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ABSTRACT: Hydrogen cyanide (HCN) is present in many H

astrochemical environments, including interstellar clouds and comets. é 99 Proton ©

On Saturn’s moon Titan, large amounts of HCN ice are present in the N suface N LrEnsiors==y
. o . A /\

atmosphere and, following surface deposition, may influence both e iemovel B 4

chemical and geological evolution. However, despite HCN’s relevance :' —_— F" :

to origin of life chemistry, the physiochemical properties of its solid O

state remain poorly characterized. For example, the crystals of HCN ¢ ¢ ~— g

exhibit a range of rare properties, including pyroelectricity, and the " - HNC

ability to glow and jump under certain conditions. Here we use it

quantum chemical methods to predict HCN crystal surface energies, H

from which we derive the needle-like, high-aspect-ratio morphology of ¢ ¢ ¢

HCN nanocrystals. The predicted tips expose high-energy polar facets crystal N N

imbued with strong electric fields. We suggest that the combination of
tips of opposite polarity helps to explain the cobweb-structure of solid HCN, and that fracture can transiently expose energetic
surfaces, capable of catalysis at low temperature. One such process is predicted to be the near-barrierless formation of isocyanide
(HNC) on HCN crystals, following proton addition or abstraction, for example, via radiation or acid/base-chemistry. Such field-
assisted surface mechanisms may contribute to HCN-to-HNC isomerization under relevant conditions, and are suggested to explain
part of the out-of-equilibrium abundance of HNC in cold environments such as Titan’s atmosphere, and, potentially, in cometary
comae.

B INTRODUCTION

: 21 : .

moon Triton,” and observed in large amounts in the
b . 22 .

atmosphere of Saturn’s moon Titan,” an environment we
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In this work, we calculate the approximate morphology of
hydrogen cyanide (HCN) nanocrystals and begin to address
the astrochemical consequences of large electric fields
generated on the surface of such crystals, including for
isomerization of HCN to hydrogen isocyanide (HNC).

HCN is important for many reasons: Aside from its utility as
an industrial chemical, its abundance makes it of interest in
planetary science, in astrochemistry and as a plausible key
building block for the chemistry that preceded the origin(s) of
life. HCN has been observed in gas phase in the interstellar
medium (ISM) and protostellar environments,' " in the coma
of comets,” ® on carbonaceous chondrites,” and in the
atmosphere of various planets,'”"" dwarf planets,'* and
moons.*~"* The likelihood of HCN’s role in origin of life
chemistry derives from this abundance as well as its established
ability to react under various conditions,'® yielding complex
polymers, and a plentitude of prebiotically relevant molecules,
including amino acids and nucleobases."’ ™"’

With a melting point of 259 K at 1 atm, HCN can also
persist in the solid state in various environments. For example,
pockets of solid HCN may be present within water ices in
planet-forming regions,20 where it could play a role in chemical
evolution. While HCN ice has yet to be confirmed in comets, it
has been tentatively detected in the atmosphere of Neptune’s

© 2026 The Authors. Published by
American Chemical Society
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mm

focus on.

HCN is one of the major products of Titan’s upper
atmospheric chemistry.”>** After formation, it drifts downward
and condenses together with other reaction products into
aerosols that feed Titan’s complex yellow haze. Condensation
of HCN ice can occur at altitudes below approximately 300
km,”” depending on temperature.”” At the Huygens site,
modeling indicates that HCN begins to condense near ~75
km, with pure HCN cloud particles extending to ~30 km.”® A
south-polar cloud incorporating crystalline HCN was observed
at ~300 km in 2012, later descending toward ~200 km as the
season progressed, implying local temperatures near the HCN
frost point (~125 K) at those altitudes.”” Over time, an
estimated 2 mm per Myr of HCN ice (or HCN-equivalences in
reaction products) is believed to accumulate on Titan’s ~94 K
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surface.”” Deciphering the structure, distribution and
properties of HCN ice on Titan is therefore essential for
understanding both chemical and geological evolution of this
world.** There is growing evidence that ethane and methane,
the main components of Titan’s lakes and seas, can intercalate
into the HCN crystal lattice, forming cocrystals that could take
the role of cryogenic minerals.”> Whether solid-state HCN is
chemically active in this setting — and to what degree its higher
energy isomer HNC can form from it — remains an open
question that we will return to discuss.

