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Molecular mobility of extraterrestrial ices: surface
diffusion in astrochemistry and planetary science
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D. M. Benoit, ©2¢ J. T. Carder,” A. Das,®" J. K. Diaz-Berrios,” F. Dulieu, @' J. Heyl,
A. Jardine, T. Lamberts,"™ N. M. Mikkelsen” and M. Tsuge {2 °

Molecules are ubiquitous in space. They are necessary components in the creation of habitable
planetary systems and can provide the basic building blocks of life. Solid-state processes are pivotal in
the formation of molecules in space and surface diffusion in particular is a key driver of chemistry in
extraterrestrial environments, such as the massive clouds in which stars and planets are formed and the
icy objects within our solar system. However, for many atoms and molecules quantitative theoretical
and experimental information on diffusion, such as activation barriers, are lacking. This hinders us in
unravelling chemical processes in space and determining how the chemical ingredients of planets and
life are formed. In this article, an astrochemical perspective on diffusion is provided. Described are the
relevant adsorbate—surface systems, the methods to model their chemical processes, and the computa-
tional and laboratory techniques to determine diffusion parameters, including the latest developments in
the field. While much progress has been made, many astrochemically relevant systems remain unex-
plored. The complexity of ice surfaces, their temperature-dependent restructuring, and effects at low
temperatures create unique challenges that demand innovative experimental approaches and theoretical
frameworks. This intersection of astrochemistry and surface science offers fertile ground for physical
chemists to apply their expertise. We invite the physical chemistry community to explore these systems,
where precise diffusion parameters would dramatically advance our understanding of molecular
evolution in space—from interstellar clouds to planetary surfaces—with implications on our
understanding on the origins of life and planetary habitability.

fundamental driver of chemical complexity. Understanding this
phenomenon bridges molecular astrophysics, planetary science,

Astrochemistry studies the chemical makeup and molecular and physical chemistry in an interdisciplinary area of research.
processes that occur throughout the Universe." Among these The chemical complexity we observe in space environments,
processes, surface diffusion—the movement of atoms and from interstellar clouds to planetary surfaces, depends critically
molecules on icy or dusty surfaces in space—emerges as a on solid-state reactions.”™* Unlike Earth-based chemistry, space
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chemistry faces unique constraints: gas and plasma phases are
generally too dilute, with the synthesis of small, simple mole-
cules like CO taking on the order of 10° years in interstellar
clouds, and liquid phases are rare. On solid surfaces, however,
a higher density material is found and reactants can diffuse,
meet, interact, and form larger molecules. Thus, surface diffu-
sion plays a decisive role in determining reaction rates and
ultimately shapes the molecular inventory of the Universe.>®

The historical development of this field began in the late
1940s when researchers first proposed that interstellar dust
grains could serve as catalytic surfaces for molecule formation.”
This concept gained traction in the 1970s and 1980s as labora-
tory studies®® and theoretical models>* began to illuminate the
importance of surface processes. By the 1990s, sophisticated
rate equation approaches® emerged to model these complex
surface-mediated reactions.

Direct measurement of diffusion in extraterrestrial environ-
ments remains impossible, requiring us to infer its importance
through astronomical observations and laboratory analogues.
Our understanding of diffusion has evolved through analysis of
molecular abundances observed in diverse cosmic environ-
ments—from cold molecular clouds to planetary surfaces.®'%'"
For example, the ubiquitous water ice (H,O) found throughout
the Universe presents a compelling case for formation mediated
by surface diffusion."

Water’s emergence can be traced to the early stages of star
and planet formation, beginning in molecular clouds—regions
with relatively high density (210 particles cm™>) shielded
from radiation. In these cold environments (approximately 10 K),
gas-phase chemistry alone cannot explain the observed abundance
of water ice. Instead, early gas-grain astrochemical models revealed
that thermally activated diffusion of hydrogen and oxygen atoms
on dust grain surfaces provides an efficient pathway for water
formation® through the Langmuir-Hinshelwood mechanism
(Fig. 1, top left panel).

