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Abstract

Simple N-heterocycles are expected to be an abundant class of molecules within the interstellar medium, and
increasingly complex heterocycles (e.g., nucleobases) have been detected within meteoritic organic material and
in samples returned from the carbonaceous asteroid Bennu. Despite this, these molecules have not been detected
in any interstellar environment or in the outer solar system. One possible reason for the nondetection of
N-heterocycles could be that they are less stable to radiation than the aromatic compounds that have been
identified in space (e.g., benzene). Here, we present the radiolytic destruction kinetics of benzene and several
N-heterocycles, both as single-component ices and as dilute water-ice mixtures at 15 K, where we have quantified
the radiolytic destruction rate constants and radiolytic half-lives of these aromatic molecules using IR
spectroscopy. We found that the destruction rate constants for single-component ices, and to a lesser extent for
water-ice mixtures, depended on the number of nitrogen atoms in the aromatic ring. Our radiolytic half-lives
indicate that these molecules should persist in extraterrestrial radiation environments, and radiolytic destruction
cannot fully explain the nondetections of N-heterocycles.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Cosmic rays (329); Reaction rates (2081);

Laboratory astrophysics (2004)

1. Introduction

Aromatic compounds are a significant component of many
different astrophysical environments. Polycyclic aromatic
hydrocarbons (PAHs) and polycyclic aromatic nitrogen hetero-
cycles (PANHs) are expected to be the primary carriers for the
unidentified infrared (UIR) emission bands that dominate the
spectra of diffuse interstellar environments and circumstellar
disks (L. J. Allamandola et al. 1989; A. G. G. M. Tielens 2008;
B. A. McGuire et al. 2018), and these species may account for a
significant fraction of the total interstellar carbon budget.
Benzene and PAHs likely form through the polymerization of
acetylene (I. Cherchneff et al. 1992), which is consistent with
the detection of circumstellar benzene in the presence of
polyacetylenic chains (J. Cernicharo et al. 2001). Laboratory
studies also have demonstrated that gas-phase collisions
between ethynyl radicals and 1,3-butadiene readily form
benzene at the low temperatures representative of cold
interstellar clouds (B. M. Jones et al. 2011). More recently,
several other cyclic and aromatic compounds have been
detected within the interstellar medium including cyanobenzene,
cyanocyclopentadienes, and cyanonaphthalenes (B. A. McGuire
et al. 2018; M. C. McCarthy & B. A. McGuire 2021).

Simple N-heterocycles (i.e., aromatic molecules containing
at least one nitrogen atom in the aromatic ring) and PANHs
likely form through reaction pathways analogous to those that
form benzene and PAHs. Computational studies have demon-
strated that PANHs can form through the polymerization of
acetylene in the presence of hydrogen cyanide (A. Ricca et al.
2001), a process expected to occur in the outflows of carbon-
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rich asymptotic giant branch (AGB) stars. Later laboratory
work by A. M. Hamid et al. (2014) confirmed this mechanism
by demonstrating the formation of pyrimidine cations from
gaseous acetylene and hydrogen cyanide. Additionally, some
laboratory studies have demonstrated that N-heterocycles
readily form during the irradiation of icy materials. Specifi-
cally, C. K. Materese et al. (2015) identified pyridine and
isoquinoline in the room-temperature residues of ultraviolet
(UV)-photolyzed ices that contained water, ammonia, and
either benzene or naphthalene. More recently, J. Wang et al.
(2024) identified pyrrole and indole in electron-irradiated and
warmed mixtures of acetylene and ammonia ice. Increasingly
complex and functionalized N-heterocycles including nucleo-
bases (adenine, guanine, cytosine, thymine, and uracil, which
form the base pairs of DNA and RNA) have been identified in
the laboratory residues of irradiated ices of various composi-
tions that contained N-heterocycles (pyrimidine and purine;
M. Nuevo et al. 2012; C. K. Materese et al. 2013, 2017) and in
ices composed of simple interstellar molecules (Y. Oba et al.
2019). Nucleobases and many complex N-heterocycles have
been identified in both meteoritic samples (e.g., Murchison,
Murray, Orgueil, and Tagshi Lake; see M. P. Callahan et al.
2011; Z. Martins 2018, and references therein) and in samples
recently returned from asteroids Ryugu (Y. Oba et al. 2023)
and Bennu (D. P. Glavin et al. 2025) by JAXA’s Hyabusa2
and NASA’s OSIRIS-Rex missions, respectively. Composi-
tional analyzes of the organic extracts from aggregate Bennu
samples found high general absolute abundances of nitrogen-
containing compounds and elevated abundances of pyrimi-
dines relative to purines. D. P. Glavin et al. (2025) suggested
that elevated pyrimidine abundances might indicate that the
N-heterocycles were inherited from interstellar ices, since
pyrimidines are produced in irradiated laboratory ices
preferentially to purines (Y. Oba et al. 2022).
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Figure 1. Structures of the compounds studied here. From left to right and top to bottom: benzene, pyridine, pyrimidine, pyridazine, pyrazine, and 1, 3, 5 s-triazine.

Although N-heterocycles are produced readily through gas- and
solid-phase reactions in the laboratory, expected based on the
results of computational studies, and complex N-heterocycles are
present in primitive solar system materials, simple N-heterocycles
have never been definitively detected in any extrasolar environ-
ment. However, observations have constrained the abundances
of pyridine in the circumstellar envelope of a carbon-rich AGB
star (IRC +10216, <7.9 x 10" molecules cm_z; S. B. Charnley
et al. 2005) and pyrimidine in several dense molecular clouds
(Sgr B2(N-LMH), Orion KL, and TMC-1 (CP); <1.7 x 10",
<24 x 1014, <42 x 10" molecules cm_z; Y.-J. Kuan et al.
2004; M. A. Cordiner et al. 2017). One explanation for their lack
of detections could be that N-heterocycles have a lower radiolytic
stability as compared to aromatic molecules that have been
detected (e.g., benzene). Z. Peeters et al. (2005) UV-photolyzed
samples composed of matrix-isolated pyridine, pyrimidine, and
1, 3, 5 s-triazine (also referred to as s-triazine), and determined
that the number of nitrogen atoms in an aromatic ring lowers the
ring’s stability against UV radiation compared to benzene. Their
measured photodestruction rates and estimates for the UV fluxes in
various extraterrestrial environments suggest that pyridine and
pyrimidine could survive in dense interstellar molecular clouds
over the lifetime of the cloud because of UV shielding inside
those clouds as compared to diffuse interstellar regions.
However, pyridine and pyrimidine have yet to be detected in
interstellar gas.

