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The sticking and nucleation properties of gas-phase molecular species are influenced by the properties
of the substrate, including its chemical and physical characteristics. The chemical reactivity that occurs
in ice layers during thermal and irradiation events can also be affected by these properties. The
spectroscopic properties of two magnesium silicate minerals, forsterite and enstatite, were investigated
by infrared and Raman spectroscopy and Density Functional Theory calculations. The effect of structural
properties on the condensation of water ice on top of the mineral grains was analyzed by Raman
microscopy. The spectroscopic characterization of the silicates agrees quite well with the computational
results, and the modeling of the ice layers on top of the grains describes the spectroscopic signature

obtained by Raman microscopy very
understanding of the interface of ice and dust in astrophysical environments.

rsc.li/njc

1. Introduction

The chemical and physical properties of a substrate influence
the sticking and nucleation properties of gas-phase molecular
species and can also influence the chemical reactivity that
occurs in ice layers during thermal and irradiation events.
These phenomena are of interest in many scientific fields,
including atmospheric chemistry, aerospace technology, and
astronomy. For example, the chemical and optical properties of
dust grains in astronomical objects are affected by the mole-
cular composition of the ice layers deposited on top of the
grains, potentially affecting the star formation mechanism. In
dense and cold environments, the dust grains are covered by icy
mantles, mainly water-based" and formed by condensation of
volatiles from the gas phase. Although silicate minerals can
already be identified in astronomical spectra obtained by space
telescopes, a detailed understanding of their infrared and
Raman sighatures remains crucial. Laboratory spectra provide
fundamental reference data that enables more accurate band
assignments and interpretation of features that are still ambig-
uous or unresolved in observational data.

The molecular composition of the dust grains in space is far
from being exhaustively determined, but infrared (IR) spectra
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successfully. The information obtained enhances our

recorded by space telescopes in recent years show clear features
that can be assigned to a significant presence of silicates, a
fraction of which was identified in their crystalline form,*”
which is a tracer of their thermal evolution.®

In our experiments, we only considered the crystalline state
of the silicates, which traces the occurrence of high-energy
processes,”*? such as the annealing of amorphous silicates in
regions about 7' ~ 1000 K, in the inner regions of protoplanetary
disks and around evolved stars. Based on the available
literature,®™*
magnesium silicate minerals, viz. forsterite and enstatite, which
are representative of the average composition of dust grains.

The aim is to investigate from both theoretical and experi-
mental perspectives the effect of different conformations of
silicates on the binding properties and thermal processing of
ice analogs from a unified theoretical and experimental
approach. To this end, a comprehensive spectroscopic charac-
terisation of the vibrational fingerprint was performed on
silicate dust samples using IR and Raman spectroscopy.

Due to the high selectivity of Raman spectroscopy for
identifying mineral samples, this methodology has been very
recently implemented in space mission instruments. Silicate
minerals have been recently detected in Martian rocks through
SHERLOC Raman measurements collected during the NASA’s
Mars 2020 mission Perseverance.'>"'® The data collected by the
SHERLOC Raman spectrometer revealed a history of aqueous
alteration by mapping the mineral composition of another
planetary body surface, for the first time.

we decided to select for our studies two different
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A theoretical investigation of their structure-related proper-
ties was conducted alongside the work, with a particular focus
on the role of hydrogen bonding. Once the different silicate
materials were characterized, the binding properties and reac-
tivity of water ice samples were investigated.

2. Materials and methods

The structural characterization of the selected samples, forster-
ite and enstatite, was focused on their interactions with water-
based ice samples, focusing on the role of hydrogen bonding in
stabilizing different conformations. The spectroscopic features
of these systems are unique and can be used to characterize the
sample. In this context, laboratory data were recorded in the IR
frequency range by using a state-of-the-art IR spectrometer and
a Raman microscope. In addition, the morphology of the ice
layers deposited on top of the minerals was assessed using the
Raman microscope. This instrument was coupled to a cryostat,
used to lower the temperature, and a Lakeshore temperature
controller for investigation of temperature effects and deposi-
tion of ice layers. A theoretical study based on Density Func-
tional Theory (DFT) calculations supported the analysis of
spectroscopic measurements.

2.1. Computational details

Geometry and cell optimization, followed by vibrational modes
calculations, were carried out for forsterite and enstatite crys-
tals as well as surfaces covered by an ice sheet. The Quantum
Espresso package (v7.0)'*'® was used for that purpose.