HCN is one of the most polar naturally occurring molecules,
and sports a dipole moment of 2.99 D.>" In the liquid state, its
dielectric constant is 144.8 at 278 K, notably larger than that of
water (85.8 at 278 K).>>** The strong polarity and the ability
of HCN to both accept and donate hydrogen bonds ensures a
preference for linear chain formation, which leads to strong
cooperativity effects.”* ™"’ For example, the already sizable
dipole moment of HCN increases by 10% in the dimer,*’ by
20% in the trimer,"" and by 40% in a linear chain of 10
molecules.”® This effect translates into large oriented electric
fields in the crystalline state,”** and as we shall see, on polar
surfaces of the crystal.

The solid-state structure of HCN has been studied with X-
ray diffraction,” Raman spectroscopy,™*® and theoretical
calculations,*”™>° revealing two polar crystal phases. The
orthorhombic Imm?2 phase of HCN shown in Figure 1 is the
established ground state below 170 K and at atmospheric
pressure. At higher temperatures, HCN undergoes a
ferroelastic phase transition to a tetragonal I4mm form.***'

Figure 1. Orthorhombic Imm2 phase of the HCN crystal. A
permanent electric field is present in the direction of hydrogen-
bonded chains of molecules (c-axis). The two orthogonal (a- and b-
axis) directions are nonpolar. Hydrogen, carbon and nitrogen atoms
are depicted in white-pink, brown, and light blue, respectively.

The nonisotropic nature endows the HCN crystal with
interesting properties, including strong pyroelectricity,”* and
gives rise to peculiar phenomena observed in HCN
crystallization experiments, such as electrical breakdowns that
are possibly due to electrical charge separations following
brittle fracture, and glow.sz‘53 Furthermore, HCN crystals grow
into high-aspect ratio needles, which are connected by each
other in a “cobweb” framework (Figure 2).

This work is motivated by the potential for large, potentially
chemistry-inducing, electric fields on the surfaces of HCN
crystals. Electric fields are well established to facilitate chemical
reactions and selectivity,54_56 and can be mediated by, e.g,
enzyme active sites,”’ " designed catalysts,”" and nanoscale
break junctions.””®* However, mainly due to HCN toxicity,
the solid-state physiochemical properties of HCN remain
understudied. Furthermore, while surface catalysis has been

112

Figure 2. Microscope image of HCN crystals with 10X (full image)
and SOX (top right inset) magnification. HCN crystallizes to high
aspect-ratio needles (two are highlighted in red), which form a
cobweb connectivity. Image reproduced with permission from
Morgan L. Cable, Tuan Vu, and Robert Hodyss Courtesy of
NASA/JPL-Caltech.

extensively investigated in astrochemistry, the role of surface
electric fields is often overlooked.

Of particular interest to us is evaluating an alternative route
for HCN < HNC isomerization through surface catalysis.
Which processes enable HCN < HNC isomerization remains
an open question in astrochemistry. The unimolecular gas-
phase isomerization is known to be strongly hindered, both
kinetically by a substantial activation energy of ~200 kJ/mol,
and thermodynamically by a positive reaction energy of ~60
kJ/mol.®* Despite these unfavorable energetics, the HNC
isomer is frequently found in out-of-equilibrium abundances in
various astrochemical environments, where HNC/HCN ratios
can range from 0.01 up to 4.5.79770 For example, in comets it
varies between 0.01 and 0.2, and increases with decreasing
heliocentric distance,®>”'~7¢ suggesting an in situ ?roduc-
tion®””* that may be enhanced by solar photon flux.”” In the
higher atmosphere of Titan estimates of the HNC/HCN ratio
go as high as 0.3.”%

The driving forces for HNC formation may in 9principle be
several, including photodissociation of HCN,”*” the degra-
dation of HCN-based polymers or other organics,”*’ and
various chemical reactions that bypass the neutral isomer-
ization barrier.”**"% In the solid state, the presence of water
ice has been computationally shown to lower the isomerization
barrier somewhat, however in such a case HNC formation still
remains significantly thermodynamically disfavored by ~42—
44 kJ/mol.*>** Protonation is known to reduce the isomer-
ization barrier to HNC substantially,*~** and protons can be
donated by various ions such as H,O%, or H;0%,”" or by
ionization from cosmic radiation.”” On Titan specifically,
photochemical models indicate that most HNC forms in the
ionosphere,” with one important source being HCNH*,****”!
which forms through protonation of HCN. Cosmic rays also
penetrate Titan’s dense atmosphere and peaks in ionization at
~65 km,”” where it can drive chemical transformations.

