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ABSTRACT: The interstellar origin and chemistry of the NCN moiety, a critical
molecular backbone of nucleobases, is central to the RNA world hypothesis for the
Origins of Life; however, its formation mechanisms under astrophysical conditions
remain largely unexplored. Here, we report the first laboratory preparation of
cyanamide (NH2CN), a key intermediate in prebiotic chemical evolution, in low-
temperature ammonia−methylamine (NH3−CH3NH2) interstellar ice analogs
exposed to energetic electrons, simulating secondary electrons generated by
galactic cosmic rays. Utilizing tunable vacuum ultraviolet photoionization
reflectron time-of-flight mass spectrometry combined with isotopic labeling,
cyanamide was identified isomer-selectively in the gas phase during temperature-
programmed desorption. These findings reveal nonequilibrium pathways to cyanamide in methylamine-containing interstellar ices,
highlighting the pivotal role of galactic cosmic rays in forming the biorelevant NCN backbone and shedding light on the abiotic
synthesis of nucleobases in astrophysical environments.

Since its very first identification toward the molecular cloud
Sagittarius B2 (Sgr B2) by Turner et al. nearly half a

century ago,1 cyanamide (NH2CN, 1), the first interstellar
molecule containing an NCN backbone, has attracted
extensive interest across the prebiotic chemistry,2 astrochem-
istry,3,4 physical (organic) chemistry,5,6 and theoretical
chemistry communities.7−11 This broad attention primarily
arises from the central role of 1 in the prebiotic chemical
evolution and its potential relevance to the emergence of
life.10,12−15 As one of the simplest organic molecules that
features an electrophilic nitrile and a nucleophilic amino
group,9 1 is considered as an effective prebiotic condensing
agent16 and a key building block for the synthesis of crucial
biorelevant compounds such as purines and pyrimidines in
interstellar ices and prebiotic chemistry (Figure 1). Upon
energetic processing by galactic cosmic rays (GCRs) or
ultraviolet (UV) photons, 1 can react with water (H2O) to
the biorelevant urea (NH2CONH2),

17,18 which has been
detected toward the hot core Sgr B2(N1).19 Dimerization of 1
yields 2-cyanoguanidine ((NH2)2CNCN),20 a precursor to
purine nucleobases such as adenine (C5H5N5) and guanine
(C5H5N5O). Furthermore, reaction between 1 and glycolalde-
hyde (HOCH2CHO) produce s 2 - aminooxazo l e
(C3H4N2O),15,21 which is a pivotal prebiotic intermediate
that leads to pyrimidine nucleotides such as cytidine- and
uridine-2′,3′-cyclic phosphates,22 thereby contributing to
prebiotic RNA synthesis.15,23 In prebiotic chemistry, 1 may
react with cyanoacetylene (HCCCN), which has been
detected toward molecular cloud Sgr B2,24 to 4-cyanoimida-
zole (C4H3N3), a key intermediate leading to purines including
adenine and guanine.25 Additionally, 1 reacts efficiently with

ribose (C5H10O5) to form ribosecyanamide (C6H10O4N2),
which can further react with cyanoacetylene to yield
pyrimidine nucleosides.26 Consequently, elucidating the
formation of 1 in the interstellar medium (ISM) is critical
for constraining abiotic routes that enable the emergence and
incorporation of the NCN moiety into complex organics
associated with the Origins of Life. However, despite its
significance, the formation routes of 1 have been inferred
mainly from gas-phase chemical models8,9 or through
hypothesized grain-surface reactions,4,10,27 whereas laboratory
experiments that critically constrain its formation pathways
under astrophysical conditions remain scarce.

