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Abstract: Astrophysical ices play a crucial role in the chemistry of cold interstellar envi-
ronments. However, their diverse compositions, temperatures, and grain morphologies
pose significant challenges for molecular identification and quantification through in-
frared observations. We investigate the ability of implicit solvation approaches to capture
temperature-dependent infrared spectral features of CO, molecules embedded in astro-
physical ice analogues, comparing their performance to that of explicit ice models and
experimental data. Using DFT calculations and vibrational frequency scaling, we model
COg, trapped in both amorphous (cold) and crystalline (warm) H,O ice clusters. The im-
plicit model qualitatively identifies certain trends but fails to reliably capture the magnitude
of frequency shifts and band strengths. Explicit models correctly reproduce the gas-to-solid
redshifts for both the asymmetric stretch and bending modes; however, neither approach
successfully replicates the experimentally observed temperature-dependent trend in the
bending mode. While continuum-like methods may be useful as first-order approximations,
explicit modelling of the molecular environment is essential for accurately simulating the
infrared spectral behaviour of CO, in astrophysical ices and for interpreting observational
data on ice composition and evolution.

Keywords: astrochemistry; astrophysical ices; density functional theory; infrared spectroscopy

1. Introduction

Inside cold astrophysical environments, such as dense molecular clouds, the midplane
of protoplanetary discs, the obscured regions of young stellar objects (YSOs), comets, and
the frozen surfaces of small Solar System bodies, a variety of molecules can be found within
solid matrices. These ice mantles, often rich in water, incorporate a diverse array of molec-
ular species, including CO [1,2], CO; [3,4], CH4 [5,6], HCN [7,8], NH3 [9,10], SO, [11,12],
HCOOH [13], and CH30H [14,15], among others [16-29]. The physical and chemical con-
ditions of these ice-bearing regions vary substantially, leading to broad differences in the
ice morphology, porosity, composition, and temperature. Such variability imposes signifi-
cant challenges for the identification and quantification of molecular abundances through
infrared (IR) observations. IR spectra carry the signature of both the molecular species and
their local environment, yet interpreting these spectra requires detailed knowledge of how
the physical and chemical characteristics of the ice influence vibrational features [30].
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The recent advent of the James Webb Space Telescope (JWST) brings unprecedented
sensitivity and spectral resolution to the study of molecular ices in various astrophysical
environments. Indeed, the JWST’s near- and mid-infrared instruments provide detailed
absorption profiles that can reveal subtle signatures of temperature, composition, and mi-
crostructure in interstellar ices [31]. Its capabilities enable the detection and characterisation
of key ice components even in distant and obscured regions, offering new opportunities to
test theoretical models and laboratory data against observations. In this context, refining
our understanding of how the local environment shapes IR spectral features becomes
crucial for interpreting JWST data and utilising its full scientific potential.

Among the molecules trapped in astrophysical ices, CO; has been extensively studied,
with abundant laboratory and observational data available over a wide temperature range.
For example, Collings et al. (2004) [32] reported that the desorption temperature of pure
CO; in an astrophysical ice environment typically lies between 70 and 80 K. However,
when CO; is embedded within water-dominated ice mixtures, it can remain trapped until
temperatures near 160 K, when water itself begins to desorb [33]. This extended retention
arises from a complex interplay of factors. Some CO, molecules desorb readily once
heated, while others remain confined in micropores or weakly but persistently interact
with water molecules through hydrogen bonding analogues, van der Waals forces, or
dipole—dipole interactions. These interactions are sufficiently strong to prevent desorption,
causing the CO, molecules to remain bound to the water matrix until temperatures reach
the desorption threshold of water. Furthermore, such local interactions significantly affect
not only desorption behaviour but also the IR spectral signatures of the embedded species.

Molecular abundances in cold astrophysical environments are often derived from IR
absorption band areas linked to specific vibrational modes [17,34,35]. This approach relies
on accurately known band strengths (A), which correlate the observed spectral features
with the underlying molecular column densities [35-38]. However, band strengths are not
universal constants; they depend on the molecular environment and can vary with ice com-
position, density, and temperature. Thus, relying exclusively on literature values obtained
under controlled conditions—often for pure ices or idealised binary mixtures—may intro-
duce uncertainties when extrapolating to actual, heterogeneous astrophysical conditions.
Addressing these discrepancies demands a better understanding of how environmental
factors modulate vibrational features and band strengths [36,38,39].

Recent theoretical and experimental studies underscore the complexity of these influ-
ences. The dielectric environment of the ice, often parameterised by its dielectric constant
(¢), affects both frequency shifts and band intensities. A prior theoretical investigation [40]
demonstrated that increasing ¢ generally enhances IR band intensities while producing
opposite trends in frequency shifts. Such behaviour reflects the delicate balance between
the local electric field, molecular orientation, hydrogen bonding patterns, and the matrix
structure. Similarly, laboratory experiments have shown that temperature and chemi-
cal composition produce measurable changes in IR band positions and strengths [41-43].
These variations highlight the importance of capturing the subtleties of the molecular
environment, including temperature-dependent ordering and pore collapse, the formation
or destruction of hydrogen-bonding networks, and the extent of molecular segregation
within the ice matrix. Accurately interpreting spectroscopic data has become even more
critical with the exceptional capabilities of JWST.