Besides the unexplained high HNC/HCN ratio in Titan’s
atmosphere, a second potential anomaly is the sharp decline of
HNC with altitude.”” Although HNC — HCN is thermody-
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namically favored, known neutral reisomerization barriers are
prohibitively high at Titan temperatures, making chemical
reactivity, cosmic rays or photolysis more likely explanations.

In what follows, we predict energies of HCN surfaces, and
show them to be commensurate with observed crystal
morphology. We also propose a family of novel HCN «
HNC isomerization mechanisms, enabled by the ionization of
solid HCN polar surfaces, which may contribute to explaining
the HNC abundance anomaly in cold HCN-rich environ-
ments, such as Titan.

B RESULTS AND DISCUSSION

HCN Surface Energies and Crystal Morphology

The potential for an HCN crystal to drive chemical reactions
arguably depends on the fractional area occupied by polar
surfaces, where electric fields are strongest. Estimating the
prevalence of such surfaces reduces to the question of
estimating the shape of HCN nanocrystals. However, as far
as we can determine, the equilibrium crystal shape of pure
HCN has not been reported, experimentally or computation-
ally. To do so, we rely on Wulff's theorem, which states that
the equilibrium shape of a single crystal, the so-called Wulff
construction, is that which minimizes the total surface
energy.””” Surface energies (y) are here calculated by
means of periodic Density Functional Theory (DFT), the
details of which are outlined in the Methods section. Because
our focus is on cryogenic environments, we limit our study to
the orthorhombic Imm2 phase. Given that the high-temper-
ature tetragonal I4mm phase retains the same polar chain
topology, we expect our qualitative conclusions to carry over to
the 259 K melting point, although quantitative surface energies
will be phase dependent.

Although Wulff constructions are exact only in the limit of
an infinite number of surface energies, a subset often suffices to
determine the approximate crystal morphology. Organic
crystals typically obey predictions of Wulff construction quite
well.”® In this work, we limit ourselves to the surfaces defined
by the set of Miller indices (hkl) such that Ikl + Ikl + Il < 3,
plus three additional surfaces which sum equals 4. As we shall
see, this selection of surface planes, a subset of which are
shown in Figure 3a, suffice for a fair prediction of the overall
nanocrystal shape.

Figure 3b shows one example of a computational slab model
that we have used to estimate surface energies (see the
Methods section). In this approach, we cut the bulk HCN
crystal along two parallel Miller planes, without breaking any
molecular bond. Our computed surface energies thus represent
the mean between the two opposite facets of such slabs. This
approach is an approximation in the case of polar surfaces,
where the asymmetry of the HCN crystal causes the opposite
facets to have different terminations (an N-end and an H-end,
see Figure 3b), and hence different energies. While we do not
expect a substantial discrepancy in energy between the two
kinds of terminations, we note that this approach will bias our
crystal morphology predictions to identical shapes of N- and
H- terminations of HCN crystals. However, pursuing an even
more exact model is outside the scope of this work.

Our calculated surface energies, shown in Table S2, can be
separated into two distinct groups: (i) high energy, polar and
(ii) low-energy, nonpolar. The two groups differ in terms of
surface energy by an order of magnitude. Most energetic is the
{001} surface with a predicted energy of 1.65 J/m? while
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Figure 3. (a) Examples of HCN Imm2 crystal lattice planes. (b)
Example of computational slab model (here 6 HCN-unit thick) for
the (011)/(011) surfaces. Slabs of increasing thickness (up to 20
molecular layers) were used to extrapolate the surface energies at
infinite thickness (see the Methods section). Nitrogen atoms are
depicted in light-blue, carbon atoms in brown, and hydrogen atoms in
white-pink.

lowest is {110} at only 0.066 J/m? The energy of a given
surface clearly correlates with the amount of N- and H-end
termination present on it. We therefore expect the range of all
surface energies to be bound by these extrema, i.e., 0.066 <y <
1.65 J/m™