Here, we report the very first laboratory simulation on the
synthesis of cyanamide (NH2CN, 1) in model interstellar
analog ices composed of ammonia (NH3) and methylamine
(CH3NH2). The low-temperature (5 K) ice mixtures were
exposed to energetic electrons to simulate the secondary
electrons generated by GCRs as they penetrate the interstellar
ices in cold molecular clouds.28 The applied low irradiation
doses of 6.7 ± 1.0 eV per ammonia molecule and 12 ± 2 eV
per methylamine molecule correspond to GCR exposures over
time scales comparable to molecular cloud lifetimes of (3.9 ±
0.6) × 107 years.29 Both ammonia and methylamine are
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ubiquitous in the ISM. Ammonia is a critical component of
interstellar ices with abundances reaching up to 15% relative to
water.30 Methylamine has been detected toward high-mass
star-forming regions such as NGC 6334I,31 hot molecular
cores like G10.47+0.03,32 and molecular clouds such as Sgr
B2(N) with an abundance of 3 × 10−7 relative to molecular
hydrogen (H2).

33 Laboratory experiments revealed that
methylamine forms effectively in interstellar ices composed
of ammonia and methane (CH4).

34 Therefore, ammonia−
methylamine ice represents a suitable model ice to probe the
interstellar formation pathways of 1. Utilizing tunable vacuum
ultraviolet (VUV) photoionization reflectron time-of-flight
mass spectrometry (PI-ReToF-MS) combined with isotopic
labeling, we identified 1 isomer-selectively in the gas phase
during temperature-programmed desorption (TPD) of the
irradiated ices. As dense molecular clouds evolve toward star
formation, 1 can be released from interstellar icy nanoparticles
(grains) into the gas phase. Consistently, 1 has been detected
in diverse environments including molecular clouds with
column densities up to 5 × 1016 cm−2,35 protostars,4 high-mass
star-forming regions,14 and extragalactic sources.36 These
findings reveal unconventional, nonequilibrium pathways to
1�a key intermediate in prebiotic chemical evolution�in
methylamine-containing interstellar ices, thereby advancing
our fundamental understanding of how a biorelevant NCN
backbone can form through GCR-mediated, nonequilibrium
chemistry within cold molecular clouds.

Fourier-transform infrared spectra (FTIR) of ammonia−
methylamine (NH3−CH3NH2) and the fully deuterated
labeled ices (ND3−CD3ND2) were recorded before, during,
and after electron irradiation at 5 K (Figures S1−S3, Tables
S1−S3). The absorption features of NH3−CH3NH2 ice can be
attributed to the fundamental and combination vibrational
modes of ammonia such as the symmetric N−H stretching
(ν1) at 3191 cm−1 and the degenerate N−H stretching (ν3) at
3356 cm−1 and methylamine such as the symmetric stretch of
the NH2 group (ν1) at 3284 cm−1 and the degenerate stretch
of the CH3 group (ν11) at 2943 cm−1 (Figure S1). Upon

electron irradiation, several new absorption bands appeared.
The absorption at 3039 cm−1 is assigned to the C−H
degenerate stretching mode (ν3) of methane (CH4)

37 and/or
the C−H stretching (ν2) of methanimine (CH2NH).38 The
formation of methanimine is further supported by the
absorption at 1599 cm−1 observed in irradiated ND3−
CD3ND2 ice, corresponding to the C�N stretching (ν4) of
methanimine-d3 (Figures S2−S3).38 Ethane (C2H6) was
identified via its combination bands at 4132, 2740, 2653,
and 2540 cm−1, corresponding to ν7 + ν12, ν2 + ν6, ν8 + ν12, and
ν6 + ν9 modes, respectively. In the fully deuterated ices, ethane-
d6 (C2D6) was detected at 1904 cm−1 (ν3 + ν6) in low-dose
irradiated ND3−CD3ND2 ice (Figure S2) with additional
absorptions at 2973 cm−1 (ν7 + ν12), 2079 cm−1 (ν5), 1655
cm−1 (ν11 + ν12), and 1626 cm−1 (ν6 + ν12) emerging under
high-dose irradiation (Figure S3). The absorption at 2321
cm−1 is attributed to the C�N stretching vibration,39 while
bands at 2085 cm−1 and 2058 cm−1 are assigned to the C�N
stretching mode of cyanide anion (CN−1).40 In addition, the
absorption feature at 1568 cm−1 in irradiated ND3−CD3ND2
ice can be assigned to the N−C�N stretching, which may be
linked to cyanamide (1).41 Because the complex organics
formed in the irradiated ice mixtures exhibit strong overlapping
IR functional-group absorptions, infrared spectroscopy alone
does not permit isomer-specific identification of CH2N2
species including 1. Consequently, a more sensitive analytical
technique is required to unambiguously identify individual
reaction products.42,43

PI-ReToF-MS data were collected at VUV photon energies
of 10.70 and 10.35 eV to photoionize subliming molecules
during TPD of irradiated ammonia−methylamine ices, thus
enabling the gas-phase identification of 1 based on the
desorption profile and adiabatic ionization energies (IEs) of
CH2N2 isomers (Figure 2). The corresponding mass spectra
are compiled in Figure S4. Since ammonia (IE = 10.02−10.06
eV)44 and methylamine (IE = 8.77−8.97 eV)44 can be ionized
at 10.70 and 10.35 eV, their sublimation events between 73−
122 K and 88−150 K, respectively, dominate the ion signals.

Figure 1. Cyanamide (1) serves as a key molecular building block in the formation of fundamental biorelevant molecules in interstellar ices and
prebiotic chemistry.
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At 10.70 eV, the TPD profile of mass-to-charge ratios (m/z) of
42 from the low-dose irradiated NH3−CH3NH2 ice reveals a
broad sublimation event extending from 90 to 250 K with a
major peak at 232 K (Figure 3a). A blank experiment

conducted under identical conditions, but without irradiation,
shows only a weak peak at 117 K, due to impurities co-
subliming with ammonia and/or methylamine; no sublimation
events above 140 K are present. Therefore, the subsequent
analysis focuses on the higher-temperature region exceeding
140 K. Substituting NH3−CH3NH2 ice with fully deuterated
ND3−CD3ND2 ice resulted in a mass shift of 2 atomic mass
units (amu) from m/z = 42 to 44 (Figure 3a), demonstrating
the incorporation of two hydrogen atoms and confirming that
the events of m/z = 42 above 140 K are assigned to CH2N2
isomers. At 10.70 eV, all seven CH2N2 isomers�cyanamide
(1, IE = 10.52−10.61 eV), 3H-diazirine (2, IE = 10.37−10.46
eV), isocyanamide (3, IE = 10.23−10.32 eV), methanediimine
(4, IE = 10.18−10.27 eV), 1H-diazirine (5, IE = 9.57−9.66
eV), methyl-2-hydrazinyl-1-ylidene (6, IE = 9.02−9.11 eV),
and diazomethane (7, IE = 8.94−9.03 eV)�can be photo-
ionized (Figure 2, Table S4). Consequently, the TPD profile of
m/z = 42 (CH2N2

+) recorded at 10.70 eV can be attributed to
any of the CH2N2 isomers, with 1 being the thermodynami-
cally most stable isomer in the gas phase. To facilitate the
identification of 1, higher irradiation doses were applied to
enhance the formation yields, and fully deuterated ices were
chosen to better separate CH2N2 isomers from neighboring
mass channels. The TPD profile of m/z = 44 (CD2N2

+) of the
high-dose irradiated ND3−CD3ND2 ice at 10.70 eV exhibits a
minor sublimation peak at 224 K and a dominant peak at 238
K (Figure 3b).

