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n of nitrile precursors to amino
acids and nucleobases in interstellar ice analogues
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Alexandre Bergantini, ‡ab Mason McAnally, ab André K. Eckhardt *c

and Ralf I. Kaiser *ab

Amino acids and the five canonical nucleobases have been identified in carbonaceous meteorites such as

Murchison and Murray; however, their formation mechanisms under interstellar conditions have remained

largely elusive. Here, we report the synthesis of biorelevant nitriles, key precursors to amino acids and

nucleobases, in low-temperature interstellar model ices composed of hydrogen cyanide (HCN) irradiated

with galactic cosmic ray proxies in the form of energetic electrons. Ammonia (NH3), diazene (HNNH),

methylamine (CH3NH2), ammonium cyanide (NH4CN), ethanimine (CH3CHNH), and nitriles including

isocyanogen (CNCN), cyanamide (NH2CN), iminoacetonitrile (HNCHCN), N-cyanomethanimine

(H2CNCN), and methyl cyanamide (CH3NHCN) were identified utilizing vacuum ultraviolet

photoionization reflectron time-of-flight mass spectrometry combined with Fourier-transform infrared

spectroscopy and quadrupole mass spectrometry. These results suggest that previously astronomically

undetected diazene, ammonium cyanide, and methyl cyanamide represent suitable targets for future

astronomical searches. Furthermore, our findings provide fundamental insights into the non-equilibrium

formation pathways leading to nitrogen-bearing molecules including complex nitriles in HCN-rich

interstellar ices, thereby advancing our understanding of the abiotic origins of amino acids and

nucleobases in extraterrestrial environments.
Introduction

Since the pioneering detection of hydrogen cyanide (HCN, 1) in
the interstellar medium (ISM) by Snyder and Buhl more than
half a century ago,1 nitriles – molecules containing the –C^N
functional group – have drawn sustained interest from the
astrophysics,2–4 astrochemistry,5–7 physical chemistry,8,9 and
astrobiology communities10,11 due to their fundamental role in
the prebiotic synthesis of biomolecules linked to the Origins of
Life (Fig. 1).12–15 As of now, some seventy nitriles have been
identied in the ISM (Fig. S1) ranging from simple molecules
such as 1 to complex rings such as cyanocoronene (C24H11CN).16

These nitriles account for 20% of the 354 known inter- and
circumstellar molecules17 and serve as key precursors for the
abiotic synthesis of amino acids, nucleobases (purines and
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pyrimidines), along with nucleotides as molecular building
blocks of proteins, ribonucleic acid (RNA), and deoxy-
ribonucleic acid (DNA), respectively.18,19 Recent analyses of
returned samples from the carbonaceous asteroid Bennu
revealed substantial quantities of amino acids and all ve
canonical nucleobases present in RNA and DNA,20 indicating
that such biorelevant molecules can form in extraterrestrial
environments during the early stages of the evolution of the
Solar System and may have been delivered to the early Earth by
comets and meteorites.21 In fact, amino acids such as glycine
(NH2CH2COOH, 2), purines like adenine (C5H5N5, 3) and
guanine (C5H5N5O, 4), and pyrimidines such as uracil
(C4H4N2O2) have been identied in key meteorites including
Murchison.22,23 Laboratory simulations have revealed the pres-
ence of nucleobases including 3 in the organic residues
produced through ultraviolet (UV) irradiation of interstellar ice
analogues, as veried by high-performance liquid chromatog-
raphy coupled with high-resolution mass spectrometry.24

Nevertheless, our understanding of the interstellar formation
mechanisms of these biorelevant compounds, and the role of
nitrile intermediates in their synthesis, remains in its infancy.

In prebiotic chemistry, 1 is considered the simplest repre-
sentative of a nitrile and readily forms biorelevant building
blocks including amino acids and nucleobases through oligo-
merization and hydrolysis reactions (Fig. 1).10,12,15,18,25 A critical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Proposed formation pathways of biorelevant molecules (red arrows) in hydrogen cyanide (HCN)-containing interstellar ices and their role
as precursors to biorelevant molecules such as amino acids and nucleobases. In prebiotic chemistry, hydrogen cyanide (1) plays a fundamental
role in the synthesis of amino acids such as glycine (2) and nucleobases including adenine (3) (bold black arrows) and guanine (4) through non-
equilibrium chemistry. Notably, 5, 11, 14–16, and 18 have been detected in the interstellar medium; 2–4 have been identified in carbonaceous
asteroid Bennu and various chondrites like Murchison meteorite.
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step in the oligomerization cascade is the dimerization of 1 to
form iminoacetonitrile (HNCHCN, 5),26 followed by tri-
merization to aminomalononitrile (NH2CH(CN)2, 6) and
subsequent tetramer (C4H4N4) formation yielding di-
aminomaleonitrile (7), diaminofumaronitrile (8), and 4-
aminoimidazole-5-carbonitrile (9).27 Compound 6 can undergo
polymerization to form polyaminomalononitrile,13 which
further transforms into heteropolyamidines that hydrolyze to
heteropolypeptides leading to amino acids and peptides.28