The surface energies we computed translate into a clear
prediction for the morphology of HCN nanocluster as needles
(Figure 4a), as expected. To refine our morphology prediction,
we have included additional surface energies, estimated
through interpolation of the data in Table S2. These additions
encompass all surfaces with Miller indexes such that |kl + Ikl + |
Il < 20 (see the Methods section and Section S2.2). Our
resulting best estimate of the single crystal, a cut of which is
shown in Figure 4c, features a rounder base compared to
Figure 4b, and sharper — pyramid-like — tips. While nonpolar
surfaces represent a majority of the surface area, polar surfaces,
mainly highly slanted such as {991} and {892}, are exposed to
a sizable extent (7%) (Table S3). The latter surfaces are
characterized by the presence of steps made of molecules that
are likely chemically activated (Figure SS), a possibility that
will be studied in future work.

Our model is of a single HCN crystal in isolation. Of course,
the shape of such a crystal may be markedly different in a real
chemical environment, where stabilization mechanisms, such
as surface reconstruction and charge redistribution, may
occur.” ™" In astrochemical environments, chemisorption of
various molecules and photoexcitation processes may also take
place due to exposure to ionizing particles and high-energy
photons.*”'* However, our model do agree with several
observations of HCN beside the needle shape. For example, we
have tested how sensitive our prediction is to size of the
crystals, and found that their aspect ratio does not vary
substantially, and converges to ca. 1:26 (Figure S3), seemingly
well in line with macroscopic HCN crystals (Figure 2). The
predicted high energy of the crystal tips also offers an
explanation for the experimentally observed “cobweb” features,
in which no tips appear exposed (Figure 2), but instead act as a
nexus for several crystals to join. It is likely that the
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Figure 4. (a) An HCN nanocrystal predicted using Wulff construction and the surface energies of Table S2. The crystal has a length of ~450 nm, is
composed of 107 atoms, and has an aspect ratio of 1:26. (b) Approximate topology of a crystal tip, with Miller lattice planes highlighted with the
same color as in Figure 3. (c) Refined topology derived from interpolation of explicitly calculated surface energies (Ihl + Ikl + lIl < 20, see the

Supporting Information).
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Figure 5. HCN-to-HNC isomerization can be catalyzed by exposed high energy HCN crystal surfaces. Left scheme: Protonation of an N-
terminated surface leads to a terminal HCNH" (light blue), and subsequent barrierless proton transfer to generate a terminal HNC (green). Solar
wind and galactic cosmic rays are examples of sources of protons. Right scheme: Proton removal (by, e.g, ionizing radiation or acid—base
chemistry) of an H-terminated surface generates a terminal CN™~ (red), which spontaneously migrate into the crystal via a proton transfer reaction
that creates a terminal HNC molecule (green). Following sublimation or dissolution of the formed terminal HNC, both processes can continue,

ablating the surface.

electrostatic fields exerted at the tips, favor the linking of
opposite polar ends, thus preventing the formation of exposed
polar interfaces.

The Intrinsic Electric Fields of HCN

The magnitude of the electrostatic potential generated at polar
interfaces of solid HCN provides one measure of its potential
catalytic properties. To estimate an upper bound for the
electric field present at such polar surfaces, we employ a model
composed of a single, isolated chain of HCN molecules,
effectively representing the behavior of the {001} surface. The
electric field shown in Figure S6 is calculated at 1.9 A from the
edge of such a chain, which is the distance of a typical
hydrogen bond. In this way, we estimate the electric field that a
molecule adsorbed on the polar surface would experience.

As expected from prior work,*>*’ the electric field we
compute increases with the number of linearly coordinated
HCN and converges to a value of 1.10 V/A at the H-end, and
of 1.25 V/A at the N-end. These electric fields correspond to a
~20% increase relative to the isolated HCN molecule (0.92

114

and 1.01 V/A), and is evidence for a large cooperative effect, in
line with previous predictions.”™*”**

We motivate the use of a chain model by the higher level of
theory it permits compared to periodic slab models of the
{001} surface (Figure S7). Slab models appear to predict
slightly lower field strengths (e.g, 1.20 — 0.95 V/A for an H-
terminated surface, Figure S7) compared to a single chain-
model but suffer noise and method sensitivity. We will return
to analyze the electronic structure of HCN crystal surfaces
responsible for such differences in future work.

Regardless of the model choice, the predicted electric fields
on polar surfaces are large. Linear association of HCN is clearly
able to generate field strengths of the same order of magnitude
as proteins and scanning tunneling microscopy tips (Figure
S6), both known to facilitate chemical transformations.'?'~'%*
For example, a field of ~0.9 V/A is able to induce the
dissociation of weakly bonded molecules, e.g, in Na,, Liz.56

We think this insight into electrostatics and structure can be
of particular importance for understanding processes in
cryogenic environments in the Solar System and beyond,

https://doi.org/10.1021/acscentsci.5c01497
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where thermally hindered reaction pathways might proceed
with the help of electric-field enabled surface catalysis.

Surface Mechanisms for HCN < HNC Isomerization

Cationic Surface Catalysis. Strong electric fields present
at polar HCN surfaces are expected to influence adsorbates
and to modify the properties of the outermost HCN. We have
predicted the proton affinity of surface HCN by means of a
linear chain model at 90 K, the temperature at the surface of
Titan, and at 259 K, near the melting point of HCN (see the
Methods section). The electrostatic cooperative effects are
sufficiently pronounced to increase the proton affinity of the
HCN cluster by approximately 20% compared to the HCN
molecule (Table S4). Our predicted value of 845 kJ/mol at 90
K and 850 kJ/mol at 259 K is nearly identical to that of gas-
phase ammonia (854 kJ/mol at 298 K),'** a strong Bronsted
base. In this protonation process, the formed HCNH" cation is
not a local minimum: instead, a barrier-less proton transfer
occurs, effectively relocating the cation one monolayer deeper
into the crystal. As illustrated in the left panel of Figure 5, this
process yields a new surface species: the aforementioned
isomer of HCN, hydrogen isocyanide (HNC). Notably, the
same isomerization process could happen if HCNH' is
adsorbed directly onto the HCN surface from the environ-
ment, as might happen in Titan’s atmosphere.

It is notable that the HCN surface not only catalyzes HNC
formation, but also switches the thermodynamic preference
relative to the noncatalyzed the gas-phase mechanism: whereas
gas-phase proton transfer between HCNH' and HNC to yield
HCN and HCNH' is barrierless and exergonic, HNC
formation becomes favored on the protonated surface once
the chain is composed of four or more units (Figure S8). This
result is in line with previous computational studies focused on
ionized (open-shell) clusters,®® and, in our calculations, the
energetics of the process correlates with the intrinsic surface
electric field (Figure S8). We therefore assert that such surface-
catalyzed HCN < HNC isomerization is electrostatically
induced.

Following the formation of a terminal HNC, one can
imagine a subsequent step in which the HNC product
dissociates from the surface, either via sublimation or solvation
into a surrounding chemical environment, thereby regenerating
HCNH' at the surface. This cation can again undergo
thermodynamically spontaneous proton transfer into the
crystal, propagating a surface-catalyzed isomerization cycle
(left panel of Figure S). The rate-determining step in this
mechanism is the dissociation of HNC, for which we estimate
a Gibbs energy barrier of approximately 75, 62, and 52 kJ/mol
at 90, 180, and 259 K, respectively (Figure S10). In other
words, while this barrier is far too large to allow for thermal
desorption of HNC on the surface of Titan, it does permit
reactions on the time scale of days at ~180 K, close to the
temperature where HCN ice is believed to form and persist on
Titan. At higher temperatures near the melting point (259 K),
the barrier is low enough to allow isomerization on the time
scale of milliseconds. These estimates were obtained using the
Eyring equation, assuming first-order reaction kinetics.