Although molecular clouds consist predominantly of gas
(with a typical gas-to-dust mass ratio of approximately 100), dust
grains provide essential substrates for chemistry under these
extreme conditions. Initially, diffusion of oxygen and hydrogen
occurs on bare grains composed of silicates and carbonaceous
material, possibly covered by hydrogenated amorphous carbon.*®
As ice accumulates, amorphous solid water surfaces become the
dominant substrate for continued chemical reactions.'* Carbon
monoxide (CO) can be frozen out onto the icy dust grains on long
timescales (~0.1 Myr) and subsequently be hydrogenated via
hydrogen diffusion leading to the formation of CH;OH in the ice
phase.’® CH;OH provides a feedstock of key radicals (e.g., CH; and
CH,0) which can go on to produce greater chemical complexity.'®

These more complex molecules appear in the warmer envir-
onments (2100 K) surrounding young stars. These regions,
known as “hot corinos” (for low-mass protostars) and “hot
cores” (for high-mass protostars), contain abundant complex
organic molecules, including CH;0CH; (dimethyl ether) and
NH,CHO (formamide).'®>' These observations support a
sequence where ice-coated dust grains migrate toward the
forming star and experience heating. This warming allows
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Fig. 1 Various examples of surface diffusion and related processes taking
place in condensed phases in space. Each panel illustrates a distinct diffusion
mechanism: Langmuir—Hinshelwood (top left) shows reactants diffusing before
meeting; hot atom diffusion (top right) depicts energetic species moving rapidly
across surfaces; non-diffusive reactions (bottom left) occur only requiring
serendipitous proximity; and segregation (bottom right) shows separation of
different molecular species in mixed ices. Image adapted from Cuppen et al.*’

previously immobile radicals within the ice to diffuse and recom-
bine, forming larger molecules before eventually sublimating into
the gas phase."® The diffusion of radicals such as ~-CH; (methyl),
-NH, (amine), and -CHO (formyl) leads to functional groups
being added to molecules thus plays a crucial role in building
the molecular complexity observed around young stars.'®**

We can probe the solid phase of interstellar volatiles by
analysing absorption spectra along lines of sight toward back-
ground stars.”> These observations reveal evidence of diffusion
through characteristic spectral features. For example, infrared
bands of solid CO, display complex profiles (Fig. 2) that require
fitting with multiple components, ranging from pure crystalline
CO, ice to intimately mixed CO,H,O ices.>*?® Such profiles
indicate that ice undergoes segregation—separation of different
molecular components—as it warms,”” a process that fundamen-
tally depends on molecular diffusion (Fig. 1, bottom right panel).

Within our solar system, diffusing ices leave observable
signatures across various planetary bodies. On the Moon and
Mercury, permanently shadowed regions act as cold traps where
gases accumulate by freezing. These ice reservoirs persist thanks
to surface diffusion on meter-scales into the regolith—the loose
surface material overlying solid bedrock.>® On comets, both H,O
and CO, ices display dynamic behaviour corresponding to
diurnal and seasonal cycles.””" During perihelion (closest
approach to the sun), cometary nuclei experience heating that
enhances microscopic ice diffusion in subsurface layers,”>>
contributing to the observed outgassing and activity.

From a fundamental chemical physics perspective, astro-
chemical systems offer the opportunity to investigate the
mechanisms and implications of surface diffusion of relatively
simple species on icy surfaces that are accessible in a laboratory
setting. Despite its fundamental importance, accurate
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Fig. 2 The ®*CO, asymmetric stretch vibrational mode observed in interstellar
ice toward two different sources: HOPS153 (mixed/unsegregated ice) and
IRAS20216 (segregated ice). The distinct spectral profiles reveal that segrega-
tion—a process driven by molecular diffusion—serves as a clear indicator of ice
warming. Different molecular components (colored lines) contribute to the
overall observed spectrum (black line). Data adapted from Brunken et al.>®

quantification of diffusion parameters—particularly activation
barriers—remains one of the most significant challenges in
astrochemistry.'”** Current astrochemical models often rely on
poorly constrained estimates that may vary by orders of magni-
tude, introducing substantial uncertainties in model predic-
tions. Addressing this knowledge gap requires combined efforts
from experimental physical chemistry, computational model-
ling, and astronomical observations.

This perspective paper addresses this critical research ques-
tion: how can we better determine diffusion parameters for
astrochemically relevant species and surfaces to improve our
understanding of chemical evolution in space? We begin in
Section 2 with an overview of surface diffusion treatment in
astrochemical models, establishing key processes and termi-
nology. We then explore the challenges in determining diffu-
sion parameters from both experimental (Section 3) and
computational perspectives (Section 4). Finally, we conclude
with a future outlook and summary of our perspective in
Sections 5 and 6, highlighting promising avenues for physical
chemists to contribute to this expanding interdisciplinary field.

2 Implementation of diffusion in
astrochemical models

Astrochemical models serve as crucial bridges between micro-
scopic chemical processes and macroscopic astronomical
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observations, allowing us to interpret observed molecular
abundances and predict chemical evolution in space environ-
ments. These models need to cover time scales as long as 1 x
10° to 1 x 10° years, describing the chemical evolution of
roughly 1000 chemical species. The mean-field rate-equation
model®?*7¢ provides the foundational framework for studying
surface chemistry in interstellar environments. This approach
employs ordinary differential equations to track molecular
concentration changes over time, with the key assumptions of
well-mixed reactants and continuous variables. At the heart of
the construction of these models lies a fundamental challenge:
accurately representing how molecules move and interact on
icy surfaces in the extreme cold of interstellar space.