Within dense clouds, gases can condense onto the surfaces
of cold (~10 K; P. Caselli & C. Ceccarelli 2012) dust grains to
form an icy mantle. These ices might include N-heterocycles
by direct condensation from the gas or by ice chemistry driven
by galactic cosmic rays (GCRs) or GCR-induced UV fluxes
(S. S. Prasad & S. P. Tarafdar 1983). However, spectra
acquired with NASA’s James Webb Space Telescope JWST)
show no definitive evidence for the presence of simple
N-heterocycles in interstellar ices (M. K. McClure et al.
2023). Laboratory work on analogs of icy interstellar grain
mantles has demonstrated that radiation readily destroys low-
temperature, solid complex organic molecules including amino

acids (P. A. Gerakines et al. 2012; P. A. Gerakines &
R. L. Hudson 2013, 2015), nucleobases (C. K. Materese et al.
2020; P. A. Gerakines et al. 2022; G. S. Vignoli Muniz et al.
2022), and S-heterocycles (P. D. Tribbett et al. 2024). This
radiation-driven destruction of complex biomolecules is
typically quantified with a destruction reaction rate constant
or destruction cross section (see reviews by H. Rothard et al.
2017; P. C. J. Ada Bibang et al. 2019). Several previous
studies have quantified the radiolytic and photolytic destruc-
tion rate constants of benzene, pyridine, and pyrimidine as
solids and within water ices (R. Ruiterkamp et al. 2005;
M. Nuevo et al. 2014; P. C. J. Ada Bibang et al. 2021);
however, these investigations were difficult to compare
directly due to differences in experimental techniques and
radiation sources, and exclude the isomers of pyrimidine (i.e.,
pyridazine and pyrazine) and s-triazine. A comprehensive
study of the radiolytic destruction rates of a range of simple N-
heterocycles as solids and within water ices is necessary to
provide additional context to the nondetections of these
molecules in interstellar space.

Here, we report the radiolytic destruction of benzene and
several simple N-heterocycles as single-component ices and
when embedded in water ice at 15 K. Using infrared (IR)
spectroscopy, we identify several likely radiolytic products
and quantify the radiolytic destruction rate constants. Addi-
tionally, we calculate the radiolytic half-lives for each
molecule studied, and discuss our destruction rates in the
context of interstellar N-heterocycles and the presence of
complex and functionalized N-heterocycles in the primitive
solar-system material collected from asteroid Bennu.

2. Experimental Methods

We performed all experiments in a high-vacuum chamber
with a base pressure of 10~° Torr at the lowest temperature
studied here. We have described this chamber in several of our
previous publications (see, e.g., P. A. Gerakines et al. 2012;
C. K. Materese et al. 2020). To create ice samples, we vapor-
deposited the compound(s) of interest (Figure 1) onto a
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Table 1
Density and Index of Refraction at 670 nm and the Calculated Total Stopping Power of 0.9 MeV p* in Benzene, Pyridine, Pyrimidine, Pyridazine, Pyrazine, and s-
Triazine, and When Diluted in Water

Compound Density Visible Index of Refraction Total Stopping Power™” References and Notes
(g cm ™) (108 eV cm? g’l)

Benzene (>99.8%, Sigma Aldrich) 0.769 1.402 2.81 c

Pyridine (=99.9%, Sigma Aldrich) 0.781 1.369 2.70 c

Pyrimidine (>98.0%, Sigma Aldrich) 0.856 1.372 2.60 Present work, d

Pyridazine (=99.0%, Sigma Aldrich) 0.862 1.381 2.60 Present work, ©

Pyrazine (=>98.0%, Sigma Aldrich) 0.867 1.390 2.60 Present work, d

s-Triazine (>97.0%, Sigma Aldrich) 0.939 1.369 2.50 Present work, d

Water (HPLC-grade, Fisher Chemical) 0.94 1.31 2.69; 2.68; 2.67 f, g h

Notes.
4 J. F. Ziegler et al. (2010).

0.9 Mev protons have a penetration depth of at least 22 ym in all ice compositions studied.

°R. L. Hudson & Y. Y. Yarnall (2022); data acquired at 10 K.

4 Data acquired at 19 K. Values shown are an average from at least three independent measurements.
¢ Density and index of refraction presented for pyridazine is an average of the other diazines.

f A. H. Narten et al. (1976); compact amorphous H,O ice, 77 K.
€ R. C. Weast et al. (1984).

I Calculated stopping power in 50:1 water-ice mixtures containing benzene and pyridine, pyrimidine, pyridazine and pyrazine, and s-triazine.

rotatable, polished aluminum substrate in thermal contact with
a helium cryostat cooled to 15 and 50 K for single-component
ices and water-ice mixtures, respectively. Water-ice mixtures
were grown at the higher temperature to avoid cracking the
sample and were cooled to 15 K after deposition. All liquid
compounds (i.e., benzene, pyridine, pyrimidine, and pyrida-
zine) and solid compounds (i.e., pyrazine and s-triazine) were
freeze-pump-thaw cycled three times to remove any dissolved
or adhered gases from the samples. Pyridazine, pyrazine, and
s-triazine were transferred between containers in a nitrogen
atmosphere. We further purified the pyridazine samples by
removing water vapor using a turbomolecular pump, a step
that was required because of the low vapor pressure of
pyridazine (J. E. Parkin & K. K. Innes 1965). Despite the
sample-handling protocols, all single-component ice samples
contained minor amounts of H,O, likely because of the
hygroscopic nature of the N-heterocycles and the condensation
of residual ambient gases over the course of the 5-6hr
experiments. We estimate the abundance of H,O to be less
than ~4% of the ice sample. We do not expect this abundance
of H,O to significantly impact the radiation chemistry,
radiation doses, or IR spectra of our ice samples.

