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ABSTRACT: Nitrogen-substituted polycyclic aromatic hydro-
carbons (NPAHs) are not only fundamental building blocks in
the prebiotic synthesis of vital biomolecules such as amino acids
and nucleobases of DNA and RNA but also a potential source of
the prominent unidentified 6.2 um interstellar absorption band.
Although NPAHs have been detected in meteorites and are
believed to be ubiquitous in the universe, their formation
mechanisms in deep space have remained largely elusive. Here,
we report the first bottom-up formation pathways to the simplest
prototype of NPAHs, indole (CgH,N), along with its building
blocks pyrrole (C,HsN) and aniline (CqH{NH,) in low-temper-
ature model interstellar ices composed of acetylene (C,H,) and
ammonia (NH;). Utilizing the isomer-selective techniques of
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resonance-enhanced multiphoton ionization and tunable vacuum ultraviolet photoionization reflectron time-of-flight mass
spectrometry, indole, pyrrole, and aniline were identified in the gas phase, suggesting that they are promising candidates for future
astronomical searches in star-forming regions. Our laboratory experiments utilizing infrared spectroscopy and mass spectrometry in
tandem with electronic structure calculations reveal critical insights into the reaction pathways toward NPAHs and their precursors,
thus advancing our fundamental understanding of the interstellar formation of aromatic proteinogenic amino acids and nucleobases,

key classes of molecules central to the Origins of Life.

B INTRODUCTION

Since the discovery of the cyano radical (CN) in the
interstellar medium (ISM) in 1940 by McKellar," nitrogen-
containing molecules have attracted extensive attention from
the astrochemistry,”~> physical chemistry,”~'* and astrobiology
communities' "' due to their vital role in the formation of
organics in deep space linked to the Origins of Life.">™"° Origins
of Life explores the fundamental processes by which molecular
building blocks of life have arisen from simple precursor
molecules such as water (H,0), carbon monoxide (CO),
methane (CH,), and ammonia (NH;) condensed on
interstellar nanoparticles that comprise molecular
clouds."”"”"® Complex organic molecules can be produced
in interstellar ices via energetic nonequilibrium reactions
triggered by vacuum ultraviolet (VUV) light and galactic
cosmic rays (GCRs).19 Nitrogen-containing molecules in
particular account for nearly one-third of some 300 molecules
identified in the ISM; these can be classified as nitriles (RC=
N), amines (RNR'R”), imines (RC=NR’), and amides
(RCONHR') with R, R/, and R” being organic groups.””*'
The recent detection of aromatic nitriles such as benzonitrile
(C¢HsCN), cyanonaphthalenes (C,oH,CN), and 2-cyanoin-
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dene (CyH,CN)**"** in the Taurus Molecular Cloud (TMC-
1) carrying the benzene (CgHg, 1), naphthalene (C,oHg), and
indene (CoHg) moieties, respectively, suggested future
astronomical searches for nitrogen-substituted polycyclic
aromatic hydrocarbons (NPAHs)—polycyclic aromatic hydro-
carbons (PAHs) in which one or more CH moieties are
formally replaced by isoelectronic nitrogen atom(s). NPAHs
are recognized as key precursors to biorelevant molecules such
as the proteinogenic amino acid tryptophan (C,;H;,N,0,)
along with nucleobases™ and play a fundamental role in the
abiotic synthesis of vital biomolecules in deep space,*
eventually contributing to the molecular Origins of Life on
early Earth through their exogenous delivery.”’
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Figure 1. Proposed interstellar formation of nitrogen heteroaromatics indole, pyrrole, and aniline. The preparation of indole (CgH,N, 2), pyrrole
(C4H;N, 3), and aniline (C4HNH,, 4) is accomplished in interstellar analog ices containing acetylene and ammonia via energetic processing by
simulated galactic cosmic rays. Indole (2) and pyrrole (3) as precursors may react with interstellar molecules to form critical biomolecules
including indole-3-carbaldehyde, indole-3-acetaldehyde, plant hormones (indole-3-acetic acid), proteinogenic amino acid tryptophan, indole-3-

carbinol, tryptophol, NPAHs (quinoline), and pyridine.