Condensation of 6 with formamidine (NHCHNH2) accesses 9,
whereas 7 undergoes photochemical isomerization to its trans
isomer 8, which subsequently cyclizes to 9.29 Hydrolysis of 9
produces 4-aminoimidazole-5-carboxamide (10), which can
react with 1 to form 4; both 9 and 10 further react with 1 to yield
3, leading to nucleobases and nucleotides.25,30 Moreover, 9
reacts with cyanamide (NH2CN, 11) to form the nucleobase
analog 2,6-diaminopurine (C5H6N6, 12), which has been
© 2026 The Author(s). Published by the Royal Society of Chemistry
detected in carbonaceous chondrites such as Murchison and
Lonewolf Nunataks 94102.31 The reaction between two 1 mole-
cules may also generate cyanogen (NCCN, 13), isocyanogen
(CNCN, 14), and N-cyanomethanimine (H2CNCN, 15), which
serve as precursors to 3 and 9. Stepwise hydrogenation of 1
produces methylamine (CH3NH2, 16), which can further react
with 1 to yieldmethyl cyanamide (CH3NHCN, 17) or with carbon
dioxide (CO2) to form the simplest proteinogenic amino acid, 2.
Upon ionizing irradiation, 1may also react with ammonia (NH3)
and methane (CH4) to produce 11 and ethanimine (CH3CHNH,
18), respectively, which are precursors to 2 and 3. Therefore, 1
serves as a fundamental molecular building block and a key
entry point in the abiotic synthesis of biorelevant molecules.9

Elucidating the formation pathways of these compounds from 1
under interstellar conditions is crucial for understanding the
astrochemical processes leading to the synthesis of astro-
biologically relevant molecules, which can underpin the
Chem. Sci., 2026, 17, 4966–4977 | 4967
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emergence of prebiotic chemistry and, ultimately, the molec-
ular Origins of Life. However, experimental evidence of these
reaction pathways under astrophysical conditions has remained
largely unexplored.

Here, we report the rst synthesis of biorelevant nitriles in
low-temperature interstellar analog ices composed of hydrogen
cyanide (1) exposed to energetic electrons followed by their
detection through isomer-selective vacuum ultraviolet (VUV)
photoionization reectron time-of-ight mass spectrometry (PI-
ReToF-MS). The exploited electrons simulate secondary elec-
trons generated by galactic cosmic rays (GCRs)32 as they pene-
trate interstellar ices on nanoparticles (grains) in cold
molecular clouds at typical temperatures of 5 to 10 K. The
irradiation conditions correspond to GCR exposure over time-
scales of (3.0 ± 0.5)× 107 years equivalent to an evolved stage of
a molecular cloud.33 Ammonia, iminoacetonitrile (5), cyana-
mide (11), N-cyanomethanimine (15), methylamine (16), methyl
cyanamide (17), ethanimine (18), and diazene (HNNH, 19) were
identied in the gas phase during temperature-programmed
desorption (TPD) of the irradiated ices based on their adia-
batic ionization energies (IEs) and desorption proles. Addi-
tionally, isocyanogen (14), ammonium cyanide (NH4CN, 20),
Fig. 2 Fourier transform infrared spectra (FTIR) and ion signals ofm/z= 5
irradiation at 5 K (a), with magnified view of 2320–2000 cm−1 (c) and 17
stretching (n) and bending (d) modes. (e) Temperature-dependent integra
profiles of m/z = 52 recorded by quadrupole mass spectrometer (QMS)

4968 | Chem. Sci., 2026, 17, 4966–4977
and HCN polymers were identied using Fourier-transform
infrared (FTIR) spectroscopy combined with electron impact
quadrupole mass spectrometry (QMS). These results provide
fundamental knowledge for our understanding of how bi-
orelevant nitriles – key precursors to amino acids and nucleo-
bases – can form in the interstellar environments. Molecule 1 is
ubiquitous in the gas phase across diverse interstellar envi-
ronments including molecular clouds,1 star-forming
regions,34,35 and protoplanetary disks,36 with abundances up to
10−6 relative to molecular hydrogen (H2).37 It has also been
observed in the atmospheres of outer planets and their
moons,38,39 in cometary comae,40 and in the Murchison mete-
orite.41 Although hydrogen cyanide (1) has not yet been detected
in interstellar ices, it has been tentatively identied on Triton42

and is considered a component of cometary ices.43 Laboratory
experiments have also demonstrated its solid-phase formation
via irradiation of methane–nitrogen (CH4–N2) ices with ionizing
radiation under astrophysically relevant conditions.44 There-
fore, our results suggest that these nitriles can likely form in 1-
containing interstellar ices in cold molecular clouds through
GCR-mediated non-equilibrium chemistry. As molecular clouds
evolve toward star formation, these compounds can sublimate
2 for hydrogen cyanide (1) ices. FTIR spectra are shown before and after
00–1350 cm−1 (d) regions, and after TPD at 320 K (b). Labels indicate
ted signal at 2303 cm−1. Temperature-programmed desorption (TPD)
(f) and PI-ReToF-MS at 11.10 eV (g).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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into the gas phase and represent suitable targets for future
astronomical detections. Indeed, ammonia,45 iminoacetonitrile
(5),46 cyanamide (11),47 isocyanogen (14),48 N-cyanomethani-
mine (15),4 methylamine (16),49 and both (E)- and (Z)-ethani-
mine (18)50 have been detected in the ISM. Once synthesized in
interstellar ices, these organics may undergo further reactions
to form biorelevant molecules (Fig. 1), become incorporated
into planetesimals, and ultimately be delivered to planets such
as early Earth, thereby serving as key precursors to biomolecules
essential for the emergence of life.51
Results
Infrared spectroscopy