The chemical evolution on grain surfaces typically follows a
sequence of interconnected processes. Initially, gas-phase spe-
cies accrete onto the grain surface. Once adsorbed, these
species can diffuse across the surface, potentially encountering
other reactants. When reactants meet, they may undergo
chemical reactions to form new species. Whether specific
reaction sites play a prominent role in forming the product is
currently not clear for astrochemically relevant surfaces.
Finally, surface species can desorb back into the gas phase
through various mechanisms. These four processes—accretion,
diffusion, reaction, and desorption—collectively determine the
chemical composition of interstellar ices and, by extension, the
gas-phase chemistry of molecular clouds.

When accretion exceeds the available binding sites on a
grain, new ice layers form, causing the grain mantle to evolve
from a single monolayer to a multilayer structure. This growth
process has been modelled in increasingly sophisticated ways.
In the two-phase model proposed by Hasegawa et al,’ all
adsorbed materials are considered chemically reactive, with
no distinction between species in the bulk ice or on its surface.
In contrast, the more advanced three-phase model*”*° distin-
guishes between the chemically active surface layer and the less
reactive mantle beneath. This distinction is crucial for realistic
modelling, as reactivity decreases significantly in the ice bulk.
Some modern models further refine this picture by treating
several uppermost layers as active, rather than just the surface
monolayer. This approach effectively incorporates surface
roughness that increases the reactive surface area, providing
a more realistic representation of actual interstellar ice sur-
faces, which observation and laboratory studies show are not
perfectly smooth.*°

Once a species adsorbs onto a surface, it can either desorb
(return to the gas phase), diffuse, or react. In the Langmuir-
Hinshelwood mechanism, which dominates at low tempera-
tures, reaction rates depend on the meeting frequency of
reactants through their diffusion across the surface. This
thermal hopping rate of a species across the surface is in rate
equation models given by:

Rhop =l exp(_Ediff/kBTdust)y (1)

where kg is Boltzmann’s constant, Tgus iS the dust grain
temperature, and v, is the pre-exponential factor of the
adsorbed species in its binding site. This factor can be
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associated with the frustrated translation vibrational mode
frequency in the transition state theory (TST) limit, which
represents how often the molecule “attempts” to overcome
the potential energy barrier between adjacent sites. Several
assumptions are made in this equation, such as TST and a
single binding energy for each site.

In astrochemical models, the diffusion rate is determined by
dividing the hopping rate by the total number of binding sites
on the grain. This astrochemistry-specific relationship is
expressed as Rgifr = RhopNs_l, where Nj is the number of binding
sites per grain (typically ~10° for a grain with a radius of 0.1 um).
For lighter species, particularly H, D, and H,, quantum tunnelling
can become more efficient than thermal hopping at very low
temperatures, below its “crossover temperature”,*! although its
impact on long-range diffusion is limited. It is often assumed - for
simplicity - that the barrier shape for quantum tunnelling is
rectangular,” although some astrochemical modelling codes**
assume a more realistic Eckart potential.*®

Surface diffusion directly impacts reaction rates in astro-
chemical models. The reaction rate between species i and j on
the surface depends on their meeting frequency in a common
binding site, expressed as:

Rjj = Kij(Raifr,i + Raisr,j) NiNjhg. (2)

where N; and Nj are the numbers of reactants i and j, respec-
tively, on the surface of an average grain, ;; is the probability of
reaction upon encounter, and nq is the number density of dust
grains. For reactions without an activation barrier, the prob-
ability of reaction upon encounter (k;j) is typically assumed to
be unity. However, for reactions with an activation barrier E,,
this probability is given by the Arrhenius equation:

Kij = eXp(fEa/deust)' [3)

For reactions involving light species like hydrogen, quantum
mechanical tunnelling through the barrier becomes important,
and under the assumption of a rectangular barrier shape, the
reaction probability changes to:

Ky = exp|~2(a/h)/20E,|, @

where p is the reduced mass and a is the barrier width, most
often chosen to be 1 A.