To tackle these complexities, computational modelling has emerged as a powerful tool.
Two approaches dominate: (i) implicit models, which represent the surrounding environ-
ment as a dielectric continuum characterised by a bulk property (¢); and (ii) explicit models,
which incorporate discrete solvent (or “host” ice) molecules to directly capture local interac-
tions. Implicit models offer computational efficiency and can provide first-order estimates
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of environmental effects, making them appealing when dealing with large systems or when
detailed structural information is unavailable. However, their continuum nature may fail
to reproduce subtle local interactions essential for interpreting fine temperature-dependent
changes. Explicit models, on the other hand, are more computationally demanding but
can accurately capture hydrogen bonding, dipole-dipole interactions, local orientational
disorder, and confinement effects within amorphous and crystalline ice matrices.

Previously, the role of temperature on IR spectral features was examined using implicit
solvent models only [44]. While these studies explored the influence of a polar medium,
they could not account for the specific local arrangements and discrete interactions captured
by explicit modelling. The present work extends beyond these initial efforts by benchmark-
ing implicit and explicit approaches against experimental data for CO, embedded in cold
(amorphous) and warm (crystalline) HyO ice clusters. Through the exploration of both fre-
quency shifts and band strengths of the CO, asymmetric stretch (as) and bending (5) modes,
this study aims to determine whether implicit solvation methods can adequately reproduce
the nuanced temperature-dependent spectral trends observed experimentally. Ultimately,
we seek to clarify under which conditions implicit models remain useful approximations
and when explicit treatments are necessary for accurate astrophysical interpretations. This
is especially relevant for interpreting upcoming JWST measurements and advancing our
understanding of the physicochemical processes governing astrophysical ices.

In the sections that follow, we outline our computational methods (both implicit and
explicit), present a detailed analysis of the structural and vibrational characteristics of
CO,-bearing ices under varying conditions, and compare these results to laboratory data.
Through this comprehensive evaluation, we aim to advance our understanding of the
limitations and strengths of implicit solvation and establish guidelines for more reliable
modelling of temperature-dependent IR features in astrophysical ices.

2. Computational Methods

To evaluate the spectral features of CO, molecules embedded in water ice matrices,
we employed two computational approaches to simulate the influence of the bulk envi-
ronment: implicit and explicit solvation models, each capturing distinct aspects of the
molecular surroundings.

The implicit solvation approach uses the polarised continuum model (PCM) [45,46]
in its integral equation formalism [47] to represent the average electric field generated by
the surrounding water molecules in the ice. This method parameterises the environment
through the ¢ value of the ice, which varies depending on its temperature. The warm ice
(labelled as iw) was assigned a higher ¢ value of 180.0, while the cold ice (labelled as ic) was
described using a lower ¢ value of 3.0. This approach has been widely applied to simulate the
influence of the surrounding icy matrix on molecular reactivity and IR features [40,44,48-52].
While PCM was originally developed for liquid-phase systems and may not rigorously
model solid-phase interactions, it serves as a practical first approximation to analyse the
stabilising effects of a dielectric medium on vibrational properties [51]. In interstellar ice
models, temperature variations affect the cavity’s dielectric environment, influencing how
the icy matrix stabilises embedded molecules and alters their vibrational features.

The explicit solvation approach, in contrast, captures the discrete interactions between
individual water molecules and CO;. To model these effects in the cold, amorphous ice
environment, we adopted a modified protocol based on the method developed by Woon
(2024) [53]. Specifically, a three-dimensional amorphous cluster of 95 water molecules,
obtained from ErgoSCF [54] and previously optimised, was used as a representative fi-
nite system. This cluster effectively simulates the irregular, hydrogen-bonded network
characteristic of amorphous water ice.
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Seven molecular conformations, labelled as c¢n (1 from 1 to 7), were generated by
embedding a CO, molecule at different positions within the cluster, each with a random
orientation relative to the surrounding water molecules. To preserve the structural integrity
of the ice and to focus on the interactions between the CO, molecule and its local environ-
ment, the water cluster was initially kept frozen during the density functional theory (DFT)
optimisation of CO,. Subsequently, all water molecules within 3.0 A of CO, were allowed
to fully relax. This approach was adopted based on high-level ab initio studies indicating
that HyO-CO; interactions can be comparable in strength to HyO-HO hydrogen bond-
ing [55]. The 3.0 A cutoff was chosen as it encompasses the primary H,O-COj interactions,
which predominantly occur within this range [56]. As such, these interactions may induce
local rearrangements in the surrounding ice lattice. While this method does not rigorously
identify the global minimum of the system, it offers a more realistic representation of
interstellar conditions, where H,O layers preferentially form on dust grains before CO,
is later adsorbed or incorporated into a pre-existing ice layer [24,25], inducing only local
structural modifications.