Fourier-transform infrared (FTIR) spectra of hydrogen cyanide
(1) ices were recorded in situ before, during, and aer electron
irradiation at 5 K (Fig. 2), with detailed assignments listed in
Table S1. The observed absorptions at 3118 (n1, C–H stretch),
2100 (n3, C^N stretch), 841 (n2, HCN bend), and 3977 (n1 +
n2) cm−1 correspond to the fundamental and combination
modes of 1.2 Upon irradiation, several new absorption features
emerged. The spectra were deconvoluted into multiple
Gaussian peaks. Absorptions at 3312 and 3161 cm−1 are linked
to N–H stretching, while the absorption at 2978 cm−1 corre-
sponds to C–H stretching.52 The absorptions at 2259 and
2213 cm−1 are attributed to C^N stretching (Fig. 2c),52 which
may be linked to methyl cyanamide (17).53 The peak at
2142 cm−1 can be attributed to the C^N asymmetric stretch of
cyanogen (n3, 13)54 and/or –N^C function group.52 Notably, the
absorption at 2303 cm−1 is connected to the C^N symmetric
stretch of isocyanogen (n1, 14);55 this assignment is further
conrmed by the detection of the ion signals of mass-to-charge
(m/z) of 52, as discussed below. Additionally, absorptions at
2090 and 2068 cm−1 are assigned to C^N stretching of the
cyanide anion (CN−)43 (Fig. 2c) and can be associated to
ammonium cyanide (20) (Fig. S2). This conclusion is supported
by the N–H stretching band of the ammonium ion (NH4

+)
observed at 1454 cm−1 (Fig. 2d).56,57 Aer TPD at 320 K, the FTIR
spectrum of the residue from irradiated 1 (Fig. 2b) matches
previously measured spectra of ‘poly-HCN’,43,58 conrming the
formation of HCN polymers. Interestingly, although phosphine
(PH3) has a similar structure to NH3, it is less nucleophilic. To
probe the thermal reaction between PH3 and HCN under
astrophysical conditions, a separate experiment was conducted
using PH3–HCN ice mixture deposited at 10 K. Infrared spectra
of the ice were recorded during TPD, but no additional
absorptions features corresponding to reaction products were
observed (Fig. S3), indicating that no thermal reaction occurs
between PH3 and HCN at temperatures below 136 K, at which
both reactants sublimate. Overall, with the exception of small
molecules like 14 and 20, extensive spectral overlap among
absorption features renders FTIR spectroscopy insufficient for
the unambiguous identication of individual complex organics
including nitriles. Therefore, a more sensitive, isomer-selective
analytical technique is required to detect specic reaction
products.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Mass spectrometry

Photoionization reectron time-of-ight mass spectrometry (PI-
ReToF-MS) was employed to identify specic isomers in the gas
phase during TPD of electron-irradiated 1 ices based on their
IEs and characteristic desorption temperatures.59 This method
has the unique ability to identify structural isomers based on
their distinct ionization energies (IE) and/or photoionization
efficiency curves (PIE).60 Independent experiments were carried
out at photon energies o f 11.10, 10.49, 9.34, and 7.60 eV to
selectively ionize product isomers. The PI-ReToF-MS data ob-
tained during TPD of the irradiated 1 ices are compiled in
Fig. S4. The following sections present the TPD proles of the
ion signals corresponding to the detected products.

Ammonia. The lowest-mass observed product is ammonia
(NH3) at m/z = 17 (Fig. 3a). At a photon energy of 10.49 eV,
ammonia (IE = 10.070 ± 0.020 eV)61 can be ionized, yielding
a broad sublimation event centered at 281 K. This event is
absent at 9.34 eV, where ammonia cannot be ionized, thus
conrming its identication. The relatively high desorption
temperature of ammonia in the present study compared to pure
ammonia at 108 K 62 indicates that ammonia molecules are
trapped within the ice/polymer matrix and are released via
cosublimation with higher-mass species. A blank experiment
conducted under identical conditions at 10.49 eV but without
electron irradiation showed no ion signal at m/z = 17, con-
rming that the sublimation event results from electron-
induced chemical processing of 1 ices.

