation of
the energy transferred in a given molecule. In particular, we
derive the energy deposited in the glycine electronic subsystem
AE4(Gly) ~ 17 eV from the difference between the deposit
energy after and before the peak at 13.5 A (see Fig. 4).

The energy deposition curves are reported in Fig. 5 for all the
investigated collision trajectories (CCcol, Ncol, OHcol and

DISP-5col = CCcol =

Ncol = OHcol =—

o O

- N W s OOD
o O O

Deposit Energy (eV)
o O

_
N A
o O

100
80
60
40
20

100keV

L L L L L

0 5 10 15 20 25 30 35
d

projectile (A)

Fig. 5 Energy deposition in the N-Gly-LDA molecular system under H*
collision for 1 (top), 10 (middle) and 100 keV (bottom). Each panel shows
four curves for CCcol (orange line), Ncol (purple), OHcol (green) and DISP-
5col (pink), impact sites. In order to simultaneously compare results at
three collision energies, the x-axis has been defined as the distance
travelled by projectile H* through the N-Gly-LDA slab (as a product of
simulation time and projectile velocity).
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Table 1 Deposited (transferred) energy in N-Gly (AEy), computed from
the deposited energy profiles of the CCcol, Ncol, OHcol and DISP-5col
trajectories of H projectile at 1, 10 and 100 keV. Values in parentheses
were computed from simulations of gas-phase N-Gly

AE(Gly) (eV)

Collision

energy (kev)  CCcol Ncol OHcol DISP-5col
1 1.8 (2.1) 2.8 (7.4) 1.3 (5.0) —

10 15.2 (14.4)  21.9(28.2)  23.7 (25.0) —

100 32.2 63.4 62.1 —

DISP-5-col) and projectile kinetic energies (Ey- = 1, 10 and
100 keV). The energy deposition profiles present very well marked
peaks for trajectories with 1 and 10 keV collision energies passing
through an atom (Ncol and OHcol). A slightly less pronounced
peak is observed for the bond crossing trajectory (CCcol), whereas
no corresponding peaks are visible in the DISP-5col trajectory. At
100 keV, the energy deposition appears much more continuous
and it even becomes difficult to identify peaks corresponding to
the energy depositions within the glycine molecule. At 1 keV, the
energy deposited in N-Gly (see AE4(Gly) in Table 1) is rather low,
in particular with respect to the glycine and water ionisation
potential (estimated to be in the 9-10 eV range*®*™>? for glycine and
about 12-13 eV for water®®). Interestingly, about 0.4-0.5 electrons
are ejected from the glycine molecule; however, its neutral
character is rapidly recovered, with only a minor ebb-and-flow
effect resulting in a final net negative charge of about 0.1 for the
Ncol and OHcol trajectories in Fig. S7.

The energy transferred in the electronic glycine subsystem
increases with the projectile collision energy (Table 1). The
AE4(Gly) values are larger when the proton impacts an atom
(OHcol and Ncol trajectories leading to similar values) rather
than a bond (CCcol). At 10 keV for CCcol, Ncol and OHcol
trajectories, the deposit energy in the glycine subsystem is larger
than the glycine and water ionisation potentials and the glycine
molecule carries a positive net charge between 0.2-0.4 at the
end of the simulations (see Fig. 3). When the projectile crosses
only the water region (DISP-5col trajectories), the deposited
energy in the glycine electronic subsystem is so small that it
was not even possible to determine it from the deposit energy
profiles.

We finally compare the former results with the values of
AE4(Gly) obtained from simulations of the gas-phase N-Gly at 1
and 10 keV, reported in Table 1. The energy transferred to the
electronic subsystem of N-Gly is larger for the gas-phase mole-
cule than for N-Gly embedded in ice, with the only exception
being the CCcol trajectory at 10 keV.

We now examine the additive nature of the energy deposition
process, specifically the role of glycine-water collective effects.
To this end, an additional set of simulations was performed
using the same collision energies and projectile trajectories, but
including either only the glycine molecule or only the water
environment (QM and MM parts), each fixed at the geometry of
the full N-Gly-LDA system. These latter calculations were per-
formed at 1 and 10 keV energies because the deposited energy
profiles are better structured (sharper peaks) than at 100 keV.
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Fig. 6 left and right panels report the energy deposition for these
simulations along with their sum and the deposit energy for
trajectories across the full system (orange lines). For CCcol
trajectories, the energy deposited in the full system is slightly
higher than the sum of the energies deposited in the separate
subsystems (see panels a in Fig. 6); in other words, the collective
response of glycine and water electrons enhances the energy
deposition. The opposite behavior is observed for the Ncol
trajectory (see panels b in Fig. 6), where collective effects instead
reduce the deposited energy. For the OHcol and DISP-5col
trajectories (Fig. 6 panels c and d), collective effects have
essentially no influence: summing the energies deposited in
the isolated glycine and water subsystems provides a good
approximation to the energy deposited in the full system. In
summary, collective glycine-water interactions may enhance,
reduce, or leave unchanged the energy deposition, depending
on the projectile trajectory and kinetic energy. The largest effect
occurs for the Ncol trajectory at 1 keV, where collective interac-
tions lead to a reduction of ~35% of the deposited energy.

3.3 General discussion

To qualitatively assess the susceptibility of glycine to radiation-
driven decomposition, we remind the previously established
dissociation thresholds of 74 kcal mol " (3 eV) for C-C cleavage
and 52 keal mol™" (2.25 €V) for C-N bond breaking computed
for a neutral glycine molecule.?” These barriers drop when the
glycine molecule is singly or multiply charged, consistently
with the work of Maclot et al.*®

In a former work,>® we showed that highly charged Ni
ions at much higher energies (46 MeV) could lead to pro-
nounced ionisation (glycine was shown to reach a triple ionisa-
tion state when directly impacted), opening the way to the
spontaneous dissociation. The simulations performed in the
present work show that fragmentation routes involving multi-
ply charged glycine states can be disregarded for H' collisions
within the investigated energy window (1-100 keV) as the
glycine was shown to be only partially ionized (reaching a
maximum loss of 0.4 e™).

The proton impacts at 10 and 100 keV can, in principle,
deposit sufficient energy inside the glycine molecule to exceed
the neutral dissociation threshold energies (see Table 1). A
collision energy of 1 keV appears to be a limit case as only a
single trajectory (Ncol) deposited more than the threshold
dissociation energy for C-N breaking. At all the investigated
energies, the simulations indicate that the amount of deposited
energy is governed not only by the incident energy, but also by
the specific trajectory of the incoming projectile. When the
projectile traverses only the water environment (DISP-5col
trajectory), it deposits almost no energy on glycine, as inferred
from the electronic deposit energy profiles and AE4(Gly) in
Table 1, neither induces notable electronic excitations in gly-
cine or water subsystems as concluded from the charge
dynamics analysis in Section 3.1.

One should stress that only the energy deposition processes
have been simulated in the present work, preventing drawing
conclusions on glycine stability and the ice protecting role.
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Fig. 6 Energy deposition decomposition for 1 keV H* (left panel) and 10 keV H™ collision (right panel) for: (a) CCcol, (b) Ncol, (c) OHcol, and (d) DISP-
5col. N-Gly-LDA molecular system (orange curve), isolated N-Gly molecule (red), LDA bulk collision (blue) and the combination of individual N-Gly + LDA

deposited energy components (black dash line).

Indeed, crucial points lie in the description of subsequent
energy flows between electronic and nuclear degrees of free-
dom and in the efficiency of (electronic and vibrational) energy
spreading between the energy deposition region, i.e. close to
the cosmic ray trajectory, and the ice environment, which could
be viewed as an energy absorbing bath.

Indeed previous studies have demonstrated that, following
electronic excitation, gas phase glycine can undergo intersystem
crossing, internal conversion, relaxation through conical inter-
sections, processes that can drive photochemical reactions such
as bond cleavage.’*> We, therefore, do not exclude the role that

Phys. Chem. Chem. Phys.

could be played by such electronic excited states, if populated,
either directly during the energy deposition or through subse-
quent electronic relaxation. In consequence, it cannot be com-
pletely ruled out that glycine molecules embedded in ice can be
destroyed by protons with 10 or 100 keV kinetic energies.

4 Conclusions

RT-TD-DFT simulations were carried out to investigate the
electronic response of a glycine molecule subjected to collisions

This journal is © the Owner Societies 2026
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with proton cosmic rays at incident energies of 1, 10, and 100 keV
and four distinct trajectories. The simulations reveal that proton
trajectories intersecting glycine induce a minor net charge trans-
fer from the molecule to the surrounding amorphous ice matrix.
This effect is negligible at 1 keV (~0.1 e”) and increases to
~0.4 e~ at 100 keV. Analysis of the charge dynamics reveals an
ebb-and-flow effect on migration charge at both molecular scale
(between the glycine molecule and its surrounding water environ-
ment) and atomic (within the glycine molecule) scale. Collisions
of the projectile with nuclei (carboxylic oxygen and nitrogen)
induce stronger charge polarization and enhanced dipole
dynamics in the affected molecular fragments than collisions
occurring along the C-C chemical bond.

Unlike collisions with a highly charged heavy ions Ni''" at
46 MeV, proton trajectories intersecting glycine lead only to weak
ionisation, making fragmentation through multiply charged
states unlikely. However, since this work only considers the energy
deposited along four distinct projectile trajectories, no definitive
conclusions can be drawn regarding the stability of glycine
embedded in ice. Furthermore, a subsequent redistribution of
energy from the ice environment to the excited states of glycine
could further promote bond breaking.

From an astrochemical perspective, these findings, though
semiquantitative, carry significant implications. Interstellar
ices, that are known reservoirs of simple and complex organic
species, are continuously processed by cosmic rays. If glycine
remains neutral, the presence of high energy dissociation bar-
riers requires that a significant amount of the deposited energy
can be finally located in a dissociation mode, and one could
expect that, before this happens, the deposited energy is rapidly
redistributed towards the ice environment. Glycine multiple
ionisation offers a way to lower barriers on dissociation channels
but such multiple ionisation was not observed in H' collisions in
the 1-100 keV energy range and, in the case of Ni''* ions at much
higher energies (46 MeV) only when the projectile passes
through the molecule. These clues are in line with the scenario
proposed by Portugal et al.,*® in which glycine embedded within
cold interstellar ice mantles may retain chemical stability against
cosmic ray processing over extended timescales. The present
study strengthens the view that water-rich ices could enhance
the survival probability of glycine during exposure to astrophy-
sical radiation fields.
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