Vibrational frequencies and band strengths of CO, were calculated for each confor-
mation, with the final values obtained by averaging the results across the distinct confor-
mations. Freezing the water molecules beyond the immediate vicinity of CO, ensures
computational efficiency while preserving the amorphous nature of the ice structure. Aver-
aging over multiple CO, conformations, each interacting with different local environments,
effectively accounts for structural heterogeneities and a variety of interaction sites, thereby
mitigating any potential bias from using a single configuration. Additionally, the vibra-
tional frequencies and intensities were averaged across all conformations regardless of their
individual energies, reflecting the non-equilibrium nature of the amorphous ice system.
This approach smooths out peculiarities of any specific configuration, yielding results that
are more representative of the vibrational spectrum of the amorphous ice as a whole.

In turn, the crystalline, warm water ice was simulated using a cluster model containing
64 water molecules and derived from the cubic ice phase (Ic), a metastable crystalline form
of ice [57,58]. Unlike the more stable hexagonal ice (Ih), which predominates under stan-
dard atmospheric conditions, Ic features a proton-disordered lattice with water molecules
arranged tetrahedrally, each participating in four hydrogen bonds (two as donors and two
as acceptors) [59,60]. This cubic structure serves as an idealised representation of warm,
crystalline astrophysical ice. To model the system, seven conformations, labelled as wr (n
from 1 to 7), were generated with CO, molecules trapped in different optimised positions
within a previously optimised Ic cluster. Vibrational frequencies and band strengths were
calculated for each configuration using the same methodology as the amorphous, cold ice
model; thus, the final values were obtained by averaging the results across all conformations.

For both implicit and explicit models, vibrational scaling factors were applied to ac-
count for anharmonicities. Different scaling factors were used for the asymmetric stretch
and bending modes, the two modes of primary interest in this study. These values were
determined by calibrating the computed frequency values of isolated CO, against exper-
imental gas-phase data [61]. In the case of the ice models, the two CO; bending modes
are not degenerate, reflecting the influence of the ice environment. To address this, the
bending mode frequency was calculated as the average of the two individual bending
mode frequencies, while the band strength was taken as the sum of the two.

All calculations were performed using DFT with the wB97X-D functional [62] and the
6-31+G(d) basis set [63-66]. These were carried out using the Gaussian 16 package, Revision
C.01 [67]. To evaluate the suitability of our computational approach, full optimisations
and vibrational frequency analyses were conducted on two CO,(H0),, clusters taken from
Ramachandran and Ruckenstein (2011) [68], employing the same functional with basis sets



Photochem 2025, 5, 5 50f17

up to 6-311+G(d,p). For more details, see the Supplementary Information (SI) file. The
results indicate that both geometries and vibrational frequencies exhibit minimal sensitivity
to basis set expansion and remain consistent with those obtained at the MP2/aug-cc-pVDZ
level of theory reported by the original authors. The 3D images of the optimised clusters
used for the cold and warm ice models are shown in Figures 1 and 2, respectively.

Cold ice model clusters
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Figure 1. Models of cold ice with CO, molecules in various positions throughout the structure.
Partially constrained geometry optimisations were carried out at the wB97X-D/6-31+G(d) level
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Figure 2. Models of warm ice with CO, molecules in various positions throughout the structure.
Partially constrained geometry optimisations were carried out at the wB97X-D/6-31+G(d) level
of theory.

3. Results and Discussion

The results are organised as follows. Section 3.1 examines the structural properties
of the ice-model CO,/H,0O clusters generated using the explicit approach. Section 3.2
compares the vibrational frequencies of CO, derived from both explicit and implicit models.
Finally, Section 3.3 evaluates the CO, band strengths predicted by these methods. The
astrophysical implications of the findings are discussed throughout.
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3.1. Structural Properties of the Ice-Model CO,/H,0O Clusters

The computed properties of CO, molecules embedded within both explicit and implicit
ice models are summarised in Table 1, including the electronic energies of each individual
cluster/model configuration and their corresponding infrared features. These data provide
a comprehensive overview of how local structural motifs and the surrounding dielectric
environment influence the vibrational characteristics of CO, in water ice matrices.

Table 1. Summary of the energetic and spectroscopic properties (as: asymmetric stretch; 5: bending) of
CO; in various environments, including gas phase, explicit ice models (cold and warm), and implicit
models. All calculations were performed at the wB97X-D/6-31+G(d) level of theory. Experimental
data from Sandford and Allamandola (1990) [61] are included for comparison, with a focus on the
asymmetric stretch and bending vibrational modes. The relative electronic energies of the distinct ice
clusters of the explicit model are presented in kcal mol~!, with values provided in parentheses in the
second column.