Diazene. At 10.49 eV, the ion signal at m/z = 30 exhibits
a broad sublimation event centered at 276 K (Fig. 3b). This
feature originates from C2H6 and/or H2N2 isomers. Since ethane
(C2H6, IE = 11.52 ± 0.04 eV)61 cannot be ionized at 10.49 eV, the
observed signal therefore arises from H2N2 isomers—trans-di-
azene (19; IE= 9.61± 0.01 eV), cis-diazene (IE= 9.64± 0.01 eV),
and/or iso-diazene (IE= 8.66± 0.01 eV).63 In the gas phase, 19 is
the most stable isomer, whereas iso-diazene is the least stable,
lying 101 kJ mol−1 above 19.63 Upon lowering the photon energy
to 9.34 eV, where only 19 (IE = 9.61 ± 0.01 eV) and cis-diazene
(IE = 9.64 ± 0.01 eV) cannot be ionized, the sublimation event
disappears, suggesting that the ion signal of m/z = 30 is
attributed to trans- and/or cis-diazene. A photoionization effi-
ciency (PIE) curve was recorded over the photon energy range
9.61–9.93 eV. Fig. 3g shows the integrated ion intensity as
a function of photon energy, collected from 201 to 279 K during
TPD of the irradiated ice. The experimental PIE curve agrees
well with the reference PIE of trans-diazene (19).64 Since no
measured PIE curve of cis-diazene was reported, a contribution
from cis-diazene cannot be ruled out as they may exhibit similar
PIE curves. Therefore, the ion signal atm/z= 30 can be assigned
to trans- and/or cis-diazene.

Methylamine. The ion signal at m/z = 31 is assigned to
methylamine (CH3NH2, 16; IE = 8.9 ± 0.1 eV),61 the simplest
primary amine. At 10.49 eV, the TPD prole exhibits a subli-
mation event peaking at 273 K (Fig. 3c). This desorption feature
persists when the photon energy is lowered to 9.34 eV but
vanishes at 7.60 eV, which is below the IE of 16. These results
conrm the identication of methylamine (16).
Chem. Sci., 2026, 17, 4966–4977 | 4969
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Fig. 3 Ion signals of hydrogen cyanide (1) ices during TPD and photoionization efficiency (PIE) curves. TPD profiles of hydrogen cyanide (1) ices
atm/z= 17 (a), 30 (b), 31 (c), 43 (d), 44 (e), and 45 (f) recorded at photon energies of 10.49, 9.34, and 7.60 eV. (g) PIE curve ofm/z= 30 plotted as
a function of photon energy after correcting for the TPD profile measured from 201 to 279 K. The reference PIE curve of trans-diazene (19, black
dots) is scaled for comparison with the experimental results. (h) Computed IEs and relative energies of CH4N2 isomers calculated at the CCSD(T)/
CBS//B3LYP/aug-cc-pVTZ level of theory.
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Ethanimine. The ion signal at m/z = 43 (Fig. 3d) belongs to
molecules with molecular formula(e) HN3 and/or C2H5N. Both
HN3 isomers—hydrazoic acid (HN3, IE = 10.62–10.77 eV) and
1H-triazirine (c-HN3, IE = 11.10–11.15 eV)65—cannot be ionized
at 10.49 eV, indicating that the observed TPD prole originates
from C2H5N isomers. Possible candidates include ethanimine
(18, IE = 9.44–9.53 eV), aziridine (c-CH2CH2NH, IE = 9.23–9.31
eV), N-methylmethanimine (CH2NCH3, IE = 9.05–9.13 eV), and/
or vinylamine (CH2CHNH2, IE = 8.05–8.13 eV).66 When the
photon energy is reduced to 9.34 eV, at which only 18 cannot be
ionized, the sublimation event disappears, indicating that the
ion signal at m/z = 43 is associated with ethanimine (18).
4970 | Chem. Sci., 2026, 17, 4966–4977
CH4N2 and N3H3 isomers. At 10.49 eV, the TPD prole ofm/z
= 44 exhibits a broad sublimation event peaking at 317 K
(Fig. 3e). This signal can be attributed to molecular formula(e)
C3H8 and/or CH4N2. The only C3H8 isomer, propane (IE = 10.94
± 0.05 eV),61 cannot be ionized at 10.49 eV, thus excluding any
contribution. Therefore, the TPD prole of m/z = 44 is assigned
to CH4N2 isomers, which includes formamidine (NH2CHNH,
26; IE = 9.06–9.23 eV), diaziridine (c-NHCH2NH, 27; IE = 8.92–
9.32 eV), methyldiazene (CH3NNH, 28; IE = 8.85–9.03 eV), and/
or methylenehydrazine (CH2NNH2, 29; IE = 8.74–8.84 eV)
(Fig. 3h). Upon lowering the photon energy to 9.34 eV, at which
all CH4N2 isomers can still be ionized, the sublimation event
© 2026 The Author(s). Published by the Royal Society of Chemistry
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remains as a weak signal, indicating its origin from 26–28 and/
or 29. For the ion signal at m/z = 45, a sublimation event
centered at 243 K is observed at 10.49 eV but disappears at
9.34 eV (Fig. 3f). This signal could originate from C2H7N and
N3H3 isomers. However, the two possible C2H7N isomers—
ethylamine (CH3CH2NH2, IE = 8.81–8.96 eV) and di-
methylamine (CH3NHCH3, IE = 8.20–8.24 eV)—should still be
ionizable at 9.34 eV. The absence of ion signal at 9.34 eV
therefore rules out their formation. Therefore, the TPD prole
of m/z = 45 is attributed to N3H3 isomers such as triazene
(H2NNNH, IE = 9.24–9.53 eV), triimide (NH2NNH, IE = 9.29–
9.62 eV), and/or cyclotriazane (c-N3H3, IE = 9.83–9.93 eV).67