Given the lack of laboratory measurements, educated esti-
mates are often required for many parameters mentioned above.
A large gas-grain chemical network may include over 10000
reactions involving approximately 1000 species, with roughly
one-third in the ice phase. For each ice species, modellers need
values for the desorption barrier, diffusion barrier, pre-
exponential factor, and barrier shape/width, and often employ
educated estimates. One common approach assumes the diffu-
sion barrier (Eg;e) to be a fixed fraction of the desorption barrier.
Literature values for this ratio typically range from 0.3 (fast
surface diffusion) to 0.7 (slower bulk diffusion).>'®** However,
this broad parametrization is an approximation, as we know that
not all species share a common ratio for diffusion and
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desorption barriers.*>*® Further research into the generality of
this ratio is needed to use it with more confidence.

A second significant challenge involves the pre-exponential
factor (1) used in the rates for both desorption and diffusion.
In laboratory measurements, the pre-exponential factor and
diffusion or desorption energy are determined simultaneously
by fitting experimental data. Consequently, the derived barrier for
desorption (or binding energy) should ideally be used together
with its associated pre-exponential factor. For desorption, most
models use the harmonic oscillator expression to estimate pre-
exponential factors, but the difference between calculated versus
laboratory-derived values can span orders of magnitude.*”*®
Furthermore, astrochemical models typically assume that the
pre-exponential factor for diffusion equals that for desorption.
While this assumption is unlikely to be correct, it is a pragmatic
approach to overcome the lack of experimental data. In turn, this
highlights the need for accurately determined pre-exponential
factors for diffusion.

A recent study by Chen et al.”™” demonstrates how sensitive
molecular abundances are to these parameters. This study
found that variations in the diffusion pre-exponential factor
can change predicted abundances of certain species by orders
of magnitude. They showed that complex organic molecules
(COMs) like CH3;0CH; and NH,CHO are particularly sensitive
to diffusion parameters, with abundance variations exceeding a
factor of 10 under different parameter choices. These results
highlight why accurate diffusion parameters are essential for
reliable astrochemical modelling, especially when comparing
predictions to observations of COMs in star-forming regions.

Astrochemical models contain inherent uncertainties in
their computation of diffusion barriers and rates, which propa-
gate to uncertainties in grain-surface reaction rates and ulti-
mately to predicted molecular abundances. These uncertainties
directly impact our ability to interpret astronomical observations
of molecular species in cold cloud environments, star-forming
regions, and protoplanetary disks. The next section outlines
experimental approaches used to measure diffusion parameters,
providing crucial constraints for astrochemical models and
helping to reduce these uncertainties.

l.40

3 Experimental studies

Diffusion under astrochemically relevant conditions has been stu-
died in laboratories for various adsorbates (analytes) and surfaces,
focusing on determining diffusion constants needed for astroche-
mical models. This section details astrochemical experiments, the
simulation of space conditions and surfaces, and techniques for
measuring diffusion coefficients of adsorbed species.

The space environments relevant to diffusion studies span a
range of conditions that laboratories must carefully replicate.
These environments are generally characterised by low pressure
(<10 ® mbar) and cold surface temperatures (from a few Kelvin
up to the water freezing point). A typical experimental astro-
chemical setup comprises a vacuum chamber and cryogenically
cooled surface, often utilising a closed-cycle liquid helium or
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liquid N, cryostat to maintain the extremely low temperatures
found in interstellar space. Pre-prepared surfaces like cleaved
olivine ([Mg,Fe]SiO,)* or highly oriented pyrolytic graphite
(HOPG)®° can be mounted on the cryostat to serve as substrates
for ice formation. Alternatively, laser-ablation of carbon targets
followed by gas-phase condensation can be used to create
highly amorphous and porous carbon structures®" that more
closely resemble the disordered carbonaceous materials found
in interstellar environments. These substrates represent differ-
ent types of interstellar dust grains, which serve as the nuclea-
tion sites for ice formation in molecular clouds.

Water ice surfaces, the most abundant solid-phase material
in interstellar environments, can be created in situ in various
forms with substantially different properties. Amorphous
solid water (ASW) of varying porosity is formed when water
vapour freezes on a pre-cooled cryostat surface.'**> The precise
structure and morphology of this ice significantly affects
diffusion behaviour and it depends on several factors, such as the
deposition method (whether background filling or directed deposi-
tion), deposition rate, substrate temperature during deposition, and
deposition angle.>® Post-deposition processing, such as annealing,
can further modify the ice properties, specifically to reduce the
porosity or create crystalline ice. Advanced techniques like matrix
sublimation®® provide additional control over ice structure. Similar
preparation methods apply to other volatile molecules commonly
found in interstellar ices, such as CO, CO,, and various hydrocar-
bons. The ability to create well-characterised ice analogues with
reproducible properties is crucial for obtaining meaningful diffu-
sion measurements that can be applied to astrochemical models.