Thereafter, the photon energy was reduced to 10.35 eV; this
energy is sufficient to ionize 3−7 but not 1 (IE = 10.52−10.61
eV) or 2 (IE = 10.37−10.46 eV). Here, the 238 K sublimation
event is eliminated (Figure 3c), indicating that this higher-
temperature peak originates from 1 and/or 2, with the

Figure 2. (a) Computed adiabatic ionization energies (IEs) and
relative energies (ΔEs) of CH2N2 isomers 1−7 at the CCSD(T)/
CBS//B3LYP/aug-cc-pVTZ level of theory including zero-point
vibrational energy (ZPVE) corrections. (b) Compiled IEs (black
solid line) and IE ranges (gray area) after error analysis. VUV photon
energies of 10.70 and 10.35 eV were used to photoionize molecules
subliming from irradiated ammonia−methylamine ices during TPD.

Figure 3. Ion signal recorded during TPD from ammonia−methylamine ices. TPD profiles of m/z = 42 and 44 for low-dose irradiated NH3−
CH3NH2 and ND3−CD3ND2 ices were recorded at 10.70 (a). TPD profiles of m/z = 44 for high-dose irradiated ND3−CD3ND2 ices were
recorded at 10.70 (b) and 10.35 (c) eV. The red shaded region indicates the peak temperature corresponding to cyanamide. Photoionization
efficiency (PIE) curve of m/z = 44 collected in the 237−255 K range during TPD after correction for temperature-dependent sublimation rate (d).
Franck−Condon simulations of the PIE curves for cyanamide-d2 (1-d2) and 3H-diazirine-d2 (2-d2) are shown. Atoms are color-coded as deuterium
(light green), carbon (gray), and nitrogen (blue).
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remaining ion signals attributed to 3−7. Note that the IEs of 1
and 2 are too close to be unambiguously identified using
photoionization at a fixed single photon energy. To distinguish
between 1 and 2, photoionization efficiency (PIE) curves of
m/z = 44 (CD2N2

+) were recorded during the TPD phase and
corrected for the desorption profile. PIE measurements record
the ion signal intensity as a function of photon energy and
allow an isomer-specific identification through comparison
with experimental reference PIEs or simulations.45−47 Here,
PIE curves were collected over a photon energy range of
10.40−10.61 eV in the 237−255 K range (Figure 3d). The
measured PIE curve agrees well with the Franck−Condon
simulations of cyanamide-d2 (1-d2), thus confirming its
formation. The ionization onset was determined to be 10.50
± 0.01 eV, which is close to the computed IE of 1, providing
further evidence for its assignment. The detected ion signals of
cyanamide-d2 in the high-dose irradiated ND3−CD3ND2 ice
recorded at 10.70 eV were 6700 ± 700 counts. Further analysis
by fitting the experimental data with combined Franck−
Condon simulated PIE curves of 1-d2 and 2-d2 shows that up
to 7% of the total ion signal can be attributed to 2-d2 (Figure
S5), indicating its tentative formation.

Having provided compelling evidence for the formation of
cyanamide (1) in ammonia−methylamine ices exposed to
GCR proxies in the form of energetic electrons, we now turn to
its possible formation pathways. It is worth noting that 5 keV
electrons were employed to simulate the energy deposition
processes induced by GCRs in ices, as their linear energy
transfer is similar to that of 10−20 MeV GCR protons
interacting with interstellar ices.28,48 First, electron irradiation
of methylamine-containing ices produces methanimine
(CH2NH),49 which was identified also in the present work
via the C−H stretching of methanimine (CH2NH, ν2)

38 at
3039 cm−1 and the C�N stretching of methanimine-d3
(CD2ND, ν4)

38 at 1599 cm−1 (Supporting Information,
Figures S1−S3). Upon interaction with GCRs, unimolecular
decomposition of ammonia (reaction 1) and methanimine
(reaction 2) yield the amino (NH2)

46,47,50 and iminomethyl
(CHNH) radical, respectively; these processes are endoergic
by 444 and 395 kJ mol−1.51 Within the ice matrix, amino and
the iminomethyl radicals that adopt a favorable geometry can
recombine barrierlessly at 5 K to form formamidine
(NH2CHNH) via reaction 3; this reaction is exoergic by 402
kJ mol−1.51,52 Alternatively, electron-irradiated ammonia−
methylamine ices produce methanediamine (NH2CH2NH2),