We calculated the sample thicknesses based on Equation (1)
and the observed interference fringes from a 670 nm laser (see,
e.g., O. S. Heavens 2011):

Nfringes A
24nk; — sin?6
where Niinges 1S the number of fringes, ) is the wavelength of the
laser (670 nm), n is the visible index of refraction, and 6 is the
angle of incidence. Our sample thicknesses were ~0.5 and
~1 pum for single-component and water-ice mixtures, respec-
tively. For the water-ice mixtures, we followed the technique
described by P. D. Tribbett et al. (2024) to produce an ice
composition of water to organic molecules >50:1 to isolate the
organic molecules, limiting their interactions while maintaining
sufficient signal in the IR to observe changes in their absorption

features. Both the density (p) and visible index of refraction
(ny;s) were required to determine the relative abundances and

h= (1)

thicknesses of our ices, and these values are not available for
most of these compounds as low-temperature solids. We
determined the p and n,;, of pyrimidine, pyrazine, and s-triazine
at 19K following the standard procedures used by the Cosmic
Ice Laboratory at NASA’s Goddard Space Flight Center
(Y. Y. Yarnall & R. L. Hudson 2022), and these values are
presented in Table 1. We performed three independent
experiments for each ice composition studied here.

After growth, we irradiated the ice samples with a beam of
0.9 MeV protons generated by a Van de Graaff accelerator and
directed perpendicular to the substrate (incidence angle = 0°) at
acurrent of 1.5 x 1077 A (a flux of ~1.23 x 10" p"cm™2s7 ).
The radiation dose absorbed by the ice (in units of megagray,
MGy) was calculated from the total accumulated fluence (the
integrated flux) and the total proton stopping power (in units of
eVem?g ' ph), which was determined using the Stopping and
Range of Ions in Matter (SRIM) software (J. F. Ziegler et al.
2010). The unit MGy is agnostic to the identity of the molecules
present in the ice; the value can be converted to eV molecule ™!
with an assumed mean molecular weight and Avogadro’s
constant. Before and after irradiation, we acquired IR reflectance
spectra in situ using a Thermo Nicolet iS50 Fourier transform
IR spectrometer and an MCT-A detector (5000-500cm ™",
200 averaged scans, and a spectral resolution of 1cm™").

3. Results
3.1. Radiolysis of Single-component Ices

Figure 2 contains the IR spectra of each single-component ice
grown at 15 K and the spectra after each increment of radiation
dose. Tables 2 and 3 contain lists of the observed initial IR band
positions for each compound at 15 K prior to irradiation and the
product IR band positions after the largest radiation dose
(59-66 MGy), respectively. The spectrum of benzene (Figure 2a)
shows strong features in the C-H (3100-2900 Cmfl) and C=C
(1500-1400 cm™") stretching regions of the spectrum, and is
consistent with previous spectra of low-temperature amorphous
benzene ice (10 K; R. L. Hudson & Y. Y. Yarnall 2022). As the
radiation dose increases, the spectral features of benzene
decrease, indicating the radiolytic destruction of the benzene
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Figure 2. Infrared spectra of single-component benzene and N-heterocycle ices irradiated at 15 K. Panels (a), (b), (c), (d), (e), and (f) correspond to benzene,
pyridine, pyrimidine, pyridazine, pyrazine, and s-triazine ices, respectively. Radiation doses are listed above the respective spectrum. Infrared bands used to
determine destruction kinetics are indicated with an asterisk. All spectra are baseline corrected and vertically offset for clarity.

molecules. Additionally, several new features appear, including
those at 3271 and 3228 cm™' (C-H stretching region) and
2107 cm ™' (C=C stretch), suggesting the formation of acetylene
and mono-substituted acetylene, in agreement with the work of
G. Strazzulla & G. A. Baratta (1991) and R. Ruiterkamp et al.
(2005). After irradiation, all single-component ices contained
minor amounts of carbon dioxide and carbon monoxide. These
compounds were likely formed by reactions between condensed
ambient water, the primary vacuum chamber contaminant, and
the hydrocarbon /nitrile radiolysis products (e.g., M. H. Moore &
R. L. Hudson 1998).

The initial spectrum of each N-heterocycle (Figures 2b—f)
includes IR features within the C=N stretching region of the
spectrum (1600-1500 cmfl), in addition to the regions shared
with benzene. The initial spectrum of pyridine agrees with

previously published spectra of low-temperature amorphous
pyridine (10 K; R. L. Hudson & Y. Y. Yarnall 2022), and
the initial spectra of pyrimidine, pyridazine, pyrazine, and
s-triazine are consistent with previously reported spectra of
their low-temperature solids (S. J. Daunt et al. 1975; S. Breda
et al. 2006). We note that our diazine and s-triazine ices were
amorphous, rather than crystalline, when grown at 15K (see
further discussion in the Appendix).

As the radiation dose increases, the spectral features of each N-
heterocycle decrease, indicating radiolytic destruction. Addition-
ally, new product features appear between 3400 and 3000 cm ™'
and 2500 and 2000cm™'. Unlike the spectrum of irradiated
benzene, the spectra of the irradiated N-heterocycles contain very
broad absorption features within the 3400-3000cm ' region,
limiting our ability to uniquely identify products. These broad and
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Table 2
Observed Band Positions (cm ') and Approximate Assignments for Each Compound at 15 K as a Single-component Ice

Benzene® Pyridine” Pyrimidine® Pyridazine* Pyrazine® s-Triazine" Approximate
Mode Description®
3089 3078 3079 3076 3086' 3114 (CH)
3069" 3050 3050 3053 3063 3044 e
3030" 3026 3036 3015 3053 e
3004 3002 3006' 29841 3035'
2989 3012
1571 (CC), v(CN)
1571 (CC), 6(CH)
1582, 1572 1565 1565 1573 (CC), v(CN), 6(CH)
1551, 1406 Vring 6(CH)
1478 (CC)
. 1483 1470 . 8(CH), /(CC), CN)
1445 6(CH), (CC), v(NN)
1437 (CC), 1(CN), 6(CH)
1399 1412 1489 6(CH), /(CN)
1416 6(CH), »(CC)
1218 1229 1282 6(CH), v(CN)
1168 6(CH)
1159 (CN), /(CC), §(CH), bying
1146 (CC), 1(CN)
1138 1149, 1130' . (CN), 6(CH)
1068 1071 1064 6(CH), »(CC), v(CN)
1063 (CC), »(NN), 6(CH)
1051 (CC), (CN), 6(CH), 5ring
1035 6(CH)
1031 bring» Y(CC)
991 991 1023 bring» (CC), Y(CN)
963 V(NN), (CC), (CN)
e 720 Tiings S(CH)
705 B(CH), Tying
676 B(CH)
Notes.