The crystal calculations were performed using the experi-
mental unit cells of forsterite’® and enstatite'” as the starting
point. Simulation boxes of forsterite and enstatite surfaces with
an ice layer were prepared by first cleaving the respective unit
cells along the (010) plane in the orthorhombic system, which
corresponds to the lowest surface energy of these minerals.'®
Subsequently, a 2-molecule-thick layer of water molecules was
created on top of the exposed surface by randomly inserting
water molecules in the box, at a minimum distance of 3.5 A
from the surface. The vacuum was considered along the direc-
tion normal to the surface (z direction), whereas periodic
boundary conditions were applied to both x and y directions.
The size of the vacuum component was determined by perform-
ing a series of single-point energy calculations for various box
lengths in the z direction until total energy, total force, and
potential difference along the vacuum direction converged. The
convergence condition yielded a vacuum of 14 A and 23 A
for the forsterite + ice and enstatite + ice systems, respectively
(see Fig. S1).

The DFT calculations were performed with the PBE exchange
and correlation functional,’® norm-conserving pseudopotentials®
and a plane wave basis set with the following plane wave energy
cutoffs: forsterite crystal, 85 Ry; enstatite crystal, 90 Ry; forsterite +
ice, 85 Ry; enstatite + ice, 90 Ry. Sampling of reciprocal space was
carried out with uniform gridsof 2 x 2 x 3,3 x 1 x 2,7 x 3 x 1
and 7 x 4 x 1 points for forsterite, enstatite, forsterite + ice and
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enstatite + ice, respectively, generated by a Monkhorst-Pack
scheme.”" All these parameters were determined from conver-
gence tests to yield a convergence in total energy values in the
order of 1 x 107% Ry. In the systems containing ice, the dis-
continuity in the electrostatic potential introduced by the vacuum
along the z direction was compensated by applying a dipole
correction.””

Simultaneous geometry and cell optimizations were carried
out with convergence thresholds for atomic forces and energies
of 107> a.u. and 10~ ° Ry, respectively, and a target pressure
of 0 Pa. Vibrational modes, along with IR and Raman
responses, were calculated from the equilibrium geometries
at the Gamma point. The acoustic sum rule was used to impose
a zero value on the acoustic frequencies. A global scaling factor
was applied to the theoretical frequencies, calculated by per-
forming a least-squares fit to the frequencies of the main peaks

of the experimental spectra within the range 0-1500 cm™".

2.2. Experimental details

Enstatite and forsterite samples, as naturally occurring miner-
als, in grains of variable size, were purchased from Alfa Aesar by
Thermo Fisher Scientific. The Fourier-transform infrared
(FTIR) spectra were recorded on the unprocessed sample at
room temperature, using a millimeter-sized grain. Micrometer-
sized unprocessed samples dispersed on a commercial silicon
optical window, used as substrate, were used to record Raman
spectra at room and cryogenic temperatures, using a closed-
cycle liquid helium cryostat. The formation of ice layers was
achieved by condensation from the gas phase on top of a cold
substrate. Further details on each analysis are provided in the
following sections.

2.2.1. Infrared spectrometer. The spectrometer located at
the Department of Chemical Engineering at the University of
Coimbra (Portugal) is a Frontier - PerkinElmer Fourier trans-
form infrared spectrometer (FT-NIR/MIR), equipped with an
electrically temperature-stabilized fast recovery deuterated tri-
glycine sulfate (FR-DTGS) detector and a KBr beam splitter.
Fig. 1a shows the schematic representation of the configuration
of the infrared spectrometer used in this study.

The FTIR spectra (4000-550 cm ') were collected with
4 cm™ ! spectral resolution and 128 scans. Spectra were obtained
using the UATR accessory (Universal Attenuated Total Reflec-
tance) with a Diamond/ZnSe crystal and applying a force of 80 N.
The IR spectra were recorded at room temperature, using a
millimeter-sized grain (the samples were ground into powder).
Background spectra measurements were collected under iden-
tical conditions using the empty ATR crystal and automatically
subtracted from the corresponding sample spectra.