Structure Energy Frequency (as) Strength (as) Frequency (5) Strength (8)
a.u. (kcal mol—1) cm~1 arb. Units cm—1 arb. Units
guas phase
CO; (caled) —188.526940 2455.9 715.69 663.3 72.32
CO; (exp) * - 2348.0 - 667.7 -
scaling factor - 0.9561 - 1.0066 -
cold ice (explicit model)
cl —7448.216883 (0.0) 2338.7 750.23 618.4 188.37
c2 —7448.202834 (8.8) 2345.9 721.31 659.7 102.11
c3 —7448.201316 (9.8) 2345.9 642.29 659.0 98.47
c4 —7448.201026 (10.0) 2345.9 654.71 664.8 79.46
c5 —7448.203651 (8.3) 2347.8 716.81 658.8 94.03
c6 —7448.200589 (10.2) 2348.6 736.73 664.4 81.79
c7 —7448.208324 (5.4) 2339.7 569.41 651.5 111.40
average - 2344.6 684.50 653.8 107.95
warm ice (explicit model)
wl —5079.200727 (20.8) 2343.4 548.85 650.1 160.00
w2 —5079.233846 (0.0) 2345.2 702.54 656.9 104.98
w3 —5079.200839 (20.7) 2343.6 551.42 651.3 160.12
w4 —5079.227835 (3.8) 2351.1 798.32 657.7 113.02
w5 —5079.207617 (16.5) 2336.7 634.71 651.3 153.36
w6 —5079.192575 (25.9) 2344.4 505.67 652.9 168.48
w7 —5079.207590 (16.5) 2336.6 634.53 651.2 153.45
average - 2343.0 625.15 653.1 144.77
implicit model
ic (e =3.0) —188.528601 2327.5 937.12 663.9 84.61
iw (e = 180.0) —188.529923 2311.5 1132.96 661.9 95.20
experimental data
ec (10K) - 2341.5 1.00 653.4 1.00
ew (150 K) - 2339.3 0.93 654.2 1.07

* Taken from Sandford and Allamandola (1990) [61].

For the explicit cold ice clusters (denoted ¢1-c7), each comprising a CO, molecule
interacting with a finite amorphous assembly of 95 H,O molecules, the calculated electronic
energies range from —7448.216883 (c1) to —7448.200589 (c6) hartree. While some clusters
feature CO, embedded within the ice matrix, others, such as ¢6, have the CO, molecule in-
teracting at the cluster edges. The resulting energy difference spans approximately 10.2 kcal
mol~1, indicating that subtle variations in the local coordination environment—including
hydrogen-bonding patterns, hydrogen-bond distances, and molecular orientations—can sig-
nificantly influence cluster stabilisation. In particular, the structural differences between c1
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and c7—the latter being a higher-energy cluster with a partially confined CO,—underscore
the crucial role of hydrogen-bond-type interactions in stabilising CO, within the ice matrix.

To clarify these interactions more concretely, Figure 3 compares the local environments
around the CO; molecule in c1 and ¢7. In the c1 configuration, three H---O(CO,) and three
O---C(COy) interactions contribute to its stability. Regarding the hydrogen bonds, one of
these interactions involves a single H---O(CO,) contact with a bent geometry (COH angle:
151.6°) and an H---O distance of 1.977 A. The remaining two hydrogen bond interactions
involve the same oxygen atom from CO,, with COH angles of 121.3° and 123.4°, and
H---O distances of 2.094 A and 2.007 A, respectively. Additionally, the three O---C(CO5)
interactions occur at 2.482 A, 2.611 A and 2.681 A, resembling the T-shaped structure that
represents the global minimum of the HyO-CO, pair [55]. These combined interactions
play a crucial role in stabilising the cluster, explaining why c1 is the most stable among the

L) AL

cold clusters.

s
~
~.
~
N

<,

2.722 A

cl c7
0.0 kcal mol™ 5.4 kcal mol™
Figure 3. Comparison of the local environments around the CO, molecule in the explicit cold ice
clusters c1 (left) and ¢7 (right). The c1 configuration features three notable H---O(CO,) interactions,
with contact distances of 1.977 A, 2.007 A and 2.094 A, while the ¢7 configuration lacks such interac-
tions. Partially constrained geometry optimisations were performed at the wB97X-D/6-31+G(d) level
of theory.

In contrast, the ¢7 configuration lacks direct H:--O(CO,) contacts and contains only two
O---C(CO,) interactions, at 2.722 A and 2.863 A, illustrating how the absence of additional
stabilising interactions correlates with its higher energy. Collectively, these findings suggest
that amorphous pockets where favourable H---O(CO;) and O---C(CO,) interactions can
form act as preferential sites for CO, accommodation, reducing the overall energy and
making these configurations thermodynamically more favourable.