% G. Herzberg (1945), M. Preuss & F. Bechstedt (2006), R. L. Hudson & P. A. Gerakines (2023).

b E. Castellucci et al. (1969), A. Destexhe et al. (1994).

°R. C. Lord et al. (1957), A. Destexhe et al. (1994), S. Breda et al. (2006).
dR. C. Lord et al. (1957), S. Breda et al. (2006).

©'S. Breda et al. (2006).

). E. Lancaster & N. B. Colthup (1954), C. A. Morrison et al. (1997), P. J.
€ u = stretch, § = in-plane bend, 3 = out-of-plane bend, 7 = torsion.

?‘ Resonance mode.

! Combination or overtone band.

heavily overlapping features suggest a variety of radiolysis
products containing C—H and N-H groups and are generally
consistent with the IR spectra of irradiated ices containing
complex organics (see, e.g., C. K. Materese et al. 2014). In the
case of irradiated pyrimidine, pyrazine, and s-triazine (Figures 2c,
e, and f), a spectral feature near 1630cm ™' also suggests the
radiolytic production of amines or hydrogen cyanide.

Infrared bands between 2500 and 2000cm ™' that appear
after irradiation suggest the formation of products containing
C=N groups, specifically nitriles (~2250 cm ') and isonitriles
(~2150cm™ ') (M. P. Bernstein et al. 1997; R. L. Hudson &
M. H. Moore 2004). Figure 3 contains the IR spectra of a
pyrimidine ice at different doses, highlighting the C=N
product region of the spectrum. Generally, this region is
similar for all of the irradiated N-heterocycles. However, the
number of product bands associated with nitriles increases
with the number of nitrogen atoms in the aromatic ring
(pyridine < pyrimidine < s-triazine) and depends on the
position or symmetry of the nitrogen atoms (pyrimidine,

Larkin et al. (1999).

pyridazine > pyrazine; see Table 3). The spectra of the
irradiated heterocycles also show evidence for isonitrile
products. Although unlikely, we note that the cyanate anion
(OCN7), which could form because of the presence of H,O
contamination in our ices, might also contribute to the product
IR features near ~2150cm™'. Previous laboratory work has
demonstrated that the radiolysis of nitrile parent compounds
produces isonitrile species, whose IR features in some cases
overlap with the OCN ™ absorption feature at 2168 cm ™' (see
Tables 4 and 6 in R. L. Hudson & M. H. Moore 2004).
However, the OCN ™ feature shifted by less than 5cm ™" in all
of the irradiated parent nitrile matrices (R. L. Hudson &
M. H. Moore 2004). In our work, these isonitrile product bands
are found at positions at least +13 cm™' from the 2168 cm ™"
band, with the exception of irradiated s-triazine. This suggests
that our products are isonitriles and not OCN ™. The spectra of
irradiated pyridine also show evidence for the presence of
either hydrogen cyanide or the cyanide anion at 2090 cm .
One nitrile IR feature in the spectra of irradiated s-triazine
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Figure 3. Infrared spectra of a single-component pyrimidine ice irradiated at 15 K, highlighting the radiolytic-product IR features between 2500 and 2000 cm™ .

1

Radiation doses are listed above the respective spectrum. All spectra are baseline corrected and vertically offset for clarity.

Table 3
Product Band Positions (cm™!) Observed in the Spectra of Each Listed
Single-component Ice Irradiated at 15 K

Benzene  Pyridine  Pyrimidine  Pyridazine  Pyrazine s-Triazine
3271 .
~3250
3228 3236
3214
3205 ~ 3165 ~3164 ~3100
3130 2930
2341 2341 2341 2341 2341 2341
2214 2257, 2256, 2256, 2299, 2248,
2239, 2237, 2230 2234, 2203
2226 2224
2151 2141 2145 2145 2165
2134 2134 2134 2134 2134 2134
2109 2090 2070 2069 2070 2077
2063 2056
1636 1630 1644
1591

(at 2299 cm~ ') may also suggest the presence of CNCN, a
decomposition product of s-triazine that has been previously
identified in photolyzed Ar-matrix-isolated s-triazine
(Z. Peeters et al. 2005).

In addition to these radiolysis products, the formation of
complex PANHs is possible. Early studies using electron spin
resonance spectroscopy have demonstrated that electron-
irradiated solid-phase pyridine results in the production of
pyridyl radicals that can recombine into the simple PANH
dipyridyl (K. Tsuji et al. 1966). More recent liquid-phase
laboratory studies using MeV ions and ~ rays have demon-
strated that the yield of pyridyl radicals depends on the
irradiating particle’s linear energy transfer (LET), where the
yield decreases significantly for higher LET interactions (i.e.,
heavy MeV particles; J. A. LaVerne et al. 2005; K. Enomoto
et al. 2007). P. D. Tribbett et al. (2024) identified small IR
features in irradiated thiophene and methyl-substituted

thiophenes (i.e., S-heterocycles) that suggested the formation
of bithiophenes; however, these bands could not be attributed
to a specific bithiophene isomer. Here, without extensive
reference IR spectra or complementary analytical tools (e.g.,
mass spectrometry, gas chromatography—mass spectrometry),
we cannot uniquely attribute any of the product IR features in
the spectra of our irradiated single-component ices to PANHs.