Anionic Surface Catalysis. The larger crystal-induced
dipole moment also stabilizes the formation of the cyanide
anion. Terminal HCN molecules are predicted to exhibit a
~10% lower gas-phase acidity (GA) than isolated HCN, with a
predicted GA of 1310 kJ/mol at 259 K. Since lower GA values
indicate higher acidity, this implies that terminal HCN is more

115

acidic, surpassing than that of HBr (1331 kJ/mol at 298.15
K)'” (see section S3.2). The deprotonation could, for
example, be achieved by irradiation. Alternatively, a cyanide
anion, found in Titan upper atmosphere,'’”'"” may be
adsorbed to the H-terminated surface. In such cases, the
resulting cyanide anion is predicted to exist as a metastable
transient on the surface. This anion can rapidly migrate into
the crystal via proton transfer from an underlying HCN
molecule, in an exoergic process with a calculated reaction
Gibbs energy of ~ —5 kJ/mol at 90 K. We compute the
reaction energy barrier for this step to be very small, ~4 kJ/
mol, which corresponds to a first order reaction time scale in
the order of picoseconds at 90 K. Similarly to the cationic
mechanism, this process appears to be electrostatically
induced, as both the reaction energy and the reaction barrier
linearly correlate with the electric field at the H-end of the
chain (Figure S9).

The right panel of Figure S illustrates how this alternative
pathway, initiated by deprotonation or surface association of
CN7, and followed by proton transfer, constitutes a second
mechanism for surface-catalyzed HCN < HNC isomerization.
As in the cationic mechanism, the rate-determining step is the
desorption of the HNC product from the surface (estimated
between 52 and 75 kJ/mol, depending on the temperature, c.f,,
Figure S10). Also similar to the cationic case, the anionic
mechanism represents a fundamentally different situation
compared to when uncatalyzed in the gas-phase: the reversed
proton transfer from HNC to CN~, forming CN™ and HCN, is
exergonic and barrierless. These examples are indicative of a
remarkable catalytic potential of polar HCN surfaces.

While tunneling may contribute to proton transfer at
cryogenic temperatures, we have not explicitly included such
effects in our calculations. This omission is motivated by the
negligible proton transfer barriers we compute. The overall
reaction rate is completely governed by the much larger barrier
for HNC desorption, and tunneling is not expected to alter our
conclusions.

Speculation on Astrochemical Relevance

We think that the mechanisms outlined in Figure S offer a
plausible explanation for the observed abundance anomaly of
HNC in Titan’s atmosphere, and for how solid-phase HCN
may participate in dynamic, surface-driven transformations at
low temperatures. While these mechanisms are but models,
they highlight how surface-catalyzed chemistry may be
particularly relevant in Titan’s complex chemical environment.
HCN is one of the magor products of the atmospheric
photochemistry of Titan,”** and micron-sized HCN ice
particles have been observed at high altitude near its southern
pole.”” This environment is bathed in ionizing radiation from
the Sun and Saturn’s magnetosphere, and the atmospheric
layers below are rich in photochemically generated ions,
including HCNH*,* that could facilitate HCN — HNC
isomerization via the mechanisms we have described.

Once formed, HNC can remain bound to the surface or be
released into the gas phase, either thermally when the particles
are lofted into warmer atmospheric layers, or when they are
exposed to UV photons or charged particle irradiation. While
our Gibbs energy estimates suggest that temperatures around
180 K suffice for quantitative desorption on time scales of days,
we speculate that nonthermal processes may accelerate such
release and become dominant at lower temperatures. Galactic
cosmic rays and their secondary particles also penetrates
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Titan’s dense atmosphere, providing an additional energy
source that can further process aerosol and ice surfaces over
long time scales.”” Modeling such processes lies beyond the
scope of our work, but we can provide a simple estimate: solar
UV photons with wavelengths greater than 220 nm penetrate
deep into Titan’s atmosphere, with photon fluxes of ~10'* and
~10" photons cm™ nm™' s™' at ~ 200 and ~75 km,
respectively.” Given typical values reported for molecular
ices,"”*™""" we adopt a representative photodesorption yield of
1073 molecules per incident photon. If we further assume an
effective spectral bandwidth of 50 nm, a polar surface exposure
of 7%, and a 10% HNC surface coverage, we obtain desorption
rates (per unit of total HCN crystal surface area) of order ~10°
and ~10% molecules em™ s7! at ~200 and ~75 km,
respectively. These estimates suggests that UV-induced
desorption pathways may occur on time scales of years at
~200 km, but not closer to the surface.

Following HNC desorption, new HNC is regenerated that
could either become trapped in the lattice or continue the
release. This process would provide a dynamic route for
modulating the gas-phase nitrile composition without requiring
bulk sublimation of HCN ice. It could also contribute to the
vertical redistribution and chemical evolution of nitriles in
Titan’s stratified atmosphere.