Although no individual NPAH has yet been identified in the
gas phase in the ISM,”” their presence has been inferred from
the prominent unidentified infrared (UIR) feature (6.2 ym
band), which closely matches the characteristic vibrational
frequencies of the aromatic carbon—carbon stretch of
NPAHs.”** NPAHs such as (iso)quinolines (C4H,N) have
also been detected in the Murchison meteorite’® thus
documenting a hitherto unidentified extraterrestrial source of
NPAHS, potentially on the ice-coated interstellar nanoparticles
that compose.”’ However, despite remarkable progress toward
an understanding of the elementary gas-phase reactions leading
to PAHSs in interstellar and circumstellar environments, the
unraveling of the fundamental formation mechanisms of their
nitrogen-substituted counterparts (NPAHs) has just scratched
the surface'”*”*** with the formation mechanism of even the
simplest prototypes such as indole (CgH,N, 2) along with their
molecular building blocks such as pyrrole (C,H;N, 3) having
remained elusive as of now.

In prebiotic chemistry, indole (2) and pyrrole (3) formed in
interstellar ices could react further to form vital biomolecules

(Figure 1) through energetic, nonequilibrium reactions
initiated by GCRs eventually leading to peptides and
nucleobases of deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA). Reactions of indole (2) with carbon monoxide
(CO) or acetaldehyde (CH;CHO) could eventually synthesize
biologically active metabolites indole-3-carbaldehyde
(CyH,NO) or indole-3-acetaldehyde (C,,H,NO), respectively.
The plant hormones such as indole-3-acetic acid (C;;HyNO,)
may be accessed through the reaction of indole (2) with acetic
acid (CH,COOH). Also, indole (2) serves as the chromo-
phore of the proteinogenic amino acid tryptophan, which can
be prepared through the reaction of indole (2) with the amino
acid serine (C;H,NO;).** Likewise, the reaction of indole (2)
with methanol (CH;0H) and ethanol (CH;CH,OH) might
prepare indole-3-carbinol (CyHyNO) and tryptophol
(C1oH;1NO), respectively. In addition, as the simplest
prototype of NPAHs, indole (2) acts as a key precursor to
complex NPAHs such as (iso)quinolines (C,H,N) via
molecular mass growth processes. Further, pyrrole (3), the
five-membered substituent cycle of indole (2), participates in
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the synthesis of porphyrins® and reacts with the methylidyne
(CH) radical in the gas phase to form pyridine (CsHN),*
which, along with NPAHs, can synthesize nucleobases
(purines, pyrimidines) (Figure 1). Therefore, the unraveling
of the abiotic formation mechanisms of indole (2) and pyrrole
(3) is of fundamental importance to the astrobiology and
astrochemistry communities to rationalize the origin and
formation pathways of key biomolecules such as amino acids
and nucleobases in space.

Here, we report the first bottom-up synthesis of indole
(CgH,N, 2)—a fundamental molecular building block of the
proteinogenic amino acid tryptophan—together with pyrrole
(C4HyN, 3) and aniline (C;qHNH,, 4) as its precursors in
interstellar model ices. This is accomplished in low-temper-
ature acetylene and ammonia (C,H,—NHj;) ices at § K
exposed to energetic electrons, simulating the GCR exposure
of interstellar ices in cold molecular clouds aged up to 2 X 10’
years.”” The electron kinetic energies of 5 keV was used
because its linear energy transfer is comparable to that of 10—
20 MeV GCR protons deposit into ices.”®” Utilizing
resonance-enhanced multiphoton ionization (REMPI) and
tunable vacuum ultraviolet (VUV) single-photon ionization
(SPI) reflectron time-of-flight mass spectrometry (ReToF-
MS), these molecules were isomer-selectively identified in the
gas phase during temperature-programmed desorption (TPD)
of the irradiated ices; this simulates the transition of a cold
molecular cloud toward star formation. Our electronic
structure calculations identify crucial routes leading to these
aromatics (Figure 1) thus providing critical insights into the
intrinsic nonequilibrium formation pathways of indole (2)
along with the pyrrole (3) and aniline (4) precursors in
interstellar ices. Acetylene is a major product of the photolysis
and radiolysis of interstellar methane ices* and ammonia is a
ubiquitous and critical constituent of interstellar ices with
abundances up to 15% with respect to water,”" the acetylene—
ammonia ices selected in our laboratory simulations present a
model ice to understand the formation pathways of indole (2),
pyrrole (3), and aniline (4) in a comprehensive way. It is
therefore anticipated that indole (2), pyrrole (3), and aniline
(4) can be synthesized in interstellar ices bearing acetylene and
ammonia in cold molecular clouds due to exposure to ionizing
radiation such as GCRs. Upon gravitational collapse of the
parent molecular cloud during star formation, ices containing
these species can be ultimately incorporated into circumstellar
disks; this matter contains the raw materials from which
planets, planetoids, and comets form.*** Consequently,
molecules originally synthesized in interstellar ices may
eventually be integrated into the matter of solar systems,
such as our own. These organics may have been delivered to
newly forming planets such as the early Earth by comets and
meteorites, providing a plausible source of prebiotic mole-
cules* and molecular precursors to critical biomolecules, thus
playing a crucial role in the molecular Origins of Life.””