2.2.2. Raman microscope and cryogenic set-up. The spec-
troscopic properties of forsterite and enstatite dust grains were
also investigated using a WiTec alpha300 R confocal Raman
Microscope with a WiTec UHTS 300 spectrometer using a
488 nm Laser, located at the Max Planck Institute for Extra-
terrestrial Physics in Garching, Germany. The microscope was
coupled to a low-vibration Stinger Closed Cycle Flow System He
cryostat (ColdEdge Technologies) with a base pressure of 107>

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 1 (a) Schematic representation of the setup of the infrared spectro-

meter (ATR-FTIR) used in this study. The instrument is a commercial
model: Frontier - PerkinElmer®™. (b) Main components of the Raman
microscope for ice investigation designed and build at the “Center for
Astrochemical Studies” at Max Planck Institute for Extraterrestrial Physics.

mbar at room temperature and a final vacuum of 10~7 mbar
when cold. Fig. 1b outlines the main components of the
cryostat and microscope.

This technique enables two-dimensional spatial character-
ization of samples of different natures. The Raman spectra were
collected using a laser power of 1 mW. The maximum lateral
resolution achieved was in the order of a few um. The spectra
were recorded in the 4000-0 cm™ ' frequency range with a
spectral resolution of 4 cm™" and the signal averaged over
150 scans with an integration time of 0.5 s for each scan. The
sample holder can reach a minimum temperature of 5 K. The
vacuum chamber is equipped with a quartz optical window,
while a silicon window is used as a cold substrate.

The following experimental procedure was applied for the
Raman analysis. The spectra of selected dust grains and on the
bare silicon substrate were collected at room temperature. The
spectra recorded on the silicon surface are used as a reference
spectrum to evidence the contribution of the substrate to the
Raman spectral features.

Subsequently, the substrate was cooled to the minimum
temperature achievable (5 K), and the Raman spectra of the
same dust grains were measured. Water ice formation was
achieved by condensation of water vapor, at an inlet pressure
of 2 mbar, on top of the cold substrate and dust grains for a
total time of 3 min for forsterite, and 2 min for enstatite. After
the ice was formed, Raman spectra were collected in different
positions, on the silicon surface where no grain was present,
and on top of the selected dust grains.

The effect of temperature on the water ice phase transition
was investigated by annealing the substrate (for a total duration
of 3 hours) at 160 K for forsterite and 150 K for enstatite
experiments, at which the transition from an amorphous to a
crystalline structure is expected to occur.>® After annealing,
Raman spectra were collected on the silicon surface where no
grain was present, and on top of the selected dust grains in the
same positions as in the 5 K measurements.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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3. Results and discussion

3.1. Infrared and Raman spectra of dust grains

Fig. 2-5 compare the experimental and theoretical IR and
Raman spectra for the various systems. Tables 1-4 summarize
the vibrational mode assignments. Overall, there is a good
agreement between the scaled theoretical frequencies and the
corresponding experimental values. The calculated frequencies
were scaled by different factors for each spectrum, calculated
from least-squares linear fits.

The IR spectra for both forsterite and enstatite species are
characterized by the most intense feature at ca. 900 cm !,
which appears as a sharp multicomponent band, identified as
Si-O symmetric and antisymmetric stretching. The band shape
allows for unambiguous assignment to the respective miner-
alogical species and indicates their physical state (amorphous
or crystalline). Our data are in agreement with previous labora-
tory studies in identifying band shapes that are characteristic of
crystalline structures.'**72¢

The Raman spectral signature of forsterite and enstatite
samples differ significantly. The most intense feature for for-
sterite, assigned to the Si-O symmetric stretching, appears as a
doublet at around 850 cm™'. Enstatite sample shows a more
complex pattern, with the Si-O stretching band shifted to ca.
1000 and 670 cm™", and an intense signal observed for the
0-Si-O rocking mode at 345 cm™'. The Raman spectra of dust
grains have been measured both at room temperature and at
5 K to check for spectral changes owing to the effect of
temperature. In all the examined cases, no spectral changes
were observed.
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Fig. 2 Infrared spectra of solid forsterite, recorded at room temperature.
Experimental (red) and calculated (black). Calculated frequencies were
scaled by a factor of 1.046.
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Fig. 3 Infrared spectra of solid enstatite, recorded at room temperature.
Experimental (red) and calculated (black). Calculated frequencies were
scaled by a factor of 1.034.
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Fig. 4 Raman spectra of solid forsterite, recorded at 5 K. Experimental
(red) and calculated (black). Calculated frequencies were scaled by a factor
of 1.048.