Nitriles – cyanamide, isocyanogen, iminoacetonitrile, N-
cyanomethanimine, and methyl-cyanamide. At a photon energy
of 11.10 eV, the TPD prole of m/z = 42 reveals a high-intensity
sublimation event peaking at 234 K and a low-intensity shoulder
extending to 320 K (Fig. 4b), which can be deconvoluted into
three peaks. Possible contributors include C3H6 and/or CH2N2

isomers. The C3H6 isomers include cyclopropane (c-C3H6, IE =

9.86± 0.04 eV) and propene (CH3CHCH2, IE= 9.73± 0.01 eV).61
Fig. 4 Ion signals of hydrogen cyanide (1) ices during TPD atm/z= 42.
(a) Computed IEs and relative energies of CH2N2 isomers calculated at
the CCSD(T)/CBS//B3LYP/aug-cc-pVTZ level of theory. TPD profiles
recorded at photon energies of 11.10 (b), 10.49, 9.34, and 7.60 eV (c).

© 2026 The Author(s). Published by the Royal Society of Chemistry
The CH2N2 isomers comprise cyanamide (11, IE = 10.50–10.60
eV), 3H-diazirine (c-CH2NN, 21; IE = 10.35–10.45 eV), iso-
cyanamide (NH2NC, 22; IE = 10.21–10.31 eV), carbodiimide
(HNCNH, 23; IE = 10.16–10.26 eV), isodiazomethane (HCNNH,
24; IE = 9.00–9.10 eV), diazomethane (CH2NN, 25; IE = 8.92–
9.02 eV) (Fig. 4a). Upon reducing the photon energy to 10.49 eV,
the early sublimation peak at 234 K vanishes, whereas the latter
two persist. Among the above isomers, only cyanamide (11, IE=

10.50–10.60 eV) cannot be ionized at 10.49 eV. The absence of
ion signal at m/z = 42 at 10.49 eV indicates that the rst
sublimation event originates from cyanamide (11). When the
photon energy is further reduced to 9.34 eV, where only 24 and
25 can be ionized, no sublimation event is observed. Therefore,
the remaining sublimation events detected at 10.49 eV can be
attributed to 21–23, propene and/or cyclopropane.

Note that the QMS TPD prole atm/z= 52 obtained via 70 eV
electron impact ionization exhibits a major sublimation event
peaking at 156 K (Fig. 2f), corresponding to species with the
molecular formula(e) C4H4 and/or C2N2. At 11.10 eV, all C4H4

isomers can be photoionized if present;68 however, no ion signal
was detected (Fig. 2g), discounting the formation of C4H4

isomers. Therefore, the ion signal of m/z = 52 detected by QMS
can be attributed to C2N2 isomers—cyanogen (13, IE = 13.37 ±

0.01 eV),61 isocyanogen (14, IE = 12.873 ± 0.005 eV),69 and/or
diisocyanogen (CNNC). Recall that 14 was identied by its
C^N symmetric stretching band at 2303 cm−1.55 The
temperature-dependent integrated absorbance of this IR
absorption closely correlates with the TPD prole of m/z = 52
(Fig. 2e and f), further conrming the formation of isocyanogen
(14).

The TPD prole of the ion signal at m/z = 54 at 11.10 eV
shows a broad sublimation event spanning from 160 to 320 K
(Fig. 5b), which originates frommolecules with formula(e) C4H6

and/or C2H2N2. Given that the formation of C4H6 isomers from
HCN requires multiple reaction steps and considering the
relatively low irradiation dose used in the experiments, the
production of detectable C4H6 isomers under our experimental
conditions is unlikely. Therefore, the ion signal of m/z = 54
detected at 11.10 eV can be attributed to the C2H2N2 isomers—
iminoacetonitrile (5, IE = 10.87–11.00 eV) and N-cyanometha-
nimine (15, IE = 10.48–10.58 eV) (Fig. 5a). Upon lowering the
photon energy to 10.49 eV, only 15 (IE = 10.48–10.58 eV) could
be ionized, whereas 5 (IE = 10.87–11.00 eV) cannot. The ion
signal ofm/z= 54 at 10.49 eV exhibits a broad sublimation event
between 180 and 320 K, which can be attributed to 15. By
comparing the TPD proles at 11.10 and 10.49 eV, their differ-
ence in TPD proles (Fig. 5c) results from the presence of 5.