B RESULTS

Infrared Spectroscopy. The Fourier transform infrared
(FTIR) spectra of the acetylene—ammonia (C,H,—NHj) ices
before and after irradiation are dominated by the fundamental
vibrational modes of acetylene (v, 3236 cm™; 15, 1947 cm™};
v, 753 cm™') and ammonia (v, 3380 cm™Y; vy, 3165 cm™; v,
1629 cm™%; vy, 1087 cm™) as well as the combination mode
(vy + vs, 1375 cm™') of acetylene and the overtone of

ammonia (2, 3303 ecm™).*~* After irradiation, several weak

bands appear including the CH stretching modes at 2792
cm™), the C=C=N stretching mode at 2054 cm™! and the
NH bending mode at 1274 cm™' (Figure 2, Table §1).303!
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Figure 2. FTIR spectra of C,H,—NHj ice at S K before (black) and
after (red) electron irradiation at a current of 100 nA for 60 min.
Details of the assignments are listed in Table S1.

The absorption at 2974 cm™' can be assigned to the
combination mode of vinylacetylene (C,H,, S; vs + v;), CH,
symmetric stretch of ethylene (C,H,, v,;) and/or CH,
degenerate stretch of ethane (C,Hg, v10).Y”* The formation
of vinylacetylene and ethylene can be further confirmed by
absorptions at 2109 cm™ (C,H,, vs) and 1435 cm™ (C,H,,
vy,), respectively.””* The absorption at 1506 cm™ can be
assigned to the ring vibration and/or the NH bending mode of
pyrroles.”> In addition, this feature may also link to amino
(NH,) radical, of which the infrared fundamental (v,) was
measured at 1499 cm™ in a nitrogen matrix.*® The absorption
at 1304 cm™ is associated with the ring stretching mode of
benzene (v,) and/or the deformation mode of methane.””*®
Moreover, the absorption at 961 cm™! links to the out-of-plane
aromatic CH deformation of (substituted) benzenes.’’
However, due to the overlapping IR features of functional
groups of complex organics formed during radiation exposure,
infrared spectroscopy cannot unambiguously identify individual
complex organic molecules, thus highlighting the necessity for an
alternative analytical technique to isomer-selectively detect the
desired products.

SPI-ReToF-MS and REMPI-ReToF-MS. Photoionization
reflectron time-of-flight mass spectrometry (PI-ReToF-MS)
has proven as a powerful tool to identify individual molecules
in the gas phase.'® It affords an isomer-specific identification
upon single photon ionization (SPI) based on their adiabatic
ionization energies (IEs; SPI-ReToF-MS) or with resonance-
enhanced multiphoton ionization (REMPI) through isomer-
specific resonance lines (REMPI-ReToF-MS).'"**% At a
photon energy of 10.49 eV, the target molecules pyrrole
(C4HN, IE = 8.207 + 0.00S V), aniline (C¢H,N, IE = 7.720
+ 0.002 eV), and indole (CgH,N, IE = 7.7602 + 0.0006 eV)
can all be ionized.®" This results in ion signals at m/z = 67, 93,
and 117, respectively, in the TPD phase (Figure S1, Figures 3
and 4). To confirm the molecular formulas, it is imperative to
exploit isotopically labeled ice mixtures such as *C,H,—NHj,
C,H,—"NH;, and *C,H,—'*NHj so that the m/z shifts in a
readily predictable way.
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Figure 3. Ion signals during TPD of acetylene—ammonia ices and
photoionization efficiency (PIE) curves. (a) TPD profiles were
recorded at 10.49 eV from irradiated C,H,—NH; (m/z = 67),
BC,H,-NH; (m/z = 71), C,H,—">NH; (m/z = 68), and
BC,H,~"*NH; (m/z = 72) ices, confirming the formula C,H;N.
(b) The PIE curve measured at m/z = 67 (red) is plotted as a
function of photon energy after correction for photon flux and TPD
profile measured from 125 to 161 K. The reported reference PIE
curve of pyrrole (black dots) was scaled to compare with the
experimental results.