50

which can subsequently form formamidine via unimolecular
decomposition (reaction 4), an endoergic process requiring
479 mol−1.51,52

+ ° = +HNH NH H, (0 K) 444 kJ mol3 2 r
1

(1)

+
° = +H

CH NH CHNH H,

(0 K) 395 kJ mol
2

r
1 (2)

+
° =H

NH CHNH NH CHNH,

(0 K) 402 kJ mol
2 2

r
1 (3)

+
° = +H

NH CH NH NH CHNH 2H,

(0 K) 479 kJ mol
2 2 2 2

r
1 (4)

Second, the decomposition of formamidine produces the
methyl, aminoimino (NH2CNH) radical through reaction 5 or

the amidogen, aminomethylene (NH2CHN) radical via
reaction 6, processes that are endoergic by 359 and 336 kJ
mol−1, respectively.51−53 Once formed, these radicals become
trapped in the ice matrix at 5 K due to limited molecular
mobility,54 serving as precursors to yield 1 through N−H
(reaction 7) or C−H (reaction 8) bond dissociation, which are
endoergic by 152 and 176 kJ mol−1, respectively.51,53 These
energies can be provided by GCR-induced secondary
electrons, highlighting the pivotal role of nonequilibrium
chemistry in the synthesis of 1 in interstellar ices. We note that
the ammonia−methylamine ice serves as a suitable model
system to study low-temperature reaction pathways leading to
cyanamide rather than to reproduce the exact relative
abundances of these species in interstellar ices. Given that
water, carbon monoxide (CO), and carbon dioxide (CO2) are
major components of interstellar ices, future experiments can
investigate the formation of cyanamide in more complex ice
mixtures containing these compounds. In irradiated ammo-
nia−methylamine−water ices, hydroxyl (OH) radical formed
from water may react with amino and iminomethyl radicals to
yield hydroxylamine (NH2OH)55 and methanimidic acid
(HOCHNH), respectively, thereby competing with the
formation pathways leading to formamidine, the precursor to
cyanamide.

+
° = +H

NH CHNH NH CNH H,

(0 K) 359 kJ mol
2 2

r
1 (5)

+
° = +H

NH CHNH NH CHN H,

(0 K) 336 kJ mol
2 2

r
1 (6)

+
° = +H

1NH CNH NH CN ( ) H,

(0 K) 152 kJ mol
2 2

r
1 (7)

+
° = +H

1NH CHN NH CN ( ) H,

(0 K) 176 kJ mol
2 2

r
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In conclusion, we present the very first laboratory
preparation of cyanamide (NH2CN, 1)�a key intermediate
in prebiotic chemical evolution�in ammonia−methylamine
interstellar ice analogs. Electron irradiation of low-temperature
(5 K) ices, mimicking secondary electrons generated by GCRs,
induces nonequilibrium chemistry that enables the synthesis of
1 from two ubiquitous interstellar nitrogen-containing species.
Utilizing tunable PI-ReToF-MS combined with isotopic
labeling, we identified 1 isomer-selectively in the gas phase
during TPD. These findings reveal unconventional, non-
equilibrium pathways to 1 in methylamine-containing inter-
stellar ices, highlighting the pivotal role of GCR-driven
chemistry in forming the biorelevant NCN backbone central
to the RNA-world hypothesis.50,56 Once formed in interstellar
ices, 1 can serve as a key precursor to biorelevant compounds
including urea, 2-cyanoguanidine, and 2-aminooxazole (Figure
1), all of which could be incorporated into planetesimals and
comets and eventually delivered to early Earth, as evidenced by
the detection of 1 in comet C/1995 O1 (Hale-Bopp).57 Such
exogenous delivery provides plausible prebiotic routes for the
abiotic formation of purines and pyrimidines, potentially
contributing to the emergence of nucleotides on early Earth.
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