Turning to the warm ice clusters (denoted wl-w7, containing 64 water molecules),
which represent a more crystalline and ordered ice environment, we observe an even
greater variation in energy range compared to the cold ice model clusters. The most
stable configuration, w2, exhibits an electronic energy of —5079.233846 hartree, while the
least stable configuration, w6, has an energy of —5079.192575 hartree. This corresponds
to an energy difference of about 25.9 kcal mol~! across the w-series. In the most stable
w2 arrangement, the CO; molecule resides at the cluster’s periphery. Such a position
effectively mimics a surface-like environment where the CO; is adsorbed onto, rather than
fully enclosed by, the ice structure.

This comparison between the cold amorphous (c-series) and warm (w-series) clusters
is instructive. In the amorphous environment, configurations that allow CO; to form local
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H---O contacts are energetically favoured, suggesting that embedded pockets where such
interactions prevail are likely to trap CO, molecules. In contrast, the warm ice models,
more structured and closer to crystalline order, seem to favour configurations that retain
the integrity of the ice lattice. Here, placing CO, on the surface minimises disruption
to the underlying lattice, even if fewer direct H---O(CO,) interactions exist. Therefore,
while the amorphous structure thermodynamically favours the incorporation of CO; into
suitable cavities with stabilising contacts, the more ordered system tends to preserve its
crystalline network by stabilising CO, at the interface, rather than fully integrating it into
the ice interior.

Finally, it is worth noting that w5 and w7 optimised to virtually identical structures,
with the CO, molecule positioned near the edge of the clusters. Their respective energies
are —5079.207617 and —5079.207590 hartree, respectively. Despite their similarity, both
structures were retained in the analysis to maintain consistency in the number of clusters
evaluated across the warm ice models. Furthermore, as these structures were initially
generated with distinct, randomly oriented starting configurations, their inclusion ensures
that the sampling adequately represents the diversity of possible local environments within
the crystalline ice framework.

3.2. CO, Vibrational Frequencies: Implicit Versus Explicit Solvation

We now shift our focus to the comparison of vibrational frequency trends obtained
using implicit and explicit solvation models. Whenever appropriate, these results are
compared to the experimental data of Sandford and Allamandola (1990) [61], who measured
CO,/H;0 ices with a 1:20 ratio at temperatures of 10 K (herein referred to as ec) and 150 K
(ew). This dataset was chosen due to its systematic investigation of temperature-dependent
spectral changes, providing a well-defined baseline for evaluating the performance of the
computational models. Our primary interest lies in the CO, asymmetric stretch (as) and
bending (8) vibrational modes.

Before discussing the comparison, it is important to observe that the computed fre-
quencies were initially scaled using mode-specific scaling factors. Through a comparison
between gas-phase computational results at the wB97X-D/6-31+G(d) level of theory to
experimental gas-phase frequencies, we derived scaling factors of 0.9561 for the asymmetric
stretch and 1.0066 for the bending mode. For reference, the gas-phase calculation yielded
scaled values of 2348.0 cm™~! for the asymmetric stretch and 667.7 cm~! for the bending
mode (see Table 1).

We start by discussing the asymmetric stretch mode. For the explicit cold ice clus-
ters (c1-c7), the scaled asymmetric stretch frequencies range from 2338.7 cm ™! (c1) to
2348.6 cm~! (c6). These extremes correspond to deviations from the gas-phase frequency
of -9.3 cm~! (negative sign, indicating a redshift) and +0.6 cm ! (positive sign, indicating
a blueshift), respectively. The average value across the cold ice clusters is 2344.6 cm ™!,
which is slightly redshifted by 3.4 cm ™! compared to the gas-phase reference. Notably,
the c1 cluster, featuring strong H---O(CO;) interactions, shows a more pronounced redshift,
suggesting that CO, stabilised within water-rich pockets forms stronger interactions and
therefore undergoes more significant frequency reductions. Experimental data for the cold
ice (ec) report an asymmetric stretch band at 2341.5 cm ™!, representing a —6.5 cm ! redshift.
The explicit model’s prediction (-3.4 cm ') is reasonably close to this experimental value,
differing by 3.1 cm 1.

For the explicit warm ice clusters (wl-w?7), the scaled asymmetric stretch frequencies
vary from 2336.6 cm ™! (w7) to 2351.1 cm ™! (w4), corresponding to deviations of —11.4 cm™!
to +3.1 cm ™! relative to the gas-phase value. The average value for the warm ice clusters is
2343.0 cm™!, a -5.0 cm ™! redshift from the gas phase. Experimentally, the warm ice (ew)
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frequency is 2339.3 cm ™!, indicating a 8.7 cm~! redshift. Although the explicit model
shows a smaller redshift than the experiment, it correctly predicts the trend that the warm
ice is more redshifted than the cold ice.