3.2. Radiolysis of Water-ice Mixtures

Figure 4 contains the spectra of water-ice mixtures (>50:1)
containing benzene (panel a) and s-triazine (panel b) as a
representative example of the radiolysis of a N-heterocycle in
water ice compared to the radiolysis of benzene in water ice.
As the radiation dose increases, the initial IR features of
benzene and s-triazine decrease, indicating radiolytic destruc-
tion. Additionally, several product features emerge, the peak
positions of which are listed in Table 4. Radiolysis of each ice
mixture resulted in the formation of H,O,, CO,, and CO,
consistent with the radiolysis of aromatic carbon-bearing
molecules in dilute water-ice mixtures (e.g., P. D. Tribbett
et al. 2024). Irradiated water-ice mixtures containing both
benzene and pyridine show two additional IR features in the
spectra near 1600 and 1250 cm ™. The benzene product feature
at 1597 cm ™' appears similar in intensity to the unidentified
product feature at 1653 cm™' noted by R. Ruiterkamp et al.
(2005). Recently, E. L. Piacentino et al. (2024) measured the
IR spectrum of low-temperature solid phenol, which has two
strong features centered at 1598 and 1235cm™'. The
formation of phenol in our ice seems reasonable given the
production of phenol in irradiated aqueous benzene from
reactions between benzene and OH neutral radicals (X.-M. Pan
et al. 1993) and the production of OH radicals formed during
H,0-ice radiolysis. Although water-ice mixtures of pyridine
show a pair of product features similar to benzene after
irradiation, low-temperature solid reference spectra of the
phenol-analogous derivative of pyridine, 2-hydroxylpyridine,
are not readily available for comparison. It is notable that the
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Figure 4. Infrared spectra of (a) benzene and (b) s-triazine in water-ice mixtures and irradiated at 15 K. Radiation doses are listed above the respective spectrum.
Infrared bands used to determine destruction kinetics are indicated with an asterisk. All spectra are vertically offset for clarity.

Table 4
Product Band Positions (cm™") Observed in the Spectra of Each Listed
Compound Mixed with Water Ice and Irradiated at 15 K

Benzene  Pyridine  Pyrimidine  Pyridazine  Pyrazine  s-Triazine
2857 2857 2857 2855 2855 2857

2341 2341 2341 2341 2341 2341

2251 2275 2262, 2248
2168 2171 2168 2171

2134 2134 2134 2134 2134 2134

- e 2087 2087 2087 2087

1597 1624 1592

1246 1299

pair of phenol-analogous IR bands are not present in the
spectra of the irradiated diazine water-ice mixtures. Previous
studies have shown that while 2- and 4-hydroxypyrimidine and
2(1H)-pyrimidone and 4(3H)-pyrimidone, two pairs of enol
and keto tautomers, are energetically favorable oxidation steps
(P. P. Bera et al. 2010), 4(3H)-pyrimidone is the dominant
singly oxidized species present in room-temperature residues
produced from photolyzed and warmed ices containing
pyrimidine and water (M. Nuevo et al. 2009, 2014). The lack
of evidence in our IR spectra for oxidized diazine products,
specifically 4(3H)-pyrimidone, might be the result of lower
intrinsic IR band strengths compared to phenol and oxidized
pyridine, a mixture of enol and keto tautomer products
resulting in lower individual abundances, lower overall
abundances, or 4(3H)-pyrimidone might be formed primarily
during the warming of laboratory ice analogs. Additionally,
after irradiation, the spectrum for each diazine and s-triazine
water-ice  mixture shows evidence for nitrile-bearing
(~2250cm™ ) products, and the cyanate (2168 cm ') and
cyanide (2087 cm ') anions. Although the specific destruction
mechanisms of these N-heterocycles are of interest, we leave
exploration of these mechanisms to future laboratory and
computational studies.

3.3. Radiolytic Destruction Kinetics

We quantified the destruction kinetics for each molecule of
interest in single-component ices and water-ice mixtures
following the methods that our group has employed previously
to quantify the destruction of amino acids (glycine, alanine,

phenylalanine; P. A. Gerakines et al. 2012; P. A. Gerakines &
R. L. Hudson 2013, 2015), nucleobases (thymine, uracil;
C. K. Materese et al. 2020; P. A. Gerakines et al. 2022), and
S-heterocycles (thiophene, methyl-thiophenes; P. D. Tribbett
et al. 2024). We determined the relative abundances of each
molecule of interest at each irradiation interval relative to its
initial value before irradiation (A/A,) using the band area (A)
of a strong IR absorption well separated from those of
products. The chosen bands are indicated with asterisks in each
panel of Figure 2. The peak positions are 1478 cm™' for
benzene, 1437 cm™' for pyridine, 1399 cm ™' for pyrimidine,
1571 and 1565 cm ™' for pyridazine, 1023 cm ™' for pyrazine,
and 1406 cm ™! for s-triazine. For pyridazine, we used the total
area combining two overlapping features. We note that all
bands used correspond to similar vibrational modes (e.g., v
(CC), (CN), and v(ring)) to best compare the destruction of
the different aromatic rings. Figure 5 contains the normalized
abundances for each molecule of interest as a function of
radiation dose in both single-component ices and water-ice
mixtures (open and closed symbols, respectively). The
normalized abundances for each compound appear to decrease
exponentially with dose. So, we modeled the normalized areas
assuming reversible pseudo-first-order kinetics:

Parent Molecule %} Products, 2)
2

where k; and k, are the forward and reverse reaction rate
constants, respectively. It is reasonable to assume that as the
parent molecules are destroyed, the radiolytic products can
react to reform the initial parent molecule (see Section 1).
Following the derivation presented in J. H. Espenson (1981),
and using radiation dose (D) as a proxy for time and band area
(A) as a proxy for abundance, the normalized abundances/
band areas can be written as

A [ - A )tk 4 A 3)
Ag Ag Ao

where A./Ag is the equilibrium fraction after long irradiation
times.