In the case of comets, observations have consistently shown
that the gas—phase HNC/HCN ratio increases as comets
approach the Sun.””'”7® This has been interpreted as
evidence of in situ chemical production of HNC, rather than
it being a parent molecule.”’”""> Our computed binding
energy for HNC on HCN crystal surfaces (~75 kJ/mol)
suggests that at low temperatures, HNC formed via surface-
catalyzed isomerization would remain chemisorbed. However,
near perihelion, solar heating can supply sufficient energy to
desorb HNC from the outermost surface layer and release it
into the coma. In addition to thermal desorption, nonthermal
processes such as UV photodesorption and solar-wind
sputtering should also be enhanced near perihelion. In this
scenario, HCN crystals, if present, could act as catalytic
reservoirs: storing HCN in the solid phase, converting a
fraction into HNC at their polar surfaces, while releasing and
producing more HNC when heated. Such processes align with
observations of increased HNC production in comets at small
heliocentric distances, where thermal and radiative processing
of near-surface ices is most intense.'"’

Titan and comets are two distinct examples where nontrivial
surface chemistry involving HCN, and likely HNC, can occur.
Both settings are characterized by low temperatures, exposure
to variable thermal and radiative conditions, and observed
signatures of HNC formation under circumstances where
purely gas-phase or higher-temperature explanations appear
insufficient. While solid HCN has been directly observed on
Titan, its presence in comets remains inferred rather than
confirmed. Nevertheless, if HCN condenses in cometary ices,
the catalytic mechanisms proposed here may similarly operate
to modulate coma composition. These processes point to a
broader role for surface-mediated HCN reactivity in low-
temperature environments. The discussed mechanisms might
not only explain specific compositional anomalies, but also
enable otherwise inaccessible reaction pathways, such as the
formation of more complex nitrile derivatives or prebiotic
precursors, in cold regions of the Solar System and beyond.
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B CONCLUSIONS

In this work, we computationally investigate the catalytic
potential of solid hydrogen cyanide (HCN) surfaces. Solid
HCN is either expected or confirmed to be present in a variety
of astrochemical environments, and we focus our analysis on
cryogenic settings, with a particular emphasis on the
atmosphere and surface of Saturn’s moon Titan.

Our calculations show that HCN surface energies vary by
more than an order of magnitude, explaining the growth of
highly elongated, needle-like crystals. This anisotropy in
surface stability helps explain experimentally observed
“cobweb” morphologies, which may arise from electrostatic
attraction between oppositely polarized, N- and H-terminated
crystal facets. The polar surfaces, being significantly higher in
energy, also exhibit strong oriented electric fields. These fields
originate from the cooperative alignment of molecular dipoles
and reach magnitudes capable of significantly perturbing local
electrostatic environments and surface-bound chemistry.

We identify two classes of surface-facilitated mechanisms
that enable the isomerization of HCN to its higher-energy
isomer HNC. In the first, protonation of a terminal HCN unit
triggers a barrierless or low-barrier rearrangement to HNC,
followed by proton transfer into the crystal. In the second,
surface deprotonation generates a transient cyanide anion that
undergoes a similar proton transfer cascade. In both cases,
HNC forms only at the surface, and its removal — whether by
thermal desorption or radiative processing — acts as the rate-
determining step for continued isomerization. These mecha-
nisms offer a plausible explanation for the observed
anomalously high abundance of HNC in environments such
as Titan’s atmosphere and, potentially, in cometary comae.

Validation of our predictions would benefit from laboratory
studies of HCN surface chemistry under cryogenic conditions.
One particularly relevant experiment would be to test whether
physical stimuli, such as crushing HCN crystals in the presence
of reagents like water, can expose high-energy surfaces and
thereby accelerate prebiotically relevant chemical transforma-
tions. Observational efforts targeting HNC/HCN ratios across
environments and temperatures could further constrain the
relevance and prevalence of these mechanisms under
astrophysical conditions.