At 10.49 eV, the TPD prole ofm/z= 56 exhibits a strong peak
at 225 K and a lower intensity sublimation event peaking at 290
K (Fig. 6b), which arise from C4H8, C2H4N2, and/or N4 isomers.
Due to the multiple reaction steps required to form C4H8 and N4

isomers from HCN, the observed signal can be attributed to
C2H4N2 isomers. Possible C2H4N2 isomers include methyl
cyanamide (17, IE = 9.75–9.85 eV), 1,2-diiminoethane
(HNCHCHNH, 30; IE = 9.73–10.12 eV), aminoacetonitrile
(NH2CH2CN, 31; IE = 9.83–9.99 eV), 1,3-diaza-1,3-butadiene
(CH2NCHNH, 32; IE = 9.26–9.40 eV), and 2,3-diaza-1,3-
Chem. Sci., 2026, 17, 4966–4977 | 4971
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Fig. 5 Ion signals of hydrogen cyanide (1) ices during TPD atm/z= 54.
(a) Computed IEs and relative energies of C2H2N2 isomers calculated
at the CCSD(T)/CBS//B3LYP/aug-cc-pVTZ level of theory. (b) TPD
profiles recorded at photon energies of 11.10, 10.49, 9.34, and 7.60 eV.
TPD profiles of m/z = 54 were each recorded twice at 11.10 eV and
10.49 eV and the difference in their averaged profiles (c).

Fig. 6 Ion signals of hydrogen cyanide (1) ices during TPD atm/z= 56
and photoionization efficiency (PIE) curves. (a) Computed IEs and
relative energies of C2H4N2 isomers calculated at the CCSD(T)/CBS//
B3LYP/aug-cc-pVTZ level of theory. (b) TPD profiles recorded at
photon energies of 10.49, 9.34, and 7.60 eV. (c) PIE curve plotted as
a function of photon energy after correcting for the TPD profile
measured from 281 to 320 K. The Franck–Condon simulation of the
PIE curve of methyl cyanamide (17, black dots) is scaled for compar-
ison with the experimental results.
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butadiene (CH2NNCH2, 33; IE = 9.87–9.97 eV). When the
photon energy was reduced to 9.34 eV, at which 17 (IE = 9.75–
9.85 eV), 30 (IE = 9.73–10.12 eV), and 31 (IE = 9.83–9.99 eV)
cannot be ionized, the sublimation events disappear, indicating
that the ion signal of m/z = 56 is attributed to 17, 30, and/or 31.
To distinguish between these isomers, a PIE curve of m/z = 56
was recorded during TPD of irradiated ice between 281 and 320
K using photon energies from 9.61 to 9.93 eV (Fig. 6c). This PIE
curve for m/z = 56 agrees with the predicted PIE curve of 17,
indicating the formation of 17. The ionization onset of 17 is
determined to be 9.73 ± 0.02 eV, which is close to its computed
IE. Recall that the FTIR results indicate the tentative identi-
cation of the C^N stretching of methyl cyanamide (17) at 2259
and 2213 cm−1.53 Notably, the computed Franck–Condon
factors of the syn conformers of 30 (30d (IE = 9.91–10.01 eV),
30e (IE = 9.84–9.94 eV) and 30f (IE = 9.73–9.83 eV)) are signif-
icantly lower than those of the other isomers (Fig. S5), ruling out
their contribution. This is consistent with a recent UV photol-
ysis study of 1,2-diazidoethane (C2H4N6) at 3 K in solid argon,
which only revealed the formation of the three anti conformers
30a–30c, while the syn conformers 30d–30f remained unob-
served.70 The strong sublimation feature at 225 K partially
overlaps with the TPD prole of m/z = 68, 69, and 83 (Fig. S6),
4972 | Chem. Sci., 2026, 17, 4966–4977
suggesting that this event may originate from the fragments
generated via the dissociative photoionization of these higher-
mass species.

Discussion

Having provided compelling evidence for the formation of
ammonia, methylamine (16), ethanimine (18), diazene (19),
ammonium cyanide (20), and nitriles including iminoacetoni-
trile (5), cyanamide (11), isocyanogen (14), N-cyanomethani-
mine (15), and methyl cyanamide (17) in hydrogen cyanide (1)
ices irradiated with GCR proxies, we now discuss their potential
formation pathways (Fig. 7). First, the unimolecular decompo-
sition of 1 produces atomic hydrogen (H) and cyano (CN) radi-
cals via C–H bond cleavage (reaction (1)), which is endoergic by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Potential formation pathways of 5, 11, and 14–20 in irradiated hydrogen cyanide (1) ices. Cyanogen (13) is tentatively identified and
indicated in italic.
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523 kJ mol−1.71 This energy can be supplied by the energetic
electrons, highlighting the critical role of external energy
sources such as GCRs in initiating the conversion of 1 into
cyano radicals in extraterrestrial ices. Two cyano radicals can
subsequently react in an exoergic process to 13 via reaction (2a)
or 14 via reaction (2b), either at 5 K if their recombination
geometry is favorable or in the TPD phase as the radical
mobility increases. Note that 13 was tentatively identied via
FTIR by its C^N asymmetric stretch (n3)54 at 2142 cm−1.