Equation (3) is functionally identical to ae™ " + ¢, where a,
b, and c are fitted parameters related to the reaction rate
constants and the equilibrium abundances of the parent
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Table 5§
Curve-fit Parameters and Calculated Kinetic Parameters Describing the Radiolytic Destruction of Benzene, Pyridine, Pyrimidine, Pyridazine, Pyrazine, and s-
Triazine as Single-component Ices and in Water-ice Mixtures at 15 K

Functional Form: ae™ *P + ¢

Composition® a b/MGy ™! c ki /MGy ™! 71/2/MGy
Benzene 0.29 + 0.02 0.025 + 0.006 0.69 + 0.02 0.007 £ 0.002

Pyridine 0.32 + 0.01 0.046 + 0.003 0.67 £ 0.01 0.015 £ 0.001

Pyrimidine 0.47 + 0.01 0.034 + 0.001 0.53 +£ 0.01 0.016 £ 0.001
Pyridazine 0.59 + 0.02 0.028 + 0.002 0.39 £ 0.02 0.017 £ 0.001 60 + 8
Pyrazine 0.51 + 0.02 0.029 + 0.003 0.47 +£ 0.03 0.015 £ 0.002 >70
s-Triazine 0.62 + 0.01 0.041 + 0.002 0.37 £ 0.01 0.025 £ 0.001 38+3
H,0 + Benzene 0.76 + 0.03 0.053 + 0.004 0.22 + 0.03 0.040 + 0.003 19+2
H,0 + Pyridine 0.53 +0.03 0.09 + 0.01 0.43 £ 0.03 0.047 £ 0.006 23+ 6
H,0 + Pyrimidine 0.64 + 0.03 0.070 = 0.008 0.33 + 0.03 0.045 £ 0.006 19+3
H,0 + Pyridazine 0.64 + 0.03 0.09 + 0.01 0.31 £ 0.03 0.060 £ 0.007 13+2
H,0 + Pyrazine 0.65 + 0.02 0.080 + 0.007 0.31 £ 0.03 0.052 + 0.005 15+2
H,0 + s-Triazine 0.68 + 0.02 0.075 + 0.004 0.30 £ 0.02 0.051 +£ 0.005 16 £ 2

Note.
? All water-ice mixtures are approximately 50:1.

molecules. Given that a = k;/(k; + k») and b = k; + k», we
calculated our destruction reaction rate constants as k; = ab.
We fit our normalized band areas as a function of dose for each
molecule of interest using a least-squares regression
(Figure 5), and we list our best-fit parameters and destruction
rate constants (k;) in Table 5. All uncertainty estimates
reported here were calculated following standard error-
propagation techniques (e.g., J. R. Taylor 1982). Additionally,
we calculated the half-life dose, or the radiation dose required
to reduce the initial abundance by half, for each ice based on
the fitted parameters using 7/, = —ln(o'Sfc % For several
single-component ices, the fitted equilibrium abundance (c)
was higher than 50%, and so a radiolytic half-life could not be
determined. This extreme resistance to radiolytic destruction is
not entirely surprising given the extensive, stabilizing -
bonding networks in aromatic rings (M. A. Lukianova et al.
2019). In the case of the single-component pyrazine ice, the

calculated half-life dose is larger than the highest dose used in
this study, and we report only a lower limit, as is typical in
such cases (C. K. Materese et al. 2020; P. A. Gerakines et al.
2022; P. D. Tribbett et al. 2024).

4. Discussion
4.1. Radiolytic Destruction Rate Constants

Figure 5 and Table 5 demonstrate that the number of
nitrogen atoms in the aromatic ring of N-heterocycles in
single-component ices increases the radiolytic destruction rate
constant. For example, the rate constant of benzene is ~3.6
times smaller than that of s-triazine (0.007 versus 0.025). This
trend is consistent with the photodestruction-rate constants
measured by Z. Peeters et al. (2005) for Ar-matrix-isolated N-
heterocycles (pyridine, pyrimidine, and s-triazine) photolyzed
at 12K. We note subtle differences in the radiolytic
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destruction curves of the single-component diazine ices
(pyrimidine, pyridazine, and pyrazine), suggesting that the
atom position also affects the radiolytic destruction of N-
heterocycles. Although the radiolytic destruction rate constants
are indistinguishable within our measured uncertainties, the
equilibrium abundance of pyridazine is lower (Figure 5) than
that of pyrimidine and pyrazine. Pyridazine has a lower
ionization potential compared to that of pyrazine and pyrimidine
(A. J. Yencha & M. A. El-Sayed 1968; M. N. Pisanias et al.
1973), which might contribute to this difference in radiolytic
equilibrium abundance.

The destruction rate constants of single-component benzene
and pyridine ices have been studied previously. R. Ruiterkamp
et al. (2005) reported a destruction rate constant of
0.003 molecules eV~ (or 0.0024 MGy ") for single-component
benzene ice using 0.8 MeV protons, a lower rate constant than
we report in Table 5 (0.007 £+ 0.002 MGy_l); however, the
stopping power (dE/dx) used by R. Ruiterkamp et al. (2005) is
~10% larger than the value determined by SRIM2010
(J. F. Ziegler et al. 2010), improving agreement between the
rate constants. P. C. J. Ada Bibang et al. (2021) reported
destruction cross sections (cm”ion ') for single-component
pyridine ices irradiated with 90keV O°" and 650 MeV Zn*®™,
and determined that the cross sections of pyridine depend on the
electronic stopping power. Our destruction rate constant is
consistent with the destruction cross sections reported in their
work after accounting for the lower electronic stopping power of
09MeV p" compared to that of 90keV O°" and 650 MeV
Zn**", and the different assumed densities for pyridine
(Igem™ in P. C. J. Ada Bibang et al. 2021 versus
0.781 gecm > more recently reported by R. L. Hudson &
Y. Y. Yarnall 2022).