To investigate the interaction of the silicate dust grains with
water ice, we proceed with the condensation of an ice layer on
to the surface of dust samples. The results are discussed in the
next section.

3.2. Raman microscopy of ice-covered dust grains

Fig. 6 shows a series of optical images illustrating the visual
appearance of the forsterite and enstatite dust grains scattered
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Fig. 5 Raman spectra of solid enstatite, recorded at 5 K. Experimental
(red) and calculated (black). Calculated frequencies were scaled by a factor
of 1.049.

Table 1 Proposed assignments for the IR spectra of the forsterite crystal
system

Frequencies/cm *

Theoretical ~ Theoretical
Experimental  not scaled scaled” Approximate description
980 937 980 V(Si-0)as
953 (sh) 920 963 (Si-0)s
876 840 879 y(0O-Si-O)as + 5(Mg-0)
837 797 834 Y(0-Si-0)s + 5(Mg-O0)
604 577 604 3(Mg-0) + w(Si-0)

% The theoretical frequencies were scaled by 1.046. Abbreviations: v,
bond stretching; 6, bending; w, wagging; s, symmetric; as, anti-
symmetric; (sh), shoulder.

on the surface of the silicon substrate along with the subse-
quent formation of water ice, deposited at 5 K and annealed for
three hours at 160 and 150 K.

The silicon substrate is visible as a gray background in
panels (6a) and (6d), before ice deposition, while the silicate
dust grains appear as dark spots due to the high luminosity
contrast. When a layer of ice forms on the substrate and grains,
the interaction with the camera light produces a false color
pattern on the surface, visible in panels (6b) and (6e). The
annealing of the ice and the subsequent phase transition to
crystalline water are evidenced by the appearance of small
discontinuities caused by the formation of cracks in the ice,
as shown in panels (6¢) and (6f).

The spectra recorded at the position indicated by the crosses
in Fig. 6, along with the corresponding calculated spectral
signature, are shown in Fig. 7-9. Fig. 7 and 8 show the Raman
spectra of ice layers deposited on top of forsterite and enstatite
grains, recorded at 5 K, corresponding to panels (b) and (e) in
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Table 2 Proposed assignments for the IR spectra of the enstatite crystal
system
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Table 4 Proposed assignments for the Raman spectra of the enstatite
crystal system

1

Frequencies/cm™ Frequencies/cm "
Theoretical ~ Theoretical Theoretical ~ Theoretical
Experimental  not scaled scaled” Approximate description ~ Experimental not scaled scaled” Approximate description
1124 1104 1141 y(Si-O)as 1034 (sh) 989 1037 V(Si-0)
1055 1028 1063 y(Si-O)as + 5(0-Mg-0) 1018 966 1014
1007 970 1003 y(Si-O)as 942 894 938
970 930 962 y(Si-0) + §(0-Mg-0) 866 837 878 (Si-O)as
922 894 924 756 723 758 V(Si-0)s
906 (sh) 874 904 746 (sh) 713 748
852 837 866 Y(Si-0)s 688 652 683 3(0-Si-0)
742 715 740 v(Si-O)as 668 631 662
725 702 725 (Si-0) 556 (sh) 532 558 v(Mg-0) + 8(0-5i-0)
688 657 679 3(0-si-0) 546 522 548 3(0-Si-0)
673 642 664 526" — — —
644 613 634 446 427 448 v(Mg-0)
419 403 423 tw(0-Si-0)
“ The theoretical frequencies were scaled by 1.034. Abbreviations: v, 409 383 402 v(Mg-0) + 8(0-Si-0)
bond stretching; 8, bending; s, symmetric; as, anti-symmetric; (sh), 3g¢ 367 385 w(Mg-0-Mg)
shoulder. 345 323 338 ¥(0-Si-0)
311 304 319 tw(Mg-O-Mg)
243 223 233 w(0-Mg-0)
205 (sh) 194 204 3(0-Mg-0)
Table 3 Proposed assignments for the Raman spectra of the forsterite 198 183 192 v(Mg-0-Mg) + v(0-5i-0)
crystal system 157 (sh) 149 156 ¥(0-Si-0)
136 118 124

Frequencies/cm '