A suprathermal hydrogen atom may add to the carbon–
nitrogen triple bond of 1, forming the iminomethyl (HCNH)
radical through reaction (3a) or the methyleneamidogen (H2CN)
radical via reaction (3b); reactions (3a) and (3b) are exoergic by
70 and 104 kJ mol−1, respectively.71 Subsequent barrierless
radical–radical recombination between the cyano radical and
either the iminomethyl or methyleneamidogen radical yields 5
and 15 via reactions (4) and (5), with energy releases of 484 and
416 kJ mol−1, respectively; the overall reaction energies to 5 and
15 from two 1 molecules are −30 and +4 kJ mol−1,
respectively.71,72

HCNð1Þ/CNþH; DH
�
r ð0 KÞ ¼ þ523 kJ mol�1 (1)

CNþ CN/NCCNð13Þ; DH
�
r ð0 KÞ ¼ �565 kJ mol�1 (2a)

CNþ CN/CNCNð14Þ; DH
�
r ð0 KÞ ¼ �461 kJ mol�1 (2b)

HCNð1Þ þH/HCNH; DH
�
r ð0 KÞ ¼ �70 kJ mol�1 (3a)
© 2026 The Author(s). Published by the Royal Society of Chemistry
HCNð1Þ þH/H2CN; DH
�
r ð0 KÞ ¼ �104 kJ mol�1 (3b)

HCNHþ CN/HNCHCNð5Þ; DH
�
r ð298 KÞ ¼ �484 kJ mol�1

(4)

H2CNþ CN/H2CNCNð15Þ; DH
�
r ð298 KÞ ¼ �416 kJ mol�1

(5)

Stepwise hydrogenation by suprathermal hydrogen atoms of
1may form 16 via reaction (6). Specically, a hydrogen atom can
recombine with the iminomethyl and methyleneamidogen
radicals to yield aminomethylene (HCNH2), methanimine
(H2CNH),73 and methylimidogen (H3CN) (Fig. 8). Subsequent
hydrogen-atom additions produce aminomethyl (H2CNH2) and
methylamidogen (H3CNH) radicals, followed by further hydro-
genation leading to 16.74 It is worth noting that the closed-shell
molecule methanimine was tentatively identied in the exper-
iments (Fig. S7, SI). Once formed in the ices, 16 may serve as
a precursor to form 17 and 18. The unimolecular decomposition
of 16 may form the methylamidogen radical (reaction (7)),74

which can subsequently recombine with the cyano radical to
form 17 through reaction (8), an exoergic process releasing
470 kJ mol−1.71,72 Alternatively, upon interaction with energetic
electrons, 16 may yield imidogen radical (NH) and methane
(CH4) (reaction (9)),75 which undergoes C–H bond cleavage to
form the methyl (CH3) radical via reaction (10).76 The formation
of 18 can then proceed through barrierless recombination
Chem. Sci., 2026, 17, 4966–4977 | 4973
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Fig. 8 Potential stepwise hydrogenation formation pathways of 16 in
irradiated hydrogen cyanide (1) ices.
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between the methyl and iminomethyl radicals via reaction (11),
which is exoergic by 370 kJ mol−1.71

HCNð1Þ þ 4H/CH3NH2ð16Þ; DH
�
r ð0 KÞ ¼ �1000 kJ mol�1

(6)

CH3NH2ð16Þ/CH3NHþH; DH
�
r ð0 KÞ ¼ þ410 kJ mol�1

(7)

CH3NHþ CN/CH3NHCNð17Þ;
DH

�
r ð298 KÞ ¼ �470 kJ mol�1 (8)

CH3NH2ð16Þ/CH4 þNH; DH
�
r ð0 KÞ ¼ þ299 kJ mol�1 (9)

CH4/CH3 þH; DH
�
r ð0 KÞ ¼ þ432 kJ mol�1 (10)

CH3 þ CHNH/CH3CHNHð18Þ; DH
�
r ð0 KÞ ¼ �370 kJ mol�1

(11)

Furthermore, barrierless self-recombination between two
imidogen radicals produces 19 via reaction (12),77 an exoergic
process releasing 510 kJ mol−1.71 Subsequent hydrogen addition
to the imidogen radical yields the amino radical (NH2) (reaction
(13)), which reacts with the cyano radical and hydrogen atom to
yield 11 and ammonia through reactions (14) and (15), respec-
tively. Reactions (12)–(15) are highly exoergic by 510, 386, 484,
and 444 kJ mol−1, respectively.71 Finally, the nucleophilic
addition of ammonia to 1 forms 20 via reaction (16) with
4974 | Chem. Sci., 2026, 17, 4966–4977
a reaction endoergicity of 1 kJ mol−1.57,71,78 It is worth noting
that future theoretical modeling of these proposed reaction
pathways would be valuable to fully elucidate the underlying
formation mechanisms of nitrogen-containing molecules in
interstellar environments.

NHþNH/HNNHð19Þ; DH
�
r ð0 KÞ ¼ �510 kJ mol�1 (12)

NHþH/NH2; DH
�
r ð0 KÞ ¼ �386 kJ mol�1 (13)

NH2 þ CN/NH2CNð11Þ; DH
�
r ð0 KÞ ¼ �484 kJ mol�1 (14)

NH2 þH/NH3; DH
�
r ð0 KÞ ¼ �444 kJ mol�1 (15)

HCNð1Þ þNH3/NH4CNð20Þ; DH
�
r ð298 KÞ ¼ þ1 kJ mol�1

(16)