The destruction rate constants of these species increase
significantly when embedded in a water-ice matrix (Table 5).
This effect has been previously demonstrated for other organic
compounds, including benzene (R. Ruiterkamp et al. 2005),
simple sulfur and nitrogen heterocycles (i.e., thiophene,
methyl-thiophenes, pyridine; P. C. J. Ada Bibang et al. 2021;
P. D. Tribbett et al. 2024), amino acids (P. A. Gerakines et al.
2012), and nucleobases (C. K. Materese et al. 2020;
P. A. Gerakines et al. 2022). R. Ruiterkamp et al. (2005)
and P. C. J. Ada Bibang et al. (2021) demonstrated that
dilution in water ice increases the radiolytic destruction of
benzene and pyridine, compared to single-component ices.
Although direct comparisons of the destruction rate constants
and cross sections are difficult because of differences in the
mixture compositions, our work is consistent with these
previous studies. An increase in the radiolytic destruction rate
constant of these compounds in water ice compared to single-
component ices is likely because of the neutral radical species
(e.g., OH, H) and ionized species (e.g., €) produced during
water radiolysis. P. C. J. Ada Bibang et al. (2021) found that
incident particles with predominantly electronic stopping
power (e.g., similar to our 0.9MeV H') resulted in
enhancements of radiolytic destruction for organics in water
ice compared to particles with significant nuclear stopping
power. We also find that the equilibrium abundances of the
N-heterocycles are significantly lower in water ices than for
single-component ices, which might suggest the backward
reaction is less significant in dilute water-ice mixtures than for
single-component ices. Within a water-ice matrix, the
destruction rate constants are larger for the N-heterocycles
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Table 6
Half-lives of Benzene, Pyridine, Pyrimidine, Pyridazine, Pyrazine, and s-
Triazine in Water-ice Mixtures within Different Astrophysical Environments

KBO Sur-
Dense Mole- face KBO Subsurface

Molecule 712" cular Cloud® (~1 pm)° (~1-100 cm)?

(MGy) (Myr) (Myr) (Myr)
Benzene 19 +£2 12 2.5 350
Pyridine 23+ 6 13 2.8 400
Pyrimidine 19 £ 3 12 2.5 350
Pyridazine 13 £ 2 8 1.7 240
Pyrazine 15+2 9 2.0 280
s-Triazine 16 £2 10 2.1 300
Notes.

# Half-life dose of each compound in water ice calculated from the best-fit
model parameters a, b, and ¢ (see Section 3.3) in units of MGy.

b Assumes a dose rate of 0.3 eV molecule Myr" (M. H. Moore et al. 2001);
dose rate for ~1 MeV protons.

¢ Assumes a dose rate of 1.4 eV molecule™' Myr' at a depth of ~1 pm
(M. J. Loeffler et al. 2020); dose rate for a differential flux spectrum of
1072-10* MeV protons.

4 Assumes a dose rate of 1eV molecule™ 100 Myr " at a depth of
~1-100cm (M. J. Loeffler et al. 2020); dose rate for a differential flux
spectrum of 107>~10* MeV protons.

1

with more nitrogen atoms in the aromatic ring; however,
unlike the single-component ices, this difference in suscept-
ibility to radiolytic destruction is not as pronounced. For
example, the destruction rate constant of benzene is only
~20% lower than that of s-triazine, the least stable heterocycle
studied (0.040 versus O.OSlMGy*I). P. A. Gerakines &
R. L. Hudson (2015) demonstrated previously that CO, ice
enhances the destruction of glycine, compared to when
glycine is embedded in water ice. Future work might consider
this possibility for N-heterocycles, especially since CO,
comprises a significant fraction of the total ice abundance
in dense interstellar clouds (A. C. A. Boogert et al. 2015;
M. K. McClure et al. 2023).

4.2. Astrophysical Implications

We quantified the radiolytic destruction kinetics of several
simple N-heterocycles as single-component ices and in water-
ice mixtures at 15 K. Using the destruction rate constants (k)
for our dilute H,O-ice mixtures, which are more representative
of extraterrestrial ices compared to single-component ices, we
calculated the radiolytic half-life dose for each molecule (i.e.,
the radiation dose required to decrease the abundance by half).
The half-life doses are listed in Table 6. Assuming a dose rate
of 0.3 eV molecule ' Myr ' for a typical 1 MeV proton flux in
interstellar dense molecular clouds (M. H. Moore et al. 2001),
all molecules studied here have radiolytic half-lives greater
than 8 Myr, which is similar to the expected lifetime for a
dense molecular cloud (L. Blitz & F. H. Shu 1980; P. R. Behr
et al. 2020). These half-lives suggest that N-heterocycles,
especially those with one or two incorporated nitrogen atoms,
are reasonably stable in a water-ice matrix and have stabilities
comparable to benzene’s. Given the photodestruction resist-
ance of matrix-isolated pyridine and pyrimidine (i.e., analo-
gous to gas-phase molecules; Z. Peeters et al. 2005) and
the radiolytic stability demonstrated here, pyridine and
pyrimidine in particular could be present in the gas phase in
dense interstellar clouds long enough to condense onto ice
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grains and persist over the lifetime of the cloud. Additionally,
simple N-heterocycles could accumulate appreciable abun-
dances through solid-phase reaction chemistry (C. K. Materese
et al. 2015; J. Wang et al. 2024) and survive over the lifetime
of the cloud, though these compounds might undergo
additional hydrogenation, as has been shown for benzene
and naphthalene in water ices (M. Tsuge et al. 2022). Recent
observations from NASA’s JWST show spectral features
between 1449 and 1333 cm ™' (6.9-7.5 um) along the line of
sight toward the dark clouds NIR38 and J110621
(M. K. McClure et al. 2023), which were tentatively assigned
to generic organic functional groups. Simple N-heterocycles
are plausible assignments given their strong aromatic IR
features near 1400 cm ' (Table 2) and their long radiolytic
half-lives (Table 6). However, definitive JWST spectral
assignments will require further band position and band
strength studies outside of the scope of this work. These
molecules might be present at abundances lower than our
current limits of detection, might have intrinsically weak IR
features, or might be obscured by strong IR features of other
abundant molecules. We emphasize that these half-life
estimates consider only the radiation dose rate due to
~1 MeV protons, which simplifies the broad spectrum of
particles and energies that constitute the particle radiation flux,
as well as the secondary UV photons that impact ices in
interstellar environments. Although protons are the majority
fraction of the GCR particle flux, our radiolytic half-life
estimates could be refined with further laboratory studies using
other radiation energies and sources.