From these comparisons, several observations emerge. Experimentally, the warm
ice is redshifted by an additional ~2.2 cm~! compared to the cold ice. The explicit model
reproduces this trend but with a smaller difference (—1.6 cm™!). Given that the experi-
mental differences are quite subtle, the fact that the explicit simulations capture the correct
qualitative behaviour is noteworthy (see Figure 4). Moreover, the strong redshifts predicted
by the explicit model for certain cold ice clusters suggest that if the ice were to consist
predominantly of pockets stabilising CO, molecules through H---O(CO5) interactions, one
would expect substantial redshifts to occur. The relatively modest experimental redshifts,
however, imply that under the experimental conditions, CO, does not predominantly
reside in such stabilising environments. Instead, it likely remains at or near the surface
or in larger pores and voids lacking strong H---O(CO;) interactions. These findings are
consistent with recent discussions by Schiltz et al. (2024) [69] on the nature of CO,/H,0O
ice mixtures in planetary environments like Ganymede and Europa.

CO, asymmetric stretch mode (as)

0
T 104 : :
c 10 | |
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g 20 e e
© ] i |
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[S] 1 1 1
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Figure 4. Frequency deviations of the CO, asymmetric stretch mode relative to the gas-phase value
(2348.0 cm™!) for different ice types. Results are shown for experimental data, taken from Sandford
and Allamandola (1990) [61], as well as implicit and explicit models for cold and warm ice.

Turning to the implicit model, we see a markedly different pattern. The implicit cold
ice model (ic, € = 3.0) predicts a scaled asymmetric stretch at 2327.5 cm ™!, representing a
—20.5 cm ™! redshift. The implicit warm ice model (iw, & = 180.0) places the asymmetric
stretch at 2311.5 cm ™!, yielding a —36.5 cm ™! redshift. While both implicit models qual-
itatively reproduce the trend that the warm ice is more redshifted than the cold ice, the
magnitude of these shifts is greatly overestimated compared to the experiment and the
explicit model. Experimentally, the cold-to-warm redshift difference is only —2.2 cm ™!,
while the explicit model yields —1.6 cm™!; in contrast, the implicit model predicts a much
larger shift of —16.5 cm™!.

This overestimation is not unexpected. As shown by Pilling and Bonfim (2020) [40],
higher ¢ values in the PCM framework lead to increased redshifts. Although substi-
tuting the DFT approach with wavefunction-based methods like MP2 can reduce these
deviations [40], the implicit model still tends to overpredict redshifts relative to both the
experiment and the explicit model. Nonetheless, the implicit approach does correctly iden-
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tify the qualitative trend that higher ¢ (associated with a warmer, more polar environment)
leads to greater redshifts in vibrational frequencies.

Next, we focus on the CO; bending mode. From Table 1, it can be seen that the explicit
cold ice clusters (c1-c7) yield CO, bending frequencies ranging from 618.4 cm~! (c1, a
redshift deviation of —49.3 cm™!) to 664.4 cm™~! (c6, a redshift deviation of —3.3 cm™1),
with an average value of 653.8 cm~1. As before, a larger redshift deviation correlates with
CO; molecules occupying denser pockets featuring H---O(COy) interactions. On average,
the explicit model predicts a —13.9 cm~! redshift. Notably, the experimental cold ice (ec)
bending mode is observed at 653.4 cm !, representing a mere —0.4 cm~! difference from
the explicit model’s average and a —14.3 cm ™! redshift from the gas-phase reference. Thus,
the explicit model closely replicates the observed redshift for the cold ice bending mode.

For the warm ice clusters (w1-w?7), the CO, bending frequencies range from 650.1 cm !
(w1, —17.6 cm ™! redshift) to 657.7 cm~! (w4, —10.0 cm~! redshift), with an average of
653.1 cm ™!, corresponding to a —14.6 cm™~! redshift. Experimentally, the warm ice (ew)
bending mode is at 654.2 cm ™!, only 1.1 cm ! higher than the explicit model’s average,
and —13.5 cm ™! relative to the gas phase. These results demonstrate that the model accu-
rately captures both the absolute bending mode frequencies and the redshift magnitudes
within a remarkably small deviation from the experiment. However, while both the ex-
perimental and computational results for the CO, asymmetric stretch exhibited increasing
redshifts from cold to warm ice (explicit model: —1.6 cm~!; experiment: —2.2 cm 1), the
computationally derived bending mode using the explicit model fails to reproduce the
experimentally anticipated opposite trend with increasing temperature (explicit model:
—0.7 em™~!; experiment: +0.8 cm ™). This discrepancy, though subtle, likely arises from the
greater sensitivity of bending modes to local perturbations within the ice lattice. Given
their lower vibrational frequencies, bending modes are inherently more susceptible to
anharmonic effects and long-range structural influences, which may not be fully accounted
for in the current model. Nevertheless, the overall agreement remains strong, reinforcing
the model’s ability to describe CO, vibrational behaviour in different ice environments
with high fidelity (see Figure 5).

CO, bending mode (8)

Frequency deviation (cm™)

I cold ice
I vwarm ice

Implicit Model Explicit Model Experimental

-20

Figure 5. Frequency deviations of the CO, bending mode relative to the gas-phase value (667.7 cm 1)
for different ice types. Results are shown for experimental data, taken from Sandford and Allamandola
(1990) [61], as well as implicit and explicit models for cold and warm ice.