Once the surface is prepared, diffusion studies of an adsor-
bate can be started. Direct visualisation techniques provide the
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most straightforward evidence of molecular diffusion. Kouchi
et al.>® developed a powerful method using ultra-high-vacuum
transmission electron microscopy (UHV-TEM), where diffusion
activation energy is determined from aggregate growth rates on
a substrate. This technique relies on the principle that as
molecules diffuse across a surface, they eventually encounter
others and form aggregates that can be directly observed. The
UHV-TEM method applies primarily to stable molecules, as free
radicals react too quickly to form observable aggregates.
Because aggregates are visually counted from TEM images,
adsorbates that form crystalline aggregates on an amorphous
substrate, which give high-contrast images, are desirable. This
approach has been applied to a number of adsorbates*®*® to
determine their diffusion activation energies (Eqis). For exam-
ple, this method established that Eg4;¢ for CO molecules diffus-
ing on an ASW surface is approximately 350 K (30 meV).

Fig. 3 shows a selection of diffusion values determined with
different experimental techniques for various adsorbates and
surfaces. These measurements reveal significant variations in
diffusion barriers depending on both the diffusing species and
the substrate characteristics, highlighting the importance of
species-specific and surface-specific parameters for astroche-
mical models.

While direct visualisation provides clear evidence of diffu-
sion, many experimental setups utilise spectroscopic or mass
spectrometry techniques to infer diffusion parameters. A com-
mon protocol employs isothermal infrared (IR) spectroscopy
measurements on layered or mixed ices. In these experiments,
a system consisting of a bulk component (commonly H,O or
CO,) and a target analyte molecule arranged in layers or mixed
is prepared. When the ice sample is heated to a specific
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temperature, the target species begins to diffuse through the
bulk material. This movement alters the molecular interac-
tions, which in turn affects the infrared absorption spectra in
measurable ways. With these experiments, 3D diffusion or
surface diffusion through open pores is traced, rather than
pure surface diffusion.

Changes in IR signatures of the target or bulk species are
monitored to track diffusion. Examples include depletion of the
dangling OH bond of water® as diffusing molecules interact
with these sites, variations in the longitudinal optical phonon
mode of CO,,% surface cluster formation,®” or IR band deple-
tion due to desorption when diffusing molecules reach the ice
surface.®®”° The temporal evolution of these spectral changes
is fitted with diffusion models to extract the diffusion coefti-
cients. This approach has gained widespread use due to its
relative simplicity and the common availability of IR spectro-
meters in astrochemical laboratories.

Mass spectrometry-based techniques offer complementary
capabilities for studying diffusion. Laser desorption methods”*
use laser pulses to ‘“‘excavate” material from specific locations
on the ice surface and transfer it to the gas phase for analysis by
mass spectrometry. This approach can measure concentration
gradients of target molecules diffusing through a bulk medium,
providing another pathway to determine diffusion rates. An
alternative approach deposits an adsorbate uniformly on a sur-
face, uses a laser to clear a specific area, and then measures the
signal as surrounding molecules diffuse into the cleared region.
The mass spectrometry approach offers advantages for studying
species that are difficult to detect with infrared spectroscopy,
such as noble gases and other volatiles, e.g., N,, and O,. It also
allows diffusion measurements on non-ice substrates that would
be challenging to study with IR techniques alone.

While the techniques described above work well for stable
molecules, studying the diffusion of atomic and molecular
radicals presents unique experimental challenges. Radicals
are highly reactive species with unpaired electrons, making
them difficult to prepare, control, and detect due to their short
lifetime. Yet understanding radical diffusion is crucial because
interstellar ice chemistry depends heavily on radical-radical
and radical-molecule reactions. Atomic radicals such as H, O,
and N are typically produced in beam lines by plasma or radio
frequency dissociation of precursor molecules.’™’? For example,
H atoms can be generated from H, dissociation, O atoms from
0,, and so forth. These radicals are then directed onto the
prepared surface, where their diffusion behaviour must be
studied before they react to form stable products.

Measuring the diffusion process of free radicals is challen-
ging because of the difficulty of in situ detection of radicals on a
substrate. One approach to studying radical diffusion involves
an indirect measurement strategy. Radicals are deposited on a
surface held at a specific temperature, given time to diffuse and
react, and then the reaction products are measured. Generally,
these measurements involve gas-phase detection of products
using mass spectrometry, often combined with temperature-
programmed desorption (TPD) techniques. By fitting experi-
mental data to models that incorporate diffusion rates, reactant
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concentrations, and reaction kinetics, the diffusion parameters
can be extracted.