Conclusion and outlook

The present work demonstrates the rst preparation of bi-
orelevant nitriles in low-temperature interstellar model ices
composed of hydrogen cyanide (1). The ices were irradiated with
GCR proxies in the form of energetic electrons32 at doses cor-
responding to exposure timescales equivalent to evolved stages
of molecular clouds of (3.0 ± 0.5) × 107 years.33 Utilizing VUV
photoionization reectron time-of-ight mass spectrometry,
ammonia, iminoacetonitrile (5), cyanamide (11), N-cyanome-
thanimine (15), methylamine (16), methyl cyanamide (17),
ethanimine (18), and diazene (HNNH, 19) were identied in the
gas phase during TPD of the irradiated 1 ices based on their IEs
and desorption proles. In addition, isocyanogen (14), ammo-
nium cyanide (NH4CN, 20), and HCN polymers of undened
chemical structure were detected via FTIR spectroscopy
combined with QMS. These results provide fundamental
insights into the formation pathways leading to these nitrogen-
bearing molecules in 1-rich interstellar ices through non-
equilibrium chemistry, representing a critical step toward
understanding how nitrile precursors to amino acids and
nucleobases can be synthesized under astrophysical conditions.

Notably, hydrogen cyanide (1) is a ubiquitous molecule in
the ISM, with abundances reaching up to 10−6 relative to
molecular hydrogen in the hot envelope;37 it has been detected
in the gas phase in various environments including molecular
clouds,1,79 star-forming regions,34,35 shocked regions,80 and
protoplanetary disks.36 Although 1 has not yet been identied in
interstellar ices, solid-phase 1 has been tentatively detected on
Triton42 and is considered a component of cometary ices.43

Therefore, our results suggest that ammonia, 5, 11, 14–20, and
HCN polymers can plausibly form in 1-containing interstellar
ices within cold molecular clouds upon exposure to ionizing
radiation such as GCRs. As molecular clouds evolve into star-
forming regions, these compounds may sublimate into the
gas phase32 and represent promising targets—especially for the
hitherto undetected 17, 19, and 20—for future astronomical
detections towards star-forming regions using radio telescopes
such as the Atacama Large Millimeter/submillimeter Array
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(ALMA). Additionally, once synthesized in interstellar ices, these
compounds may serve as key precursors to fundamental
biomolecules such as glycine (2), adenine (3), and guanine (4)
(Fig. 1), providing plausible abiotic pathways toward the
synthesis of amino acids and nucleobases under extraterrestrial
conditions. In fact, 2–4 have been identied in carbonaceous
chondrites such as Murchison,22,23 suggesting that such
biomolecules could have been delivered to the early Earth and
contributed to the emergence of Life.

It is worth noting that the hydrogen cyanide (1) ices used in
this work serve as a simple model system to investigate how
biorelevant nitriles can form upon exposure to GCR proxies. Our
experiments represent an initial step towards elucidating their
fundamental formation mechanisms in a controlled environ-
ment. Considering that interstellar ices are composed primarily
of water along with minor molecules such as carbon dioxide,
carbon monoxide (CO), and methanol (CH3OH),81 future labo-
ratory simulation experiments incorporating these molecules
into 1 ices may reveal additional pathways to nitriles and other
products. For instance, the irradiated water–1 and carbon
dioxide–1 ices may eventually lead to the formation of 4 and 2,
respectively (Fig. 1); the inclusion of carbon monoxide or
methanol into 1 ices may yield cyanoformaldehyde (HOCCN)
and glycolonitrile (HOCH2CN), respectively, which have been
identied in the ISM.82,83 These experiments may further
advance our understanding of the role of hydrogen cyanide
chemistry in the abiotic formation of biorelevant molecules via
non-equilibrium reactions in deep space.

Lastly, the absence of new absorption features during TPD of
the unirradiated PH3–HCN ice mixture indicates that no
thermal reaction occurs between PH3 and HCN during the
warm-up phase of star formation. This thermal inertness arises
from the lower nucleophilicity of PH3 relative to NH3. Phos-
phorus has lower electronegativity (c(P) = 2.46 and c(N) =

2.93)84 and a larger atomic radius (99 pm) relative to nitrogen
(54 pm),85 leading to a more diffuse lone pair on phosphorus
and reducing its ability to engage electrophiles in an ice matrix.
Moreover, P–N and P–C bonds are generally weaker than the
corresponding N–N and N–C bonds, which makes the forma-
tion of new P–N or P–C linkages thermodynamically less
favorable and increases the barriers for addition to nitriles.
Additionally, previous laboratory simulation experiments have
demonstrated the efficient formation of biorelevant
phosphorus-containing molecules in interstellar ices via
radical–radical recombination and insertion reactions initiated
by energetic processing.86–88 These ndings suggest that the
formation of complex phosphorus-containing molecules in
interstellar ices requires non-equilibrium, energy-driven
chemistry initiated by ionizing sources such as GCRs or UV
photons, providing a crucial constraint for astrochemical
models. Notably, cyanophosphine (PH2CN) has been searched
for toward Sagittarius B2(N) with an abundance upper limit of
7.0 × 10−12 relative to molecular hydrogen.89 Future experi-
ments could investigate the formation of H2PCN isomers
through electron irradiation of PH3–HCN ice mixtures, as cya-
nophosphine may form through recombination between the
phosphino (PH2) and cyano (CN) radicals.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Not. R. Astron. Soc., 2021, 507, 1034–1046.
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