Turning to the implicit model, the CO, bending mode of the cold ice (ic) is computed
at 663.9 cm~!, corresponding to a —3.8 cm~! redshift and 10.5 cm~! less than that ob-
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served experimentally. For the warm ice (iw), the bending mode appears at 661.9 cm ™!,

a —5.8 cm ™! redshift and 7.7 cm ! less than the experimental value. The implicit model,
therefore, predicts a slightly larger redshift from cold to warm than that of the explicit
model (implicit model: —1.6 cm~ 1 explicit model: —0.7 cmfl), both being inverted with
respect to the experimental trend.

These findings indicate that, while the implicit model provides a reasonable first ap-
proximation, it is less accurate than the explicit model in capturing the deviations between
the gas and solid phases for both the asymmetric and bending modes. Additionally, it fails
to reproduce the subtle temperature-dependent shifts observed in the lower-frequency CO,
bending mode. However, the discrepancies between the experimental and computational
trends remain relatively small, with deviations of only 1.5 cm ™! for the explicit model and
2.4 cm~! for the implicit model.

3.3. CO, Band Strengths: Implicit Versus Explicit Solvation

In this section, we turn our attention to the CO, band strengths within the studied
ice matrices. As discussed by Dartois and D’Hendecourt [70], the band strength of a
vibrational transition is a key physicochemical parameter that connects the quantity of
a given molecular species to its interaction with incoming electromagnetic radiation at a
particular frequency (or wavenumber). The integrated band strength, A (in cm molecule ')

can be expressed as follows:
m

- X / 47 kvdv (1)

where k is the imaginary part of the complex index of refraction, v is the wavenum-
ber, p is the density of the material in units of g cm~3, Ny is the Avogadro constant
(6.022 x 10?® molecules mol '), and m is the molecular weight of the considered molecular
species, in units of g mol~!. The integral in Equation (1), relates directly to the integrated
band area S of a specific infrared transition.

Assuming that the band profile does not change significantly with the concentration
of the species in the ice, and noting that the band area S (in cm~!) is proportional to the
band intensity (i.e., S o I), we can relate A and I. Under these simplifying conditions, the
integrated band strength can also be expressed as [71-73]:

23
A= (2)
where N is the column density (molecules cm™2) of the species. In other words, the band
strength is intimately connected to the local abundance of the absorbing species, as well as
its interaction with the electromagnetic field.

It is important to keep in mind that band strengths are intrinsic properties of the
material and can vary considerably with temperature and morphology, as noted by Maté
(2018) [74]. Changes in the physical structure of the ice—such as transitions between
amorphous and crystalline phases, compaction, or alterations in porosity—can modify the
local dielectric environment. This can, in turn, alter the band strengths and IR features of
embedded species. Moreover, when multiple molecular species are mixed within an ice,
their mutual interactions can lead to shifts in the band profiles and band strengths relative to
those of the pure ices. Such effects are documented extensively in the literature [70-73,75].

For instance, Schmitt et al. (1998) [75] demonstrated that the chemical environment,
defined by the types of neighbouring molecules, influences IR band profiles. Similarly, Luna
et al. (2018) [76] found that heating amorphous astrophysical ices can lead to micropore
collapse, an increase in ice density, and changes in the vibrational band profiles of embedded
molecules. The segregation of non-polar or weakly interacting species such as CO, and
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CH4 within water-rich matrices, as discussed by Bossa et al. (2012) [77], further highlights
how molecular rearrangement affects the observed IR spectral features.

Irradiation by energetic particles (e.g., cosmic rays) and subsequent compaction pro-
cesses can also influence band strengths, as shown in previous studies [78-81]. Likewise,
amorphisation of crystalline ices or the presence of contaminants can modify the local
dielectric environment and, consequently, the observed IR profiles [78,79,82]. Experimental
investigations by Bouwman et al. (2007) [83] and C)berg et al. (2011) [24] illustrate how
band strengths of H,O, CO,, and other species depend on their intermolecular interactions.

Given the complexity of these factors, understanding the influence of explicit and
implicit solvation on band strengths provides key information into how computational
models replicate, predict, or diverge from experimentally observed trends. Below, we
compare the band strengths predicted by implicit and explicit approaches, examining their
capacity to capture the subtle effects of local environments, molecular interactions, and
temperature-dependent morphological changes in CO,-bearing astrophysical ice analogues.

Figure 6 shows the ratio of warm ice to cold ice band strengths for the CO, asymmetric
stretch and bending modes as predicted by the implicit and explicit models. For comparison,
we also include experimental data from Sandford and Allamandola (1990) [61], who
reported that the asymmetric stretch band strength decreases by about 0.5% per 10 K
increase in temperature, while the bending mode band strength increases by about the
same amount.