This approach has been successfully applied to determine
diffusion parameters for H atoms,’”>° O atoms,***%”>”7* and N
atoms®° on various surfaces. Multiple effects need to be con-
sidered in the multi-parameter fit routine, while some are
poorly constrained. Moreover, TPD is not suitable for analysing
irregular amorphous surfaces, where the activation energy
cannot be represented by a single value but has a wide
distribution, as the free fit parameter space becomes too large.
The results show considerable variation, as illustrated by the
range of hydrogen diffusion barriers presented in Fig. 3.

A more direct method for studying radical diffusion combines
photostimulated desorption (PSD) with resonance-enhanced mul-
tiphoton ionisation (REMPI).*® Surface-adsorbed species are des-
orbed using a weak nanosecond laser pulse, then ionised using
the REMPI method, and finally detected with a time-of-flight mass
spectrometer. This approach offers advantages of high sensitivity,
surface selectivity, and species-specific detection.

The PSD-REMPI technique has been successfully applied to
study diffusion of H atoms,*>”>7° C atoms,®" and molecular OH
637778 To study surface diffusion, the time variation of
the surface number density is recorded; thus, only the surface
diffusion of species that react away upon meeting can be
studied by this method. Moreover, it would be difficult to study
larger strongly bound species, because PSD might not be able to
desorb these species. Ideally, we would have access to quanti-
tative information at the atomistic level.

Despite significant progress in experimental techniques for
measuring diffusion in astrochemically relevant systems, many
challenges remain. Creating truly representative analogues of
interstellar ices is difficult, particularly for mimicking the
complex, multi-component ices that exist in space environ-
ments. Further development of methods that can access a
wider range of molecules, surfaces, and conditions will be
essential for building a comprehensive understanding of diffu-
sion processes in astrochemical systems.

The high variability in measured diffusion parameters for
the same species across different studies (as illustrated in
Fig. 3) highlights the sensitivity of diffusion to precise surface
conditions and measurement techniques. Future work will
need to focus on reconciling these variations and establishing
standardised approaches that produce consistent, reliable dif-
fusion parameters for use in astrochemical models.

radicals.

4 Computational studies

Besides observations and experimental measurements, compu-
tational approaches also provide useful insight into diffusion
phenomena at the molecular scale. Moreover, computational
chemistry models not only describe molecules or substrates
that are hard to isolate or prepare in the laboratory, but also
have the ability to do so at the molecular or atomistic level of
detail. To achieve a high enough accuracy at a reasonable cost,
often-used methods operate at a force-field***>”**® or density-
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functional theory level.*' Recently, machine-learned potentials
operating at DFT quality are starting to become feasible.®?
Alternatively, a potential can be fitted specifically for the system
at hand based on high level (e.g., coupled cluster theory) single
point energies.*"%38

Theoretically, the diffusion process can be depicted as a
“reaction path” originating at one of the adsorption sites, going
through an energetically less favourable region (transition state
for diffusion) and ending at another site (or desorbing). The
parallel between a diffusion process and a chemical reaction
means that many computational tools used for mapping
chemical reactions at a molecular level can also be used to
explore diffusion. Nudged-elastic band has, for instance, been
employed to obtain diffusion barriers of H,O on a crystalline
H,O surface’® and very recently for CH; on ASW,*" while bulk
diffusion of small molecules in ASW has been studied by
molecular dynamics.”” One main hurdle is that, in a typical
diffusion process on an amorphous solid, such as interstellar
ice, the actual adsorption surface and/or the interaction mode
is often poorly characterised. However, there is active research
on employing machine learning approaches to obtain better
surface models, also for amorphous systems (see for example
Ronne et al®®). Amorphicity leads to very complex energy
landscapes, see for example Fig. 4, which depicts the free-
energy landscape for CO, on ASW. The many different available
minima and transition states can derail exploration techniques
developed initially for gas-phase chemistry. Different sampling
techniques such as metadynamics can help to map out this
landscape and have been applied for diffusion by a number of
groups.®>%%%” Once a distribution of diffusion barriers is
obtained, the kinetic Monte Carlo method can be applied to

50 100 150 200 250 300

q: (meV)

Fig. 4 Result from a metadynamics simulation of the diffusion of a CO,
molecule over an ASW surface. The surface mesh indicates the van-der-
Waals surface of the ASW surface while the color coding represents the
interaction free energy of the CO, with the surface at 30 K. The most
stable locations coincide with the deeper areas on the surface. Diffusion
pathways between sites avoid surface protrusions.
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arrive at a diffusion coefficient that describes the long-range
diffusion of species over the surface, in addition to measure-
ments of the site-to-site hopping that can keep the adsorbate
within a local surface pocket.**%%79:82