Theoretical  Theoretical
Experimental  not scaled scaled” Approximate description
964 925 969 1(Si-0)
923 884 926 v(Si-O)as
885 847 888
859 820 860 (Si-0)s
827 788 826
629 (sh) 600 629 3(0-Si-0) + v(0-Mg-0)s
609 577 605 v(Mg-0) + 5(0-Si-0)
593 563 590 8(0-Mg-0) + 5(0-8i-0)
546 520 545 3(0-Si-0)
436 416 435 v(Mg-0) + tw(0-Si-0)
423 402 421 tw(0-Si-0) + §(0-Mg-0)
335 323 339 3(0-Mg-0)
308 290 304 v(Mg-0) + 5(0-Mg-0)
229 219 230 3(0-Mg-0)
153 137 144
108 100 105 7(Mg-0O-Mg)

“The theoretical frequencies were scaled by 1.048. Abbreviations: v,
bond stretching; 8, bending; v, rocking; tw, twisting; s, symmetric; as,
anti-symmetric; (sh), shoulder.

Fig. 6, respectively. Tables 5 and 6 summarize the vibrational
mode assignments. The spectra of forsterite and enstatite show
no significant changes after the formation of the ice layer. A
new feature, assigned to water ice, appears as a broad band
around 3300 cm ™. This feature is assigned to the OH stretch-
ing of water, and its shape is indicative of the physical state of
the ice.

Although there is good agreement between the experimental
and theoretical spectra in the region below 2500 cm ™", corres-
ponding to the enstatite/forsterite crystal, a significant discre-
pancy in both frequencies and intensities is observed in the
2500-3500 cm ™' range, where the bands attributable to water
appear (Fig. 7 and 8). The main source of this discrepancy is
expected to lie in the level of theory employed rather than in the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

“ The theoretical frequencies were scaled by 1.049. Abbreviations: v,
bond stretching; 8, bending; y, rocking; w, wagging; tw, twisting; s,
symmetric; as, anti-symmetric; (sh), shoulder. > Raman feature of the
silicon substrate.

Fig. 6 Overview of dust grains and water ice on top of the silicon
substrate, for forsterite at 5 K (a), after H,O deposition (b), after 3 hours
of annealing at 160 K (c), enstatite at 5 K (d), after H,O deposition (e), after
annealing at 150 K (f).

molecular model itself. In particular, generalized gradient
approximation (GGA) functionals such as PBE are known to
provide a poor description of hydrogen bonding in water, partly
due to inherent self-interaction errors and partly due to an
inadequate treatment of long-range dispersion forces. The use
of exchange-correlation functionals capable of properly
addressing these shortcomings—such as range-separated or
double-hybrid functionals with dispersion corrections—would

New J. Chem., 2025, 49, 20897-20905 | 20901
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Fig. 7 Raman spectra of forsterite-ice, recorded at 5 K, corresponding on

panel (b) in Fig. 6. Experimental (red) and calculated (black). Calculated
frequencies were scaled by a factor of 1.007.
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Fig. 8 Raman spectra of enstatite-ice, recorded at 5 K corresponding on
panel (e) in Fig. 6. Experimental (red) and calculated (black). Calculated
frequencies were scaled by a factor of 1.008.

make the calculations computationally intractable, while the
corresponding gains in accuracy would not be significant for
this work.

A close-up of the OH stretching feature in the spectra
collected at the points indicated by crosses in Fig. 8 is shown
in Fig. 9. The band shape of the water ice is compared at low
temperature, recorded at 5 K, and after 3 hours annealing of the
ice, at 160 K for forsterite-ice sample, and at 150 K for enstatite-

20902 | New J. Chem., 2025, 49, 20897-20905
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Fig. 9 H,O stretching features of Raman spectra recorded over the
surface of dust grains and silicon substrate. The left panel shows the
spectra recorded at 5 K, while the right panel shows the spectra recorded
after 3 hours of annealing at 160 K for forsterite-ice samples and at 150 K
for enstatite-ice samples, respectively. The colors of the spectra are coded
to correspond to the optical image positions shown in Fig. 6.