1.6
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[ bending (8)
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Figure 6. Band strength ratios (warm ice/cold ice) for the CO, asymmetric stretch and bending modes
in the studied ices, calculated using explicit and implicit models. Experimental data, taken from
Sandford and Allamandola (1990) [61], are included for comparison, highlighting the temperature-
dependent trends in band strength changes for both vibrational modes.

Focusing first on the asymmetric stretch mode, the explicit model yields band strengths
for the cold ice (c1-¢7) ranging from 569.41 (c7) to 750.23 (c1), with an average of 684.50
(for numerical data, see Table 1). For the warm ice clusters (wl-w?7), the values range
from 505.67 (w6) to 798.32 (w4), averaging 625.15. This leads to a warm/cold ratio of 0.91,
which closely matches the experimental ratio of approximately 0.93, both quantitatively
and qualitatively.

For the bending mode, the explicit model predicts an average band strength of 107.95
for the cold ice and 144.77 for the warm ice. The resulting ratio of 1.34, though overes-
timated, remains above 1, aligning reasonably well with the experimental value of 1.07
and confirming that the bending mode band strength increases with temperature. These
findings demonstrate that the explicit model successfully captures both the overall trend
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and the approximate magnitude of the experimentally observed temperature dependence
for both vibrational modes.

Turning to the implicit model, the warm/cold ratio for the bending mode is
95.20/84.61 = 1.13, which is both qualitatively and quantitatively consistent with the ex-
perimental findings. However, the implicit model yields a ratio of 1.21 (1132.96/937.12)
for the asymmetric stretch mode, in contrast to the observed decrease. While the latter
result does not reflect the experimental trend, it is important to note that the implicit model
is designed as a first-order approximation. As a continuum-based approach, it does not
explicitly account for local interactions at the molecular level. These subtleties, captured by
the explicit model, can be crucial for accurately predicting small changes in band strengths
associated with temperature variations.

The findings of this study indicate that models explicitly incorporating the surround-
ing environment molecules are better suited for capturing the intricacies of molecular
behaviour in complex settings, particularly in the context of vibrational spectra. For CO,
embedded in an HyO matrix, these models accurately reproduce experimental data for both
the asymmetric stretch and bending modes, highlighting their ability to predict molecular
interactions within interstellar ice matrices and other host-guest systems with high preci-
sion. By contrast, the deviations observed in the implicit model highlight its limitations in
environments where local host-guest interactions play a crucial role, suggesting that such
systems require more nuanced modelling approaches to fully account for these effects.

4. Conclusions

In summary, the present study examined how implicit and explicit approaches per-
form in modelling the temperature-dependent vibrational features of CO, trapped in H,O
ice, with a particular focus on astrophysical conditions. Through a comparison of compu-
tational results against experimental data for CO,-bearing ices at different temperatures,
we demonstrated that explicit models, which include individual H,O molecules and their
local interactions, provide a significantly more accurate description of frequency shifts
and band strengths than implicit (continuum) models. The explicit approach successfully
captures most of the subtle yet critical differences in vibrational behaviour between cold
and warm ices, accurately reproducing the measured gas-to-solid redshifts for both the
asymmetric stretch and bending modes. It also correctly reflects the contrasting tempera-
ture dependencies of the solid-phase redshifts for the asymmetric stretch, with its failure in
the bending mode attributable to the mode’s minimal temperature dependence (+0.8 cm ™!
experimentally vs. —0.7 cm~! in the explicit model). In contrast, the implicit model quali-
tatively identifies the direction of certain trends but fails to reproduce the magnitude of
frequency shifts consistently, sometimes overestimating and at other times underestimating
them. Moreover, it cannot replicate the intricate interplay of local interactions that govern
the observed spectral variations. These findings underscore that while continuum-like
methods may be useful as first-order approximations, they cannot reliably account for
the intricate molecular-level environments within interstellar ices. Consequently, to inter-
pret observational data and infer molecular abundances or ice properties in astrophysical
settings, more nuanced theoretical approaches are needed.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /photochem5010005/s1: Figure S1: Optimised structures of CW3b
and CWéa at the wB97X-D/6-311+G(d,p) level of theory; Table S1: Summary of the benchmark results
for the energetic and spectroscopic properties of the CO,(H,O),, clusters CW3b and CWé6a from
Ramachandran & Ruckenstein (2011) [68]. RMSD values include hydrogen atoms. The values
in parenthesis in the frequency columns indicate deviations (in cm™) relative to the wB97X-D/6-
311+G(d,p) reference. Frequency values have been scaled using correction factors derived from the
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difference between CO, vibrational frequencies computed in the gas phase at each level of theory
and the corresponding experimental values. The scaling factors are as follows: as mode: 0.9561 for
6-31+G(d) and 6-31+G(d,p); 0.9517 for 6-311+G(d) and 6-311+G(d,p); 6 mode: 1.0066 for 6-31+G(d)
and 6-31+G(d,p); 0.9820 for 6-311+G(d) and 6-311+G(d,p); Cartesian coordinates of all structures
computed herein.
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