Long-range diffusion simulations®® and binding and diffu-
sion barrier calculations*" show that long-distance diffusion of
H atoms on an ASW surface is determined by the thermal rate
from the deep wells. Since this is most typically a local endother-
mic process, the role of tunnelling is minimal. However, if the
deep sites are blocked by other adsorbates, tunnelling becomes
important for the diffusion between remaining shallow sites.
This is consistent with experiments that show that H diffusion
on ASW is highly coverage-dependent and much more efficient
for high coverage.”®

Kinetic Monte Carlo studies of CO and N diffusion also show
that blocking of deep sites can increase diffusion.®®® This is
because diffusion from shallower sites has a lower barrier, and
not because of a difference in tunnelling versus thermal beha-
viour. Indeed, these heavy species are not expected to be affected
by tunnelling for their mobility. Using a combination of molecular
dynamics and Monte Carlo simulations, Pezzella et al.®® found
that quantum tunnelling is not required to explain the experi-
mental results” for mobility of adsorbed oxygen on ASW, but the
increased mobility at low temperatures could be accounted for by
including surface roughness and a distribution of binding sites.

Ultimately, regardless of the theoretical approach adopted for
obtaining a diffusion barrier or rate, calculations rely on an
accurate description of the molecule-surface interactions, or at
least a description that captures enough detail to model the
process. This, however, remains a very challenging task due to
multiple minima (sites) on the surface (see Fig. 4), difficulties in
deciding how to model the actual solid surface studied (ASW has
many different computational models, for example®*~°?), dealing

8493 and in the choice of
91,94-99

with dispersion-dominated interactions
method used to describe the overall diffusion energetics.
At present, the application of machine learning or new low-
cost total energy methods are still quite rare and is set to expand
the horizon of what size of system can be studied in reasonable
computational times. There is also a huge research effort to
develop fast high-accuracy methods (exemplified by the success
of recent local approaches to highly-correlated methods, such as
the domain-based local pair natural orbital-DLPNO-methods
family), which will offer a better description of the potential
energy surface at much lower cost. Those two types of advances
alone would help in exploring diffusion of larger molecules
(COMs, for example) on more complex substrates (mixed amor-
phous ices). One emerging theme for those studies is the
description of the diffusion of radicals on astrochemically-
relevant surfaces, since those are typically hard to create in the
laboratory, but also remain challenging to model theoretically.

5 Future outlook

In the past decades, researchers have made significant
advances in understanding diffusion processes under
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astrochemical conditions, yet several barriers hinder our ability
to accurately model chemical evolution in interstellar environ-
ments. Laboratory measurements of atoms and radicals remain
challenging and computational methods are hampered by
lengthy calculation times. In general, accurate data on diffusion
parameters remain scarce and measurements of a wider variety
of adsorbates and surfaces remain necessary, necessitating new
and innovative experimental and computational techniques. The
following sections outline specific approaches that will drive this
next wave of discovery.

5.1 New tools

One prospective method for studying radical diffusion in the
laboratory is the Cs™-ion pickup method,'®® in which surface
adsorbates are picked up by a low-energy Cs'™-ion beam and
analyzed by a quadrupole mass spectrometer. This method has
been demonstrated to be capable of sensitively detecting a trace
amount of free radicals or COMs on ASW;'®! at a detection limit
as low as 10~* monolayer coverage (1 x 10" molecules cm™?).
With this method, one can study surface diffusion by tracing
the time variation of the number density of free radicals similar
to PSD-REMPI. One advantage of this method over PSD-REMPI
is its capability of detecting larger species; however, without the
ability to distinguish between structural isomers due to its
mass spectrometric detection. Thus, Cs™-ion pickup and PSD-
REMPI methods could be complementary to each other in
studying surface diffusion of free radicals.

Helium microscopy (SHeM) and helium-3 spin-echo (*HeSE)
techniques offer complementary approaches for non-destructive
surface analysis using neutral atom probes. SHeM generates
images and performs diffractive/TPD spot-profile analysis, using
the helium interaction with the outermost electronic structure of
the samples. The low beam energy makes it ideal for delicate and
insulating materials, eliminating the possibility of electron
stimulated damage or dissociation or species such as water,
and providing high sensitivity to small species, including H
atoms."”>'** *HeSE measures correlations in nanoscale surface
motion, which makes it ideal for studying rates and mechanisms
of surface diffusion.'®'®® The method works by using the
nuclear spins in the beam of *He atoms to perform a temporal
interferometric measurement on the surface; essentially each
helium atom’s wavefunction is split and separated in time,
scattered from the surface, then recombined. The final spin-
polarisation corresponds to the change in surface correlation,
thus revealing surface dynamics on picosecond timescales and
nanometre length scales. These techniquest have revealed diffu-
sion coefficients and activation energies for water molecules on
graphene,'*® have provided insights into kinetic barriers to ice
nucleation,'® and have studied mechanisms of H diffusion on
surfaces,'®” making them promising options to investigate diffu-
sion in astrochemically-relevant systems.