Table 6 also lists the radiolytic half-lives of the selected N-
heterocycles in water-ice mixtures at two different depths
within the surface of an outer solar system object near 40 au.
Assuming a dose rate of 1.4 eV molecule ' Myr ' at a depth
of ~1 um (M. J. Loeffler et al. 2020), the calculated radiolytic
half-lives are ~2 Myr. Below a depth of 1cm, the half-lives
increase to ~300-400 Myr. At even larger depths (>1m),
N-heterocycles inherited from interstellar ices into small
bodies would be radiolytically stable over the age of the solar
system, suggesting that they might survive within water-ice
mixtures long enough for additional chemistry to form more
complex N-heterocycles. Aqueous and thermal alteration of
small bodies may result in changes to the distributions of
functionalized N-heterocycles, as has been shown for amino
acids in organic residues of irradiated ices (D. Qasim et al.
2023; C. K. Materese et al. 2024), for amides produced in
mixtures of minerals and hexamethylenetetramine (V. Vinogr-
adoff et al. 2020; C. Serra et al. 2024), and for several
nucleobases in the presence of iron-rich minerals (iron sulfide
and saponite; Y. He et al. 2024).

Varied and complex N-heterocycles (e.g., nucleobases) have
been identified in the organic extracts from samples returned
from the asteroid Bennu, which was sampled within the top
~0.68 + 0.1 m of its surface (D. S. Lauretta et al. 2022).
They may have been of interstellar origin, which was inferred
from the relative abundances of pyrimidines and purines
(D. P. Glavin et al. 2025). The work presented here
demonstrates that the precursor molecules (i.e., interstellar
pyridine and pyrimidine) of these complex heterocycles have
radiolytic half-lives long enough to survive over the lifetime of
a dense interstellar cloud and over the age of the solar system
(if near 40 au). It is important to acknowledge several caveats
associated with comparisons between our radiolytic half-lives
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and the detections of complex heterocycles in samples returned
from Bennu. First, the compositions of our ices are idealized
and the inclusion of additional oxygen-bearing molecules (e.g.,
CO,) may increase the radiolytic destruction. The mineral
composition of the surface of Bennu might provide additional
shielding effects, lowering the radiation doses received by the
organic molecules at depth. Second, the radiation doses within
the solar system listed in Table 6 assume a heliocentric
distance of 40 au (see M. J. Loeffler et al. 2020). The parent
body of asteroid Bennu likely formed in the outer solar system,
where both ammonia and water ices are stable, and was ejected
inward during giant planet migration, similar to the origin
suggested for asteroid Ryugu (T. Hopp et al. 2022). The parent
body that formed near the giant planets was likely exposed to a
different radiation environment compared to the present-day
Kuiper Belt (stronger solar wind and solar energetic particle
fluxes (J. F. Cooper et al. 2004), and giant planet magnetic
fields and GCRs). Additionally, our radiolytic half-lives at a
given depth do not account for any vertical exchange of
material, but objects like Bennu have experienced catastrophic
collisions that have churned up and mixed its materials to form
the rubble pile we observe today (P. Michel et al. 2020).

5. Conclusions

We measured the radiolytic destruction of benzene and five
simple N-heterocycles (pyridine, pyrimidine, pyridazine,
pyrazine, and s-triazine) as single-component ices and in
water-ice mixtures (~ 50:1) at 15 K. We used IR spectroscopy
to determine a pseudo-first-order radiolytic reaction rate
constant and radiolytic half-life for each molecule in each
ice. The destruction rate constants for the single-component
ices depend significantly on the number of nitrogen atoms
within the molecule’s aromatic ring and to a lesser extent on
the relative positions of the atoms. The destruction rate
constants for these molecules within a dilute water-ice mixture
were higher than for the single-component ices; however,
the number of nitrogen atoms impacted the destruction rate
constants in water ice only slightly. Based on our radiolytic
half-life for each molecule and an assumed dose rate in both
interstellar dense molecular clouds and outer solar system
objects, we expect N-heterocycles to be stable in extraterres-
trial environments for significant periods of time. Alone, lower
radiolytic stability for heterocycles compared to benzene
cannot sufficiently explain the observed absence of interstellar
N-heterocycles in ices.
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Appendix
Spectra of Crystalline and Amorphous Ices

Figures A1-A4 contain the IR spectra of pyrimidine,
pyridazine, pyrazine, and s-triazine as single-component ices

010 1 r 1111 [ 111 17T

Tribbett et al.

after vapor deposition at 15 K and after incremental warming
(at 2 Kmin~') to >130 K. Spectra for crystalline pyrimidine,
pyridazine, pyrazine, and s-triazine were acquired at 130, 180,
130, and 130 K, respectively. Note that these ices were grown
on an IR-transparent KBr window and the spectra were
acquired in a transmission geometry using 100 scans and a
spectral resolution of 1cm™' (for chamber specifications, see
P. D. Tribbett et al. 2024). As expected, we find that the
spectral features of each ice sharpen and split above 130K,
indicative of crystallization, similar to that of benzene and
pyridine ices (R. L. Hudson & Y. Y. Yarnall 2022). These
spectra suggest that the low-temperature single-component
ices used in our study are amorphous solids. Future work is
needed to determine the IR properties (e.g., band strengths,
optical constants) and specific crystalline phases of these
compounds when vapor-deposited at low temperatures.
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Figure Al. Infrared spectrum of amorphous (bottom) pyrimidine deposited at 15 K, and crystalline (top) pyrimidine deposited at 15 K and warmed to 130 K. Spectra

are offset for clarity.
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Figure A2. Infrared spectrum of amorphous (bottom) pyridazine deposited at 15 K, and crystalline (top) pyridazine deposited at 15 K and warmed to 180 K. Spectra
are offset for clarity.
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Figure A3. Infrared spectrum of amorphous (bottom) pyrazine deposited at 15 K, and crystalline (top) pyrazine deposited at 15 K and warmed to 130 K. Spectra are
offset for clarity.
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Figure A4. Infrared spectrum of amorphous (bottom) s-triazine deposited at 15 K, and crystalline (top) s-triazine deposited at 15 K and warmed to 130 K. Spectra

are offset for clarity.
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