Table 5 Proposed assignments for the Raman spectra of the forsterite-
ice system

Frequencies/cm ™"

Theoretical Theoretical
Experimental not scaled scaled” Approximate description
3329 3408 3432 v(water)as
3144 3127 3150 v(water)s
n.o. 2830 2851 v(OS-HW) + v(water)
n.o. 2274 2290 V(OS-HW)ibond
1586 1573 1585 3(water)
964 959 966 d(water) + v(Si-O)
926 913 919 v(Si-O)as
859 854 860 v(Si-0)s
830 827 833 d(water) + v(Si-O)
n.o. 755 760 v(Si-0) + v(0-Mg)
612 609 613 w(0-Si-0)
596 591 596 3(water) + 8(0-Si-0)
550 532 536 3(si-0-Mg)
530 510 514 5(0-si-0)
439 436 439 v(Mg-0)+ v(HW-0S)
379 372 374 5(0-Mg-0) + §(0-Si-0)
338 339 341 3(0-Mg-0) + 3(Mg-O-Mg)
229 222 224 3[(Mg-O-Mg) + watery.pond]
108 104 105 5(0-Mg-0)

“ The theoretical frequencies were scaled by 1.007. Abbreviations: v,
bond stretching; 8, bending; w, wagging; s, symmetric; as, anti-
symmetric; HW, hydrogen water; OW, oxygen water; OS, oxygen mineral
surface; n.o., not observed.

ice samples, for four different positions: on forsterite and
enstatite dust grains, and on the silicon substrate near a dust
grain, for both samples. The colors of the spectra in Fig. 10 are
coded to show the correspondence of each spectrum with the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 6 Proposed assignments for the Raman spectra for the enstatite-
ice system

Frequencies/cm ™"

Theoretical Theoretical

Experimental not scaled scaled” Approximate description

3280 3240 3265 v(water)as
3112 3214 3240 v(water)s
n.o. 2699 2720 v(OS-HW) + v(water)
n.o. 2478 2497 V(OS-HW )i1.pond
1034 968 976 5(Mg-OS-HW) + d(water) +
1018 962 969 1(Si-0)
1015 951 958 8(Mg-OS-HW) + d(water) +
v(Si-0)

974 934 941 V(Si-O)as
964 927 935 uy(Si-0)s
949 896 903 d(water) + §(Mg-OS-HW)
863 833 839 1(Si-0)

842 848

848 855 w(HW-0S) + 5(water)
691 699 705 5(HW-08) + 5(water)
668 666 672
530 518 522 d(water) + §(0-Si-O)
526" 517 521
453 458 461 3(0-8i-0) + v(Mg-0)
446 445 449
409 415 418 v(Mg-0) + V(HW-0S)
389 379 382 3(Mg-0-Mg)
379 369 372 3(0-Mg-0) + 5(0-Si-0)
348 340 342
304 306 309
297 297 300 3(Si-0-Mg)
253 256 258 3[(Mg-0O-Mg) + watery pond]
243 239 241
139 146 147

“ The theoretical frequencies were scaled by 1.008. Abbreviations: v,
bond stretching; 6, bending; w, wagging; s, symmetric; as, anti-
symmetric; HW, hydrogen water; OW, oxygen water; OS, oxygen mineral
surface; n.o., not observed. © Raman feature of the silicon substrate.

position indicated by the crosses in the optical images shown in
Fig. 6.

From the spectra recorded at 5 K, a difference in the shape of
the bands can be observed between the positions on the
substrate (labeled as Si), which are consistent with an ice
structure that can be assigned to low-density amorphous ice
(LDA), also known as amorphous solid water (ASW),*” and the
positions on top of forsterite and enstatite, which display the
characteristic features of a more ordered ice structure and can
be assigned to the crystalline ice structure Ih.>® After annealing,
the spectra of the ice probed on the substrate shows the shape
change that indicates the transition from amorphous to crystal-
line Th, as expected. The spectra on the grains may reflect
partial desorption as the intensity of the band is slightly
reduced, although it is worth noting that Raman spectroscopy
does not provide quantitative information, so desorption can-
not be confirmed by signal intensity alone.

The data presented support the hypothesis that silicate dust
grains promote the formation of an ice layer in the crystalline state
due to their physical structure, as confirmed by the computational
results. Within this framework, however, the effect of the actual
temperature of dust grains cannot be investigated as it is not
possible to measure the temperature directly on a single grain. The

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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temperature measurement provides only an average value at the
sample holder. Therefore, it should also be considered that crystal-
line ice formation may be influenced by a temperature gap
between the substrate and the dust grain. However, we estimate
that these effects are of the order of a few degrees.