In experiments, atomic radicals such as H, N, and O are
typically generated in plasma from H,, O,, and N,, respectively.
Unfortunately, we cannot apply this method to the production

+ CORDE atom scattering facility, Cambridge, https://corde.phy.cam.ac.uk.
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of important atomic radicals like S and P. The primary choice
for the production of these species would be the in situ photo-
lysis of H,S and PH; precursors. The production of other
important molecular radicals such as NH,, NH, CH3, and CH,
is also challenging, because a photolysis method will yield
mixtures; e.g., NH,, NH, and N in the photolysis of NH;. To
selectively produce these molecular radicals, there are two
possible methods that have not been exploited in solid-phase
astrophysical studies. One is the pyrolysis (thermal cracking)
method,'® where appropriate precursor molecules are disso-
ciated in a hot nozzle and the produced radicals are deposited
onto a substrate. For example, CH; can be produced by the
pyrolysis of CH;I because the C-I bond is weakest in CH;I. The
other method is the neutralization of ions. Because mass
selection can be achieved for ions, one can isolate a beam of
single radical species. To apply this method, a deceleration
system for the generated radical beam is required. Finally, the
radical production method used by Ishibashi et al.'®" is noted
here. In their protocol, an ASW sample was photolyzed by a
conventional deuterium lamp to produce OH radicals on the
surface and a precursor molecule (XH) was subsequently
deposited; radical species “X” will be produced via the reaction
OH + XH — H,0 + X, if the reaction is exothermic.

5.2 Machine learning

Gaps in known diffusion parameters can be alleviated with the
use of machine learning (ML). ML has quickly become a
powerful tool in astrochemistry, primarily as a computationally
cheap alternative to quantum chemistry calculations, as men-
tioned above. The ability of ML to interpret and find patterns in
large amounts of data makes it possible to incorporate experi-
mental data when trying to predict parameters of new systems.
For example, Villadsen et al."*° used binding energies obtained
using temperature-programmed desorption as data to develop
a model that predicts binding energies of new molecules of
astrochemical relevance. Unfortunately, we currently lack
enough diffusion barrier data to attempt a similar approach
for diffusion barriers.

There is often a danger of these machine learning algo-
rithms acting as “black boxes” in that the relationship between
the input parameters and output parameters is not necessarily
interpretable to practitioners. The various parameters (features)
may also have range-dependent effects on the binding energy
values. It is for precisely these scenarios that we may require an
understanding of the feature importance. SHapley Additive
exPlanations (SHAP), a machine learning methodology based
on Shapley values from game theory, allow for the quantifica-
tion of the various features by treating the individual features
as providing an additive contribution to the value of the final
Output.llo_lla

Further to all of this, there may still be a need to obtain
accurate functional forms for parameters such as the pre-
factors and the diffusion/desorption energies. For these scenar-
ios, symbolic regression approaches can be utilised to relate
quantities of interest to the pre-factors and diffusion/desorption
energies. Symbolic regression is a regression method that

Phys. Chem. Chem. Phys., 2025, 27,19630-19641 | 19637


https://corde.phy.cam.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02278a

Open Access Article. Published on 02 September 2025. Downloaded on 08/01/2026 06.27.21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

explores function spaces to identify regression models that fit
the data well."** The purpose of obtaining algebraic expressions
is twofold. In the first instance, these expressions can aid in
interpretability and can be reconciled with physics and chem-
istry. Additionally, these expressions can be inserted into astro-
chemical codes to improve modelling efforts.

6 Conclusion

Surface diffusion plays an important role in shaping the
chemical inventory in the interstellar medium and solar system
bodies. Recent experimental and computational studies have
shown success in constraining diffusion parameters under
astrochemically-relevant conditions. However, significant
knowledge gaps remain, specifically for atoms, radicals, and
many space-relevant surfaces. It remains unclear whether diffu-
sion barrier distributions need to be considered for the mobi-
lity of species or surface chemistry can be characterized only
using a single value, be it the average, upper, or lower bound of
the distribution. In general, more accurate data on diffusion
parameters are required to inform the expansive chemical
networks used in astrochemical models. This drives the need
for novel experimental approaches and (machine learning)
enhanced computational methods. We invite and encourage
the physical chemistry and chemical physics community to
explore these systems, where precise diffusion parameters
would dramatically advance our understanding of molecular
evolution in space from interstellar clouds to planetary
surfaces.
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