B METHODS

Periodic Calculations

Calculations on the HCN crystal and on all slab models were
performed with the Vienna ab initio simulation package''*
(VASP) version 6.4.1, using standard projected augmented
wave (PAW) potentials.''> The Perdew—Burke—Ernzerhof
(PBE) exchange-correlation functional was used combined
with the D3(BJ) dispersion correction.''® A planewave energy
cutoff of 900 eV was used throughout. All calculations relied
on I'-centered k-point meshes: 5 X S X 5 for the bulk crystal,
and SX 5X1,5X1XS5,0r1 XS5 XS for slab models periodic
in the xy, xz, or yz, directions, respectively. The energy cutoff
and the k-point density were converged to below 0.1 meV/
atom. Calculations on polar slabs included the dipole moment
correction to the potential and forces as implemented in VASP
and described in reference 117. Validation of the computa-
tional setup against experimental lattice parameters is provided
in the Supporting Information (Table S1).
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Surface Energy

Surface slabs were constructed based on the PBE-D3BJ
optimized bulk structure of solid HCN. Each slab exposes
two opposing surface terminations (H- and N-), e.g,
corresponding to the (001) and (001) planes, respectively,
with a 40 A thick vacuum layer. The average surface energy, 7,
of these surfaces was calculated as in eq 1:

= (B — 7o)
r= S A N slab NE puik (1)
where A is the surface area of the slab, Eg, is the total energy
of the slab model, n is the number of HCN molecules in the
slab model and Ey is the energy per HCN molecule in the
bulk crystal. The factor of 1/2 accounts for the two surfaces in
the slab. Surface energies were computed for slabs with
increasing thickness (from 4 to 20 molecular layers), and the
values of y were extrapolated to the limit n — oo to
approximate the thickness of macroscopic crystals (Figure S1).
For our best estimate of the crystal shape, additional surface
energies were interpolated from the computed data (Section
$2.2). Interpolation was performed using radial basis function
(Rbf), as implemented in SciPy version 1.15.2.""*

HCN Nanocrystal Morphology

Crystal morphology was estimated using the Wulff con-
struction, as implemented in the WulffPack Python package.'"”
This method determines the crystal shape by minimizing the
total surface energy, and yields an exact result if the complete
set of surface energies is known. To generate the nanoclusters
shown in Figure 4, we used the surface energies listed in Table
S2 as input. The resulting single-crystal morphology also
depends on the number of atoms in the cluster, which is
provided as an additional input parameter. Figure S3 shows
convergence of morphology with respect to the number of
atoms.

Molecular Cluster Optimization

All molecular cluster optimizations and subsequent electric
field analyses were performed with Gaussianl6, revision
B.01."%° Structural relaxation relied on the B3LYP functional,
with D3(BJ) dispersion corrections and the 6-311++G(d,p)
basis set. Final electronic energies were refined using ORCA
version 6.0.1,">" with the domain-based local pair natural
orbital (DLPNO) local correlation approximation to coupled-
cluster theory including single, double, and perturbative triple
excitations, DNLPO-CCSD(T),"** and the aug-cc-pVTZ basis
set, giving ESCSD(T). Final Gibbs energies, G, and enthalpies, H,
were computed as eq 2 and 3, respectively:

G = E{ZPD 4 AGy(T) @)

H = B{PT + AHy(T) ©)

where AGy,(T) and AH (T) includes thermal, rotational and
translational enthalpic and (for G) entropic corrections
evaluated at the B3LYP-D3(BJ)/6—311++G(d,p) level of
theory. Small vibrational frequencies (<100 cm™) have been
treated according to the rigid-rotor-harmonic-oscillator
(RHHO) approximation.'*?

Proton Affinity and Gas-Phase Acidity

The proton affinity (PA) at 90 K, representative of the surface
temperature of Titan, was computed as the negative enthalpy
change, —AH, of the reaction in eq 4:
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M + H' - MH* (4)

The gas-phase acidity (GA) was computed as the Gibbs
energy change, AG, of the reaction in eq S:

(5)

Calculations were also performed at 298.15 K, providing
values in good agreement with literature data (see Table S4).

Electric field

The electrostatic potential from the linear chain model was
extracted using the cubegen utility in Gaussianl6, and sampled
at points 1.9 A from the outermost hydrogen atom (hydrogen
or nitrogen). The local electric field was then calculated as the
gradient of this potential. For the slab model, the local
electrostatic potential was extracted from a LOCPOT file
generated using a dense fast Fourier transform (FFT) mesh in
VASP.

X 4+ H" > XH
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