Pyrrole. The TPD profile of m/z = 67 exhibits a
sublimation event between 120 and 275 K (Figure 3a). This
ion signal can be associated with the molecular formulas

C,HN;,, C;H;N,, C,H;N, and/or CsH,. The TPD profile shifts
by 4 atomic mass unit (amu) (m/z = 71) in irradiated
BC,H,—NH; ice, by 1 amu (m/z = 68) in irradiated
C,H,—"*NH; ice, and by § amu (m/z = 72) in irradiated
BC,H,—"*NHj ice indicating the presence of four carbon
atoms and a single nitrogen atom, and hence the molecular
formula C,H(N. Photoionization efficiency (PIE) curves,
which report the intensity of ion counts at, e.g, m/z = 67,
versus the photon energy, are collected in the TPD phase and
compared to the PIE reference data.”>®* Here, during the TPD
of irradiated C,H,—NH; ice, the PIE was collected over a
photon energy range of 8.10—8.27 eV (Figure 3b). The
experimental data correlates nicely with the PIE reference
curve of pyrrole (3)* thus demonstrating the formation of
pyrrole (3). Also, the onset of ionization is determined to be
820 + 0.01 eV, which is in good agreement with the
previously determined IE of pyrrole (IE = 8.207 + 0.005
eV).°" An additional experiment was carried out at 7.90 eV, at
which pyrrole (IE = 8.207 + 0.005 eV) cannot be ionized.
Compared with the result of m/z = 67 recorded at 10.49 eV in
irradiated C,H,—NH; ice, the early sublimation event
disappeared at 7.90 eV (Figure S2), providing further evidence
for the formation of pyrrole (3).

Aniline and Indole. Figure 4 shows TPD profiles of m/z =
93 and m/z = 117 in processed C,H,—NH; ices recorded at
10.49 eV. The ion signal at m/z = 93 can be associated with
the molecular formulas C;HN,, C,H;N; CH;N,, CcH-N,
and/or C;H,. This TPD profile shifts by 6 amu (m/z = 99) in
irradiated *C,H,—NHj ice, by 1 amu (m/z = 94) in irradiated
C,H,—"*NH; ice, and by 7 amu (m/z = 100) in irradiated
BC,H,—"*NHj ice (Figure 4a), indicating the presence of six
carbon atoms and a single nitrogen atom. Therefore, the
sublimation event at m/z = 93 can be clearly associated with a
molecule of the molecular formula C{H,N. Similarly, the TPD
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Figure 4. Ion signals during the TPD of acetylene—ammonia ices along with [1 + 1] REMPI data. TPD profiles were recorded at 10.49 eV from
irradiated C,H,—NH,, *C,H,—NH,, C,H,—'*NHj,, and '*C,H,—'*NH, ices confirming the formulas C;H,N (a) and CgH,N (c). Overlay of SPI
(10.49 eV) and REMPI ion signals versus temperature for aniline recorded at 293.842 nm (b) and indole recorded at 283.817 nm (d). The shaded
regions in yellow (b) and gray (d) indicate the sublimation events of structural isomers of aniline (4) and indole (2), respectively.
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Figure . Potential energy surfaces leading to the formation of pyrrole (3) and aniline (4). Three barrierless (submerged barrier) reactions leading
to pyrrole (3) are depicted: vinyl (CH,CH, 8) plus ethynylamidogen (HCCNH, 9) (a), ethynyl (HCC, 10) plus ethynamine (6) (b), and the
ethynyl (10) plus 2-aminoethenyl (NH,CHCH, 12) (c). Two reactions leading to aniline (4) are depicted: amino (NH,, 13) plus phenyl (C4H;,
14) (d), and amino (13) plus benzene (1) (e). The energies (italics) were computed at the CCSD(T)-F12/cc-pVIZ-F12//wB97X-D/6-
311G(d,p) level of theory. Atoms are colored in black (carbon), gray (hydrogen), and blue (nitrogen).

profile at m/z = 117 shifts by 8 amu (m/z = 125) in irradiated
BC,H,—NH; ice, by 1 amu (m/z = 118) in irradiated
C,H,—""NH; ice, and by 9 (m/z = 126) amu in irradiated
BC,H,—"*NH; ice (Figure 4c), suggesting the presence of
eight carbon atoms and of a single nitrogen atom thus
confirming its molecular formula to be CgH,N. Note that the
TPD profiles may be shifted in isotopically labeled ices due to
the differences in the desorption energies for isotopically
labeled isomers and the reaction rates leading to their
formation. It is important to highlight that both formulas
C¢H-N and CgH,N can represent multiple structural isomers
that can also be ionized at 10.49 eV. Considering a significant
overlap of the IE ranges of multiple isomers, it is difficult to
identify individual CqH,N or CgH,N isomers by SPI-ReToF-
MS alone.

REMPI-ReToF-MS represents an elegant tool to overcome
the aforementioned limitations with the ultimