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In the coldest, densest regions of the interstellar medium (ISM), dust grains are covered by thick ice
mantles dominated mainly by water. Although more than 300 species have been detected in the gas
phase of the ISM by their rotational emission lines within the radio frequency range, only a few were
found in interstellar ices, e.g. CO, CO,, NHs;, CH3zOH, CH; and OCS, by means of infrared (IR)
spectroscopy. Observations of ices require a background-illuminating source for absorption, constrain-
ing the available sight lines for investigation. Further challenges arise when comparing with laboratory
spectra due to the influence of temperature, ice structure and the presence of other species. In the era
of IR observations provided by the James Webb space telescope (JWST), it is crucial to provide
reference spectral data confirming JWST's assigned features. For this purpose, this study addresses the
adsorption of the aforementioned species on water ice surfaces and their IR features by means of
quantum chemical computations grounded on the density functional theory (DFT) hybrid B3LYP-D3(BJ)
functional, known to give reliable results for binding energy and vibrational frequency calculations,
including IR spectra simulation. The calculated binding energies and IR spectral data are presented in
the context of experimental spectra of ices and the new findings from the JWST, which have already
proven to be insightful thanks to its unmatched sensitivity. We show that quantum chemistry is a
powerful tool for accurate frequency calculations of ISM ice interfaces, providing unprecedented

rsc.li/pccp insights into their IR signatures.

1 Introduction

Stellar and planetary formation begins with the contraction and
condensation of the molecular clouds belonging to the inter-
stellar medium (ISM), which occurs mainly through perturba-
tions of density of matter. The properties of the formed objects
are related to the conditions, ie., the composition, of the
molecular cloud from which they were formed." The ISM
comprises mainly of gas, which constitutes 99% of the ISM,
while the remaining 1% is found in a condensed form as
submicron-sized dust grains,” consisting of a core of refractory
material (silicates® or carbonaceous®) covered in ice mantles of
volatiles species, predominantly of H,O but also other minor
species like CO, CO,, NH; and CH;OH.>°
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The chemical complexity of the ISM was first discovered
more than 80 years ago with the detections of simple gas-phase
diatomic molecules (CN, CH and CH") through observations in
the optical and ultraviolet wavelengths.”® A few years later, the
presence of ice mixtures on the grains as a result of gas
condensation was proposed for the first time.® The 3.0 pm
(3300 cm ™) line of sight was used in the search for ices, which
was finally identified as absorption caused by solid water
molecules, thus detecting the ices in the ISM.*® Further studies
determined that ices in the ISM were mainly found in the
coldest and densest regions of the molecular clouds (so-called
prestellar cores, with T'= 5-10 K, p = 10*-10° cm® (ref. 11)),
where there is little radiation permeating the clouds. The
presence of ices enveloping the cores of interstellar grains
was finally confirmed by comparing the 3.0 ym band with
experimental spectra of water ices."?

It is thus well-established that the dust grains are covered
with thick ice mantles, which are created by accretion of gas-
phase volatile species on the grain surfaces and in situ grain-
surface reactions, the products of which can later be desorbed
to the gas-phase, hence augmenting the chemical complexity of
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the ISM." The stability of the icy species is ensured since the
photolytic decomposition process is halted in the densest parts
of the ISM because prestellar cores are shielded from external
radiation by the ‘“dense” environment surrounding them.
Therefore, the species adsorbed on the grains are not
destroyed, thus allowing the growth of ice layers on their
surfaces.™

Adsorption, diffusion and desorption are physico-chemical
phenomena occurring on the surfaces of grains governed by the
temperature of the grains and the binding energies (BEs) of the
adsorbed species on the grain surfaces. These values are input
parameters in numerical astrochemical models, which are
essential tools for understanding the stellar and planetary
formation by modelling the conditions and the chemical com-
position of the ISM. For ice accretion and desorption, the BE
reflects the strength of the interaction between the species and
the ice surface, while for surface diffusion, in astrochemical
models, the diffusion barrier is assumed to be a fraction of the
BE, with its value depending on the specific species/ice inter-
actions.'® Several studies, both experimental, e.g.,'**° and
theoretical, e.g.,>"® have been conducted to assess the BEs
of astrochemically relevant species. From the experimental
side, the temperature programmed desorption (TPD) technique
is usually used to estimate BEs. In these experiments, the
species are first deposited on a substrate at a constant tem-
perature and then warmed until desorption, allowing for a
sequential capture and analysis by a mass spectrometer. The
BE is determined through the application of the direct inversion
method adopting the Polanyi-Wigner equation.>” However, this
method has some drawbacks: (i) the BEs obtained are dependent
on the regimes (submonolayer, monolayer and multilayer) in
which they are performed, in addition to the morphology and
composition of the substrate, (ii) the parameter from which BEs
are derived is the desorption enthalpy, which is equal to the BE
only if there are no other activated processes, and (iii) it can only
be applied in the case where the surface is constantly warmed
and, therefore, it does not actually reproduce the colder regions of
the ISM, in which molecules that freeze out do not have enough
activation energy to probe several binding sites by diffusion.”
Such obstacles can be alleviated by adopting quantum chemical
computations to obtain accurate BEs, the quality of which
depends on the used methodology, both the theory level of the
quantum chemical methods and the atomistic models mimicking
the surface.

As mentioned above, the composition of the ISM gas-phase
content has been widely characterized by means of radio and
far-IR spectroscopy through the study of the rotational and
vibrational lines, with more than 300 species reported,>®
including complex organic molecules (COMs; C-bearing species
that consist of at least 5 atoms).>**° In contrast, only a handful
of species have been identified as icy components.”® The
observations of ices are mostly done by tracing the vibrational
transitions in the mid-IR range. Bands targeted lay in the 3-16 pm
(3300-600 cm™ ") or even up to 30 um (300 cm '), which probe
for stretching (3-6 pum or 3300-1600 cm™ ') and bending
modes, or other, less energetic deformation modes (6-16 um
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or 1600-600 cm™"). Below 3 pum (3300 cm™') dust extinction
weakens the signals of the overtones making the observations
of ices in these wavelengths difficult.” The main constraint of
the observation of ISM ices is that they require optically thin
lines of sight to permit the transmission of light through the
source and a background illuminating source, ie., a back-
ground star, a protostar, or an edge-on disk. In the recent
years, thanks to the newly available sensitivity provided by the
James Webb space telescope (JWST), darker parts of the ISM
have become observable in the IR electromagnetic region.*'

Water is undoubtedly the most abundant icy species, but
other relatively abundant molecules detected on ices are CO,
CO,, NH;, CH,, OCS, and CH;0H, the simplest COM.*>? All of
the above mentioned species have been detected in a JWST
survey of pristine ice clouds near a Class 0 protostar, Cha MMS1,
towards two background stars: NIR38 and SSTSL2J110621.63-
772354.1 (J110621).° A few of them (i.e., CO, CO,, NH;, OCS) were
also detected via JWST in a Class II protoplanetary disk HH 48
NE.** Although COMs are believed to be formed on the surfaces
of grains and ices and later desorbed into the gas phase via
thermal and/or non-thermal processes,'>** for years the only
securely identified COM in the ices was methanol (CH;OH).
However, recently, several COMs such as HCOOH, CH;CH,OH,
CH;COOH, CH3;0CHO and CH3;NH, were detected in dense
clouds using the JWST MIRI lens probing dark clouds around
young stellar objects: IRAS23385+6053 star forming region and
IRAS2A Class 0 protostar in the NGC 1331.>

In the current JWST-based age of ice observations, it is
crucial to provide reference data to back the collected spectral
data. It is essential for accurate identification of the detected
species, where spectral lines are often convoluted with other
species.’® Reference used in the recent publications about the
JWST discoveries in the ISM were provided by the Leiden Ice
database for astrochemistry (LIDA) of experimentally obtained
IR spectra.®?>?” Moreover, there are other astronomical ice
databases such as the Heidelberg-Jena-database of optical
constants,*® which provides sources of experimental spectral
information. However, the experimental spectra of ices (water
and adsorbate with a given proportion frozen out at very low
temperatures in a terrestrial laboratory) are recorded in pres-
sures greater by about 8 to 10 orders of magnitude than the real
conditions in the ISM, which causes an uncertainty of the
spectra. More issues can arise from temperature and ice
structure, like the ice composition and structural state, which
are not realistic enough when compared with the actual physi-
cal conditions of the ISM. Theoretical spectra simulation based
on quantum chemical methods guarantees freedom from the
above-mentioned limitations, with the added fact that the
simulations can be obtained more swiftly than the experi-
mental spectra.’®® To the best of our knowledge, no dedicated
quantum chemical computations have been hitherto con-
ducted to create such reference data for the JWST.

In different previous computational studies by some of us,
the BEs of a set of relevant ISM species have been reported, in
particular for O-, S-, and N-bearing species.”>*>?> These studies
showed that one species can have a diverse variety of BE values,
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which depend on the structure of the surface (amorphous or
crystalline) and the available surface binding sites of the sur-
face, this way giving rise to a BE range. In these previous
studies, the quantum mechanical methodology was based on
approximated methods; particularly the geometry optimiza-
tions were performed at the semiempirical HF-3¢ method,*°
while the energetics refined at the density functional theory
(DFT) level. Although the BEs were demonstrated to be accurate
enough, calculation of the vibrational frequencies and simula-
tion of IR spectra at the HF-3c theory level was more critical,
hampering the ability of these works to address IR features of
the adsorption complexes.

The focus of this work is, therefore, to study the adsorption
of the most abundant icy species, i.e., CO, CO,, NH3, CH,, OCS
and CH;OH (see Fig. 1a) on an amorphous water ice surface
model (see Fig. 1b) without resorting to approximated methods
(namely, at a full DFT level) with the aim to simulate and
reproduce the IR spectra features of these species on the water
ice surface, which can be useful as a complementary tool to
reference with observations and experimental databases. Addi-
tionally, accurate BEs at this level of accuracy is also provided,
which are compared with previous works. In Section 2, the
methodology used in this work is described; in Section 3.1, the
sets of BEs calculated for the selected species are presented; in

CH,OH NH, CH,
Cco Co, 0CS
b)
Z
b
Fig.1 (a) The icy (most abundant) species considered in this work:

methanol (CHzOH), ammonia (NHz), methane (CH,4), carbon monoxide
(CO), carbon dioxide (CO,), and carbonyl sulfide (OCS). (b) Atomistic
model for the surface of amorphous solid water (ASW) used in this work
mimicking interstellar ices. The different surface binding sites (1-8) con-
sidered are also shown. The black line indicates the unit cell along the a
direction. Color-coding: white, H atoms; brown, C atoms; red, O atoms;
blue, N atoms; yellow, S atoms.
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Section 3.2, the effect of the adsorption on the vibrational
frequencies with respect to the gas-phase values is discussed;
and in Section 3.3 the simulated IR spectra and their compar-
ison with the JWST and experimental ice spectral features is
discussed.

2 Methodology

2.1 Water ice model

The nature of the interstellar water ice is amorphous for most
cases.*! Therefore, in order to represent the water ice realisti-
cally, a surface of amorphous solid water (ASW) was chosen
for this study, modelled within a periodic approach. It was first
developed by Ferrero et al.>* and used for BE calculations of
small volatile and N- and S- bearing species.?>**>** The model
was constructed by putting together three stable ice clusters
that were previously treated through annealing.” The large unit
cell of the model, consisting of 60 water molecules (180 atoms)
per unit cell, was adopted in a periodic system (unit cell
parameters: |a| = 20.375, |b| = 10.021, and surface area =
199.117 A?) allowing to represent the diverse binding sites of
an ASW structure (see Fig. 1b).

2.2 Computational details

All simulations were performed using the CRYSTAL17 code,*
an ab initio periodic calculation program. It allows the use of
the Hartree-Fock or Kohn-Sham self-consistent field (SCF)
approaches to solve the electronic Schrédinger equation for
periodic systems, such as bulks, slabs, and nano-rods and
polymers (with 3D, 2D, and 1D periodicity, respectively), as
well as for non-periodic systems like molecules. CRYSTAL17
adopts localized Gaussian functions as the basis set, providing
a consistent framework for treating different types of structures
with high accuracy.

All calculations were performed using the DFT hybrid B3LYP
functional,***> which includes 20% of the exact exchange.
Since, B3LYP lacks an explicit treatment of dispersion inter-
actions, dispersive forces were included through the Grimme’s
a posteriori dispersion correction D3 within the Becke-Johnson
(BJ) scheme.**™*® The Ahlrichs triple-{ valence basis set with
polarization functions was employed for all calculations.*® The
parameters for geometry optimizations were the same as those
adopted in Ferrero et al.”> We started from the HF-3c structures
of the considered adsorbates taken from the reference work by
Ferrero et al.,”> which are then reoptimized at the B3LYP-D3(BJ)
theory level considering both the internal atomic positions and
the cell parameters to reach a fully relaxed system needed for
the correct frequency calculations. We recognize that for a
thoroughly study of the binding of interstellar species on grain
surfaces, a complete and unbiased sampling of all binding sites
bringing to binding energy distributions would be advisable (as
done by some of us**~%). However, the goal of this work is to
evaluate the potential of theoretical calculations as a reference
tool for interpreting IR astronomical observations, rather than
providing a description of the fine features of the spectra;
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therefore, we keep the same adsorption sites as those derived
from Ferrero et al.>* aware that further more accurate sampling
is needed and already planned in future work by our group.

Harmonic frequency calculations were performed for all
considered adsorption complexes. In CRYSTAL17, this is calcu-
lated numerically at the I" point by diagonalizing the mass-
weighted Hessian matrix of the second-order energy derivatives
with respect to the atomic displacements.>*>” In this case, two
displacements were considered along each Cartesian coordi-
nate, with a displacement value of +0.003 A. The tolerance on
the SCF energy was set to 10~ '" Hartree. The computational
cost of these calculations was reduced by considering only a
fragment of the system, which included the adsorbed species
and one or two water molecules of the ice surface (depending
on the species/surface interactions). It should be noted that
although a molecular fragment is used to compute the Hessian
matrix, the energy variation and the corresponding gradient
associated to the nuclei displacements of the fragment include
the contribution of the whole system. Therefore, all the electro-
nic flux of charge are taken into account in the fragment
calculation while the mechanical coupling with the rest of the
structure on which the fragment is embedded are ignored. This
means that the position of the frequencies and the IR inten-
sities are only very slightly affected by this approach as the
coupling with the external vibartional modes is very small. To
ensure this point, moreover, we confirmed previously that
excluding water molecules does not significantly affect the
resulting vibrational spectra. From the computed frequencies,
IR spectral lines of the adsorption complexes were obtained,
the intensities of which were computed through a coupled-
perturbed Hartree-Fock/Kohn-Sham approach.>® More details
on how we obtained the final IR-simulated spectra are provided
in a later sub-section.

2.3 Binding energy calculation

The interaction energy between the adsorbed species and the slab
surface was used to obtain the BEs. For an accurate BE determi-
nation in periodic calculations a posteriori corrections were added,
which include the deformation energy of the surface and the
adsorbate, the lateral interaction between the adsorbates of
adjacent unit cells that result from the use of periodic boundary
conditions, and the basis set superposition error (BSSE) arising
from using truncated localized basis sets. The BSSE was corrected
by implementing the CounterPoise (CP) method.”””® The final
BSSE-corrected interaction energy AE" was calculated as

AE® = AE* — AEPSSE + §Eg + AEy + AE; 1)
where AE* is the deformation-free interaction energy, AEP>F is
the CP correction for the BSSE, 0Eg is the slab deformation
energy, AE\, is the adsorbate deformation energy and AEjy is the
lateral interaction between adsorbates of adjacent unit cells.
Explicit formulae of the energetic contributions shown in
eqn (1) can be found in the ESL.f The CP-corrected binding
energy, BE, is AEY with the opposite sign.

BE = —AE" (2)
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Zero-point-energy (ZPE) corrections were calculated and
applied to the BE, as

BE(0) = BE — AZPE (3)

where BE(0) is the binding energy including ZPE corrections
and AZPE is the contribution of ZPE in BE(0). Details of the ZPE
contributions are also shown in ESL¥

We would like to stress that, since the astrophysical/astro-
chemical community uses the energy units of Kelvin (K) for the
BEs, in this work, the calculated BEs, BE(0)s and the related
terms are provided in K. We note here that the conversion
factor between k] mol™* and K is 1 k] mol™* = 120.274 K.

2.4 IR simulation procedure

Frequency calculations are burdened with a systematic error
that is rooted in the DFT method and the harmonic approxi-
mation. This can be alleviated by applying a scaling factor, s, on
the calculated frequency as

5= (@)

Veomp

where Ve, and veomp refer to the experimental and computed
frequencies in the gas phase. Experimental data was obtained
from the Computational Chemistry Comparison and Bench-
mark Data Base founded by the National Institute of Standards
and Technology (NIST).*” Scaling factors were thus calculated
and applied to each normal mode to partly make up for the lack
of anharmonicity in the harmonic frequency calculations. More
details about the computed scaling factors are given in ESL¥

In addition to the position and the intensity, the shape of an
IR band is also a crucial property to be reproduced in spectra
simulations. This can be achieved by broadening each com-
puted line with a Gaussian or Lorentzian function centred at
the computed frequency. In this case, for a low temperature IR
spectrum, the Lorentzian function is the most adequate choice
for most of the signals, due to the characteristic shapes of its
slope and peak, and to the fact that the Gaussian broadening
of the peaks associated with temperature can be omitted.
The Lorentzian function L{v) is defined as

L=t A : (5)

where I; is the computed intensity (as absorption coefficient) of
the normal mode (corresponding to the v;) and I’; is the full
width at half maximum (FWHM) of the peak.

The broadening of the O-H stretching modes of water and
methanol and of the N-H stretching mode of ammonia, visible
at around 2800-3700 cm ™', were simulated using an empirical
formula proposed by Huggins et al.®® It is a correction on the
FWHM of the peak, which is often broadened due to the X-H
stretching (X = O, N, S, etc.) caused by the formation of

hydrogen bonds (H-bonds). The formula, in em™", is

I';i=0.724;+2.5 (6)

This journal is © the Owner Societies 2025
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where 4; is the bathochromic shift of the stretching frequency
of the solid state species with respect to the species in the gas-
phase (expressed as: 4; = vy, — 14). For the remaining modes,
namely, those without being involved in H-bonds, a FWHM has
been fixed at I'; = 15 cm™', which is based on previously
reported values.®!

For each complex k, its broadened peaks L,(v), including
bending and stretching modes of solid water and the adsor-
bate, were summed, thus generating the corresponding IR
spectrum Py(v) for the complex.

Pw) = YO L) )

Furthermore, a global spectrum for each species (containing
the contributions of all the eight binding sites) was computed
by an equal combination of all Py(v) spectra.

W)= Puv) ®)
k

All spectra were normalized to the highest peak so that
arbitrary units of intensity were used for the sake of easy
comparison between spectra.

3 Results and discussion
3.1 Binding energies

Table 1 presents the calculated BE values on each binding site,
their electronic and dispersion contributions (BE¢; and BEgjsp,
respectively in which BE = BE¢ + BEg;p), the corresponding
BE(0) values, the BE average values of each species, and the
relative error (see ESIt for more details) with respect to those
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computed at B3LYP-D3(BJ)//HF-3c by Ferrero et al>* Fig. 2
presents the optimized structures of the most stable complex
of each adsorbate species, while Fig. 3 represents a graphical
comparison between the computed BE(0)s in this work and
those computed in Ferrero et al.”

The analysis of the structures and of the computed BE(0)
ranges suggests three groups of molecules: (i) molecules pre-
senting H-bond donor and acceptor groups (CH;OH, NHj),
which are those forming the most stable adsorption complexes,
with BE(0) > 3500 K (hereafter referred to as Hb-DA);
(ii) molecules presenting H-bond acceptor groups only (CO,,
CO, 0OCS), which form adsorption complexes of intermediate
stability, with 3500 K > BE(0) > 1500 K (hereafter referred to as
Hb-A); and (iii) species whose interaction with the surface is
through only dispersive forces without presenting H-bonds
(CH,), which forms weakly bound adsorption complexes with
BE(0) < 1500 K (hereafter referred to as no-Hb). For this last
group, the dispersion contribution makes up the entirety of the
interaction. That is, on all the positions, the BE. is negative
(see Table 1), meaning that, if dispersion was not considered,
these species would not be bound to the surface. The same
effect can be noted for the Hb-A group but not for all the
complexes.

In general, there is a good agreement between our results
and those computed in the regime B3LYP-D3(BJ)//HF-3c pre-
sented in Ferrero et al.,** although it should be noted that here
we consider more binding sites than Ferrero et al.>* for CH,,
CO, CO, and OCS, which can influence the computed BE ranges
and average values. The strongest discrepancy is exhibited by
CH, (with a relative error of 19% for the non-ZPE corrected
values and 38% for the ZPE corrected values, see Table 1).

Table 1 Computed binding energy values (BE) of the adsorption complexes on each binding site (PosX), their electronic and dispersion contribution
(BE¢i and BEgisp), the BE(0) values, the average value for each species, and the relative error (4, in %) with respect to that computed by Ferrero et al.?® for

the BE(Q). The units are in Kelvin (K)

Species Pos1 Pos2 Pos3 Pos4 Pos5 Pos6 Pos7 Pos8 Average 0
NH;3 BE 5341 5732 4675 4290 5738 6317 3456 4830 5047

BEqisp 1843 1504 1691 868 1660 2661 2459 1565 1781

BE 7184 7236 6366 5157 7399 8978 5915 6395 6829 7%

BE(0) 5937 6275 5231 4296 6025 7662 4660 5356 5680 4%
CH;0H BE 5415 4547 2998 3766 4084 2625 4510 2957 3863

BEaisp 1778 1634 2326 1732 2274 2783 2433 1278 2030

BE 7193 6182 5325 5498 6357 5408 6943 4235 5893 9%

BE(0) 6175 5527 4678 4617 5349 4570 5935 3469 5040 9%
CH, BE; —292 —12 —103 —768 —243 —763 —423 —292 —362

BEaisp 1462 1128 830 2126 2058 2244 1584 1462 1612

BE 1170 1117 727 1358 1815 1480 1161 1170 1250 19%

BE(0) 1090 755 410 1067 1361 1098 824 790 924 38%
OcCs BE; —544 263 -1010 —740 577 —51 —467 —-199 -271

BEaisp 3542 2860 3079 3998 3337 3497 2945 2307 3196

BE 2999 3123 2070 3258 3914 3446 2478 2108 2924 8%

BE(0) 2334 2502 1566 2721 3222 2848 1947 1524 2333 2%
CO, BE; 1483 801 1195 383 —373 1328 -1 —232 573

BEgisp 1595 1827 2686 2682 2897 2305 2272 2254 2315

BE 3078 2628 3880 3065 2524 3633 2271 2022 2888 9%

BE(0) 2275 1877 3135 2376 1834 2818 1595 1320 2154 4%
CcO BE; 68 176 400 —232 —474 439 580 317 159

BEgisp 2218 1089 2138 1616 1913 1749 1301 1483 1688

BE 2286 1265 2538 1384 1439 2188 1881 1801 1848 9%

BE(0) 1876 1040 2256 1177 1244 1930 1526 1430 1560 8%

This journal is © the Owner Societies 2025
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Pos5 OCS

Fig. 2 B3LYP-D3(BJ)-optimized geometries of the most stable adsorption complex for each molecule. Selected bond lengths (in A) are also shown.
Colour-coding: white, H atoms; brown, C atoms; red, O atoms; blue, N atoms; yellow, S atoms.
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Careful analysis indicates that the discrepancy between the
BE(0) values is mostly due to how the ZPE corrections are
introduced in the BE calculations. In Ferrero’s procedure, a
scaling factor of 0.854 (derived from preliminary calculations)
was applied, while in this work the actual ZPE corrections were
calculated. From the data obtained in this work, a scaling factor
for the ZPE correction for CH, was computed by fitting a linear
function

BE(0) = a-BE (9)

where a is the scaling factor. The obtained result was a = 0.746 +
0.03, which is lower than the one provided by Ferrero et al.*?

1912 | Phys. Chem. Chem. Phys., 2025, 27, 11907-11919

(0.854). Similar fact has also been observed for the rest of the
molecules, with different degrees of (dis)agreements, (the details
of the fits available in the ESIt). The differences in the scaling
factors show that the ZPE correction cannot be safely introduced
by a general scaling factor, but rather with a scaling factor that
has been calculated for that specific species.

There are also some deviations between the BE ranges
and their averages for CH;OH and CO. In the case of CH;0H
(Hb-DA group), the BE range obtained in this work is smaller
and the average value lower than that of Ferrero et al.>* This is
because the Ferrero’s data set presents one case with an actual
high BE(0) value, far from the rest of the computed BE(0)s. For
this “BE(0)-discrepant” system, the optimized geometry of the
complex is different in the two works, even though the initial
position on the ice is the same (Pos6 here, and Case8 in Ferrero
et al.*®). In the Ferrero’s optimized geometry, methanol forms
three H-bonds with the surface, while in this work we only
identified a structure forming two H-bonds, affecting the BE
values. This may indicate that, for this single case, different
geometries emerge when optimized at HF-3¢ or B3LYP-D3(B]),
affecting the corresponding BEs. For the CO case (Hb-A group),
the opposite happens: the BE range obtained in this work is
wider and slightly higher than that of Ferrero et al.,>> which can
be partially explained by the fact that Ferrero et al.>> considered
less binding sites. Moreover, similarly to the case of methanol,
the different methodology to optimize the structures can influ-
ence the outcome, particularly for the HF-3c method, which is
not accurate enough when dealing with the electronic structure
of CO/water systems.®” In conclusion, the present data can be
considered as an improved set of BEs with respect that from
Ferrero et al.>> due to the better level of theory and treatment of
the ZPE contribution.
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3.2 Effect of the adsorption on the frequencies

Each adsorbed species suffers from perturbations in the fre-
quency vibration values compared to the free adsorbate as a
function of the kind and strength of the interaction. This is
here analysed by comparing the frequencies of the isolated
molecules with those upon adsorption (here for the most stable
complexes, structures shown in Fig. 2), as reported in Table 2,
whose last column shows the shift between the set of frequen-
cies. We define the shift as

Av = Vags — Vgp (10)
where 1,4 and vy, are the vibrational frequencies for the
species when adsorbed and in the gas phase, respectively.

For CH3;0H, most signals are almost unperturbed, except for
the OH stretching mode, which shows a strong bathochromic
shift (from 3600-3700 cm ™" in the gas-phase to 3300-3400 cm ™"
in the adsorbed complex) caused by the H-bond between the
methanol OH group and the icy surface that weakens the former.
In contrast, the O-H bending mode undergoes a hypsochromic
shift, as an effect of two factors: (i) it is constrained by the H-
bond with the water ice surface, thus the vibration requiring
more energy to move, (ii) it has coupled with the CH; deforma-
tion modes, which does not occur for methanol in the gas-phase.

For NH;, the peaks associated with the N-H symmetric and
antisymmetric stretchings are slightly bathochromic-shifted
due to the H-bonding with the water ice surface, like in the
methanol case but weaker. The largest deviation is noted near
the fingerprint region, around 1000 cm™', where the N-H
symmetric deformation (inversion motion) mode exhibits a
significant hypsochromic shift, about 134 cm™", because the
deformation becomes more energetic when the NH; is engaged
in the H-bond interactions with the water ice.

Table 2 Comparison of the gas-phase frequencies (vg,) and frequencies
of the adsorbed species (v,q4s) and their shifts (Av = v,4s — vgp). Units are in

cm’1

Species Mode Vep Vads Av
CH;0H C-O stretch. 1033 1031 -2
CHj; rock. 1060 1057 -3
CH; rock. 1165 1138 —27
O-H bend.” 1345 1467 +122
CH; def.” 1455 1470 +15
CH, def.? 1477 1473 —4
CH,; def.” 1477 1488 +11
CHj; stretch. 2844 2865 +21
CHj; stretch. 2960 2995 +35
CHj; stretch. 3000 3000 0
OH stretch. 3681 3384 —297
NH; NH; sym. bend. 950 1084 +134
NH; asym. bend. 1627 1639 +12
N-H sym. stretch. 3337 3341 +4
N-H asym. stretch. 3444 3423 —21
CO C-O stretch. 2143 2150 +7
OCsS C-O stretch. 2062 2051 —11
CO, C-O stretch. 2349 2350 +1
CH, CH, bend. 1306 1316 +10
CH, stretch. 3019 3013 —6

“ Denotes modes that are coupled with each other, i.e. the O-H mode
with the CH; deformation modes.
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For the rest of the species (CO, CO,, OCS, CH,), presenting
weaker interactions with the ASW, the largest deviation is
exhibited by the C-O stretching mode of CO and OCS. In CO,
a blue-shift is observed, in agreement with the CO/ASW H bond
interaction through the C end, which infers a depopulation of
the CO antibonding molecular orbital, this way increasing the
CO chemical bond strength (decreases CO bond distance with
respect to the gas-phase case, 1.124 vs. 1.126) and thus blue
shifting this mode. For the OCS the opposite happens, a red-
shift is observed due to the weakening if the C-O bond upon
interaction (1.157 vs. 1.155). Finally, for CO, and CH,, negli-
gible or very small perturbations with respect to the gas-phase
values are observed, essentially because the interaction is based
on dispersion. As there is no efficient vibrational coupling
(like in H-bonded complexes), the frequencies shifts are less
appreciable.

3.3 IR spectra simulations

Two types of IR simulated spectrum plots are presented for
each studied species: the plot considering only the most stable
adsorption complex, and a cumulative spectra plot considering
all the adsorption complexes. These two approaches were
chosen for the following reasons. On one side, the single-case
simulated spectra provides a clearer picture of the IR spectra,
using the most stable adsorption complex as the most probable
case considering energetic aspects. However, on the other side,
in the very cold conditions of the dense molecular clouds,
where these systems are found, the molecules freeze out at
the place where they land or form on the ice since they are not
capable to diffuse to probe for the most energetically feasible
binding site. Therefore, the cumulative plot is also adopted
providing information about the spectra when all binding sites
are taken into consideration. In the simulated spectra, two
bands can be assigned to the ever-present water coming from
the ASW ice: that arising from the O-H stretching mode, which
is the wide peak visible at 2700-3700 cm ', and that arising
from the O-H bending mode around 1550 cm ™. The rest of the
bands are due to specific normal modes of the adsorbed
species. Here, the theoretical spectra and single IR bands are
compared to both the JWST spectra and the experimental
spectra of the adsorbate/water mixtures recorded at very low
temperature.

3.3.1 NH; and CH;OH. The simulated spectra for NH; and
CH3;O0H are shown in Fig. 4. The top panels show the single-case
spectrum corresponding to the most stable adsorption com-
plexes, while the bottom panels show the cumulative spectra
plots. Table 3 reports the comparison of the band positions of
the simulated spectra with those from observational an experi-
mental measurements.

The most important IR peak for the identification of NH; is
in the region of lower frequencies, around 1000-1100 cm !,
corresponding to the symmetric bending (inversion motion)
mode. The detection of ammonia by the JWST was justified by
identifying only this peak. In the simulated spectra, both the
single-case and the cumulative, the signal of that mode is not
that of the highest intensity, which is the N-H antisymmetric
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Fig. 4 Left panels: Simulated IR spectra for NHz corresponding to the most stable case (top) and to the cumulative plot (bottom), including the detected
signal by JWST (dotted line). Central panels: Simulated IR spectra for CH3OH corresponding to the most stable case (top) and to the cumulative plot
(bottom), including the detected signal by JWST (dotted lines). Bottom-right panel: Zoom-in of the cumulative spectrum plot calculated for CHsOH
(yellow curve) from 1700 cm™t to 1200 cm™, along with the position of the CHz deformation mode detected by the JWST (black dotted line). For these
panels, the frequency unit is cm~* and wavelength (see top axis) unit is um, while the intensity was recalculated to reverse optical depth using 1/t =
logiole)/e, where 1/7 is the reverse optical depth and ¢ is absorbance. Top-right panel: IWST zoomed spectra of the NIR38 (top) and the J110621 (bottom)
sources (black curve), along with fitted spectra using the ENIIGMA tool developed by Rocha et al.*’ (green curves) and the fitted spectra by McClure et al.®
from experimental IR measurements of ice mixtures (remaining colors). The wavelength unit is um, to convert to wavenumber: X cm™ = 10%/Y pm, the
intensity is reverse optical depth.

Table 3 Comparison of the vibrational modes of the most stable adsorption complexes with those observed by JWST and measured experimentally for
adsorbate/ice mixtures at low temperature. The difference between the calculated frequencies and the JWST observational or experimental are reported
(AVops = Veale — Vobs OF Alexp = Vealc — Vexp, respectively) together with the experimental temperatures Tey,. For multiple frequencies of one mode, the
mean value is considered for the Av values. The frequencies are in cm™ and temperatures in K

Case Normal modes Vealc Vobs Avgps Vexp AVeyp Texp
NH; Pos6 NH; sym. bend. (inversion) 1084.0 1110 —-16 1110 —-16 9“
NH; asym. bend. 1636.5; 1640.6 — — 1630 +9
N-H sym. stretch. 3297.4 — — 3250 (broad) +47
N-H asym. stretch. 3385.6; 3423.4 — — — —
CH,0H Pos1 C-O stretch. 1031.8 1025 +7 1027 +5 10°
CHj; rock. 1122.9; 1138.9 1131 0 1126 +5
O-H bend/ 1467.7 — — 1426 +42
CHj; def/ 1470.6; 1473.8; 1488.2 1459 +16 1426; 1460 +32
CH stretch. 2865.1; 2995.2; 3000.4 2890-3012 -3 2828; 2957 +61
O-H stretch. 3384.4 3249 +135 3265 +119
CO Pos3 C-O stretch. 2149.8 2140 +10 2139 +11 10°
OCS Pos5 C-O stretch. 2051.1 2040 +11 2048 +3 104
CO, Pos3 C-O stretch. 2349.8 2340 +10 2330 +20 10°
CH,4 Pos5 CH, bend. 1307.7; 1318.1; 1321.2 1300 +16 1298 +18 10°
CH, stretch. 3010.1; 3012.2; 3015.3 3012 +1 3009 +4

@ Moore et al.® ® Hagen et al.°* © Rocha et al.*” ¢ Palumbo et al.®® ° Mulas et al.°®/ Denotes modes that are coupled with each other.

stretching mode around 3300-3440 cm™". The juxtaposition of
peak positions presented in Table 3 shows that the inversion
motion mode is slightly red-shifted compared to both the

1914 | Phys. Chem. Chem. Phys., 2025, 27, 11907-11919

observed and the experimental data. Careful analysis shows that
itis in between the experimental value from the pure amorphous
NH; ice (1060 cm ') and the mixed ice value (1110 cm *).%?
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The mean value of these two experimental values is 1085 cm ™",
which is in agreement with the computed frequency (1084 cm ™).
For the observation, the difference between the calculated value
can be due to the low resolution of the registered spectra, as the
signal is also obscured by those coming from the silicates. More-
over, the identification of the observational peak could be biased
towards the experimental values since the detections are con-
firmed through a fitting procedure that only includes experi-
mental data. Interestingly, the cumulative spectrum shows that
the inversion motion bending mode appears at two frequencies
(both also red-shifted with respect to the experimental data) at
around 1080 and 1030 cm ™, which can also explain the observed
broadening of this peak in the JWST spectrum.

The most intense NH; IR band (the N-H antisymmetric
stretching mode) was not detected in the JWST, as it was
probably overlapped by bands from water ice stretching modes.
In our simulated spectra, both the symmetric and antisym-
metric stretchings were characterized. Experimentally, only one
broad stretching mode was detected, which better matches the
symmetric stretching mode of the simulated spectra. The
antisymmetric bending mode was found around 1640 cm™*
in the simulated spectra and around 1630 cm ™' in the experi-
mental spectra, while it was not detected by the JWST. Lack of
detection of this mode in the observed spectra is probably due
to peak overlapping with the broadened water bending mode
around 1550 cm ™" obscuring the view in this region.

Methanol is the only interstellar COM considered in this
study. Its more complex structure generates various vibrational
signatures and, consistently, more than one vibrational mode
was detected by the JWST, the spectra of which are also shown
in Fig. 4 (top right panel).

Within the lower frequency range (1200-1000 cm™ '), both
the C-O stretching and the CH; rocking modes were detected
by the JWST. In the both single-case and cumulative spectra
plots, the simulated peak positions match very well the
observed ones (see Table 3). Moreover, in the cumulative plot
of the simulated spectra, each of the peaks corresponding to
these modes differ in their position in the spectra because of
the different adsorption ways of methanol on the binding site,
which in the JWST spectrum results in a broadened peak.

The O-H bending mode was not detected by the JWST, while
in the experimental spectrum it falls at around 1426 cm .
In the simulated spectrum for the most stable adsorption
complex, this mode combines with the deformation modes of
CH;, implying a coupling between the O-H bending and the
CH; deformation modes. In Table 3, the lowest frequency of the
coupled modes was reported as the O-H bending mode. The
coupling of the modes could explain why the O-H bending
mode could have been undetected in the observational spectra,
since it is induced by the adsorption on the ice and can shift the
frequency and influence the intensity of the coupled mode.
In the cumulative simulated spectrum, the O-H mode either
appears at a range of frequencies where it overlaps with the CH;
deformation mode or it is coupled with it. The closeness of
these peaks is also shown in the bottom right panel of Fig. 4,
which is a zoom-in on that region of the cumulative spectrum.
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The top right part of Fig. 4 shows the observational spectra
(black curves) from the NIR38 and J110621 sources between
5.5-8.0 um (1205-1800 cm ') along with the fitted spectra
using the ENIIGMA tool (green curve) and the experimental
spectra using different ice mixtures (other colors).® The obser-
vational peak around 6.8 pm (1470 cm ') was assigned to the
CH; deformation mode, which is absent in the ENIIGMA fitted
curves, such that the assignment was placed on the basis of the
experimental spectra for H,O: CH3;0H (10:0.8) ice mixture at
10 K (orange curves) and CO: CH3OH (4:1) ice mixture at 15 K
(pink curves), which present low intensity curves. Moreover, in
McClure et al.,’ the broadening of this 6.8 um (1470 cm ™ ') peak
in the JWST spectra is explained as the contribution from the
CH; deformations coming from other COMs such as ethanol
(CH3CH,OH), acetone (CH;COCHj;) and acetaldehyde (CH;CHO).
These species were detected by JWST observations of young
protostars thanks to a higher resolution spectra of the mid-IR
taken with the MRS MIRI lens of the JWST.* In the cumulative
simulated spectra, the three peaks to the right of the JWST
detected frequency (around 1410, 1375 and 1325 cm™ ') come
from the OH bending modes, while the broad peak to the left
(around 1490 cm™ ") comes from the CH; deformation modes.
All these peaks could coalesce into one wide peak as seen in the
JWST spectra. Indeed, observational detections were mainly
done by identifying the CH; deformations. However, in the
simulated spectra, the OH bending mode (here for methanol)
also falls into that region, which could overlap with the CH;
deformation. Moreover, in the single-case IR spectrum, the CH;
deformation is assigned to three different frequencies (see
Table 3, the average being around 1475.1 cm™*, which is in
good agreement with the experimental data and the observed
frequency (1470 cm ™' = 6.8 um)).

The C-H stretching mode was detected by JWST with some
overtone contributions of different modes. The detection was
possible despite of the overlap with the broad band coming
from the OH stretching modes from the water ice. In the
simulated spectra, these peaks are detectable through the
broad peak coming from the water ice and there is a good
agreement between the computed, measured and observed
frequencies.

The final characteristic frequency is the OH stretching
mode, detected by the JWST at 3249 cm ™. In the single-case
simulated spectrum, it is barely visible through the peak from
the water ice, while for the cumulative spectrum it is almost
entirely obscured by the water ice features. In this case, this
peak is strongly affected by the here-applied strategy to simu-
late the band broadening, which blends in with the OH
stretching modes of the water ice. In the JWST observed
spectra, the OH stretching mode of methanol is also quite
obscured by the broad peak of the water ice. The comparison of
the peak positions presented in Table 3 reveals that the
simulated frequency is more than 100 cm " higher than the
observed and the experimental data. This can be caused by the
lack of anharmonicity, probably not fully accounted for in
the adsorption complex. That is, the application of a scaling
factor alleviates the omission of anharmonicity but this was
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performed only for the gas-phase molecules. Accordingly,
anharmonic effects arising from the actual molecule-surface
interactions are not accounted for, and hence probably the
disagreement in frequencies involving direct interactions with
the surface.

3.3.2 CO, CO, and OCS. In the case of the Hb-A group (CO,
CO, and OCS) the main vibrational spectral feature is the C-O
stretching mode. Its position in the spectrum is the sole source
of information based on which these species can be detected
and distinguished one from another. This vibrational mode is
not obscured by other signals and in the cases of CO and CO, it
is usually strong, while for the OCS the signal can be weaker
due to its lower abundance in the interstellar ices.®” The
calculated, the JWST, and the experimental frequencies are
reported in Table 3, while the simulated spectra are shown in
Fig. 5. Fine details of the shift for the CO molecule have been
described in Zamirri et al.,*® in which CO was also considered
embedded within the water ice matrix rather than at the surface
only of the grain as in the present work.

For CO, the single-case simulated adsorption presents the
frequency at 2149 cm™ ', which is in good agreement with
the JWST observations and the experimental measurements
(2140 cm ™' and 2139 cm ™, respectively, see Table 3 and Fig. 5).
In the cumulative plot, the band is somewhat broadened and
ranges from 2120-2200 cm ™, still it is consistent with the JWST
observations (see Fig. 5). Such a broadening is caused by the
different strength interactions (represented by the different BE
values, and hence different perturbations) for each CO position

View Article Online
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on the surface, influencing the values of the individual peak
positions, which are reflected in the cumulative plot.

For the CO, case, there is little to no difference in the C-O
stretching peak between the single-case and the cumulative plots
(see Fig. 5), which is indicative that this peak is almost unperturbed
due to interaction with the water ice surface because adsorption
results with similar frequency values in any of the binding sites.
Comparison with the JWST spectra is fair (the computed value
being 10 cm ™" higher than the observational one), while compar-
ison with experiments reveals that the computed frequency is
overestimated by 20 cm ™" with respect to the CO,/ice cold mixture.

For OCS, the C-O stretching frequency is the lowest of all-
detected bands of the considered species, at 2040 cm™". Like in
the case of CO,, neither in the single-case nor in the cumulative
spectra, the band is broad, also indicating that this frequency
is not affected whether adsorbed on one site or another.
Moreover, both species have similar BE ranges, which can be
considered broad (see Section 3.1), which is inversely propor-
tional with the broadening of the IR peak. The computed
frequencies of OCS are highly consistent with the experimental
adsorbate/water ice mixture (a discrepancy of only 3 em™%),
while it is overestimated by 11 ecm™" with respect to the JWST
one (see Table 3).

3.3.3 CH,. For CH,, the most weakly bound species to the
amorphous water ice surface, its characteristic peaks (CH,
bending and stretching modes) are visible in both simulated
plots (see Fig. 6), which is particularly important for the
stretching mode, as observationally it is overlapped by the broad
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Fig. 5 Left panels: Simulated IR spectra for CO corresponding to the most stable case (top) and to the cumulative plot (bottom), including the detected
signal by JWST (dotted line). Central panels: Simulated IR spectra for OCS corresponding to the most stable case (top) and to the cumulative plot
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O-H stretching mode of the dominant water ice components
(especially the J110621 recorded spectrum®).

Both peaks are slightly broadened in the cumulative spectra,
and the computed frequencies are in very good agreement with
the JWST observed and experimental values, particularly for the
stretching mode, which exhibits discrepancies as small as 0.5
and 3.5 cm™ ", respectively (see Table 3).

4 Conclusions

This work provides a set of calculated binding energies, BE(0)s,
for the most abundant molecules present in the interstellar ices
besides H,O (i.e., CO, CO,, NH3, CH,, OCS and CH30H), which
have been computed with the DFT B3LYP-D3(BJ) functional
method on a periodic model surface mimicking an amorphous
water ice. The new BE(0)s have been compared with earlier
results,”* and used to assess the relative stability among the
adsorption complexes. Moreover, IR spectral features of all the
selected species on the water ice model have been computed
and compared with the JWST results and with the experimental
spectra recorded at very low T for adsorbate/ice mixtures.
Species considered in this work have been classified based
on their H-bonding features with the ice as species that can act
as H-bond donor and acceptors (Hb-DA: NH; and CH;0H, with
BE(0) > 3500 K), as H-bond acceptors (Hb-A: CO, CO, and OCS,
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with 3500 K > BE(0) > 1500 K), and not forming H-bonds (no-
Hb: CH,, with BE(0) < 1500 K), which interact with the surface
mainly through dispersion forces. The comparison of the BE(0)s
obtained in this work shows good agreement between previous
computational works, as small discrepancies have been rationa-
lized based on the better level of quantum chemical theory
adopted here, B3LYP-D3(BJ), with respect to the one adopted
in the previous work (DFT//HF-3c). It leads to a conclusion that
the employed methodologies give an accurate description of the
adsorption complexes and corresponding BE(0)s.

The effect of the adsorption of the species on the ice on their
IR spectral features is shown. We included for all the cases the
frequencies that come from the ice grain together with those
specific to the adsorbates. In this way, we accounted for two
aspects: (i) a direct comparability with both terrestrial lab
adsorbate/ice mixture spectra, and (ii) the JWST spectra
recorded for the real interstellar grains. Furthermore, we also
discussed the role of the broad modes of ice as a plausible
reason obscuring the components of the spectrum due to the
overlap with the adsorbate vibrations. For that purpose, the
most stable adsorption cases have been used to portrait the IR
spectral features of each species as simulated spectra plots,
along with a cumulative plot inclusive of the contributions
coming from all the cases for each species. The comparison of
the simulated spectral features with the experimental ice shows
fair agreement for most cases. The best agreement is for CH, due
to the very weak perturbation suffered by the vibrational fre-
quency caused by the weak BE. For methanol, the OH stretching
frequency value suffers from the lack of anharmonicity, which
may easily move the frequency toward lower values, by about
100 cm™*.%° Simulated spectra are consistent with the absorption
bands detected by the JWST as well as with the experimental ice
spectra found in astrochemical databases. Moreover, when look-
ing at our modelled frequencies for the adsorbed species, we are
generally underestimating the shift suffered by the frequency of
the adsorbates compared to both JWST and the laboratory
mixture ice cold experiments. We suggest this as due to the
nature of our model, in which the adsorption occurs only at the
ice surface. In the real systems, the adsorbate can be embedded
entirely in the ice matrix, a fact which may perturb the adsorbate
vibrational modes more deeply than when adsorbed at the ice
surface. Future work by our group will explore the role of the ice
matrix on the fine aspects of the infrared spectra.

With this work, we show that quantum chemical simulations
can be a useful tool for spectral analysis of IR signatures of the
interstellar icy species. In some instances, it can provide more
details about the observed spectral lines than experimental data
and could be considered as another aid for the resolving the
spectra and identification of the overlapped spectral lines.

Data availability

The data supporting this article have been included as part
of the ESI.{ Structures of the atomistic models are available at
https://zenodo.org/records/15017748.
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