3.3. DFT-based unit-cell structural calculations

The structures of all systems after geometry optimization are
shown in Fig. 10 (see also Fig. S1), and the corresponding
crystal cell parameters for forsterite and enstatite are summar-
ized in Table 7. The dimensions of the optimized unit-cells are
in close agreement with the experimental values, with devia-
tions in the range 0.8-1.2% for forsterite and 1.0-1.5% for
enstatite. The calculated values are also consistent with other
DFT results obtained using generalized gradient approximation
or hybrid functional (see Tables S1 and S2). The cell dimen-
sions of the enstatite + ice system in the periodic directions (a-
b axis) are very similar to those of the corresponding crystal
system. Indeed, the structures remained identical (Fig. 10b and
Fig. S1b), although in the case of the forsterite + ice system, one
of the dimensions expanded by about 17% to accommodate the
ice layer (Fig. 10a and Fig. S1a).

The structures of forsterite and enstatite crystals did not
deviate substantially from their experimental counterparts,
with RMSD values of 0.056 A and 0.076 A, respectively. Even
though the ice layer was initially prepared in a random configu-
ration, it appears to have converged to a crystal-like structure
after the optimization of the crystal + ice systems (Fig. 10c and
d, and Fig. S1), formed by a hydrogen bond network. This
feature is explained by the displacement of water molecules
near the surface, in which O atoms occupy the undercoordi-
nated Mg atoms at the exposed (010) surface, leading the O
atoms to adopt regularly spaced positions. When observed
along the a-b plane (Fig. 10c and d), the structure of the top
layer of water displays hexagonal patterns resembling hexago-
nal crystalline ice (Ih form), although the structure viewed from
other perspectives shows some irregularities (Fig. S1). It should,
however, be noted that these results only reflect equilibrium
geometries. Further exploration of other hypothetical config-
urations, although possible, would require rather computation-
ally expensive molecular dynamics simulations.

4. Conclusions

In this paper, we report the spectroscopic and theoretical
investigation of two silicate species, forsterite and enstatite,
which are components of astrophysical dust, and explore the
conformational space of water-based ice layers deposited over
the surface of dust samples. The spectroscopic characterization
of the silicates agrees quite well with the computational results,
and the modeling of the ice layers on top of the grains
successfully reproduces the spectroscopic signatures obtained
by Raman microscopy.

The structure of the water ice on the grains is found to be
consistent with a crystalline Ih phase even at low temperature,
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Fig. 10 Final equilibrium structures of forsterite (a), enstatite (b), forsterite +
ice (c) and enstatite + ice (d). Si atoms in blue; Mg atoms in orange; O atoms
in red; H atoms in white; hydrogen bonds in dashed green lines. The unit cell
box is represented in black.

Table 7 Experimental and calculated unit-cell parameters (A) of forsterite
and enstatite crystals

Forsterite Enstatite

Unit cell para-

meter/A Experimental® Calculated Experimental® Calculated
a 10.194 £+ 0.009 10.315 5.179 £ 0.002 5.244
b 5.981 £ 0.007 6.042 18.223 £ 0.031 18.429
c 4.754 = 0.007 4.796 8.814 £ 0.008 8.941

@ Mean and 95% confidence interval of data from ref. 29-31.  Mean
and 95% confidence interval of data from ref. 32-34.

in contrast to the ice deposited on the silicon substrate, where
the ice structure at low temperature is more consistent with the

View Article Online
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LDA phase. Upon annealing, the ice deposited on top of the
substrate undergoes a phase transition to the Ih structure,
while the ice on top of the dust grains shows no spectroscopic
evidence of a phase change, but instead exhibits signs of
possible partial desorption.

The effect of the silicate structure on the physical state of the
ice is consistent with the state predicted by theoretical calcula-
tions. Future investigations could be conducted on amorphous
silicate samples to explore further the effect of silicate mor-
phology on ice layer structure. Although it is not possible to
directly measure the temperature of the dust grains, we esti-
mate that the possible temperature gradient between the
silicon substrate and the top of the dust grains will not exceed
a few degrees, and this rules out the possibility that the
different morphology of the ice layer on top of the Si substrate
and dust grains is due to thermal effects.

In cold clouds, water ice forms directly on the grain surfaces
through the adsorption of atomic oxygen and hydrogen and not
from the deposition of H,O from the gas phase. This formation
mechanism could be analyzed to compare the results with the
present analysis. In addition, other components of astrophysi-
cal dust grains, such as quartz (SiO,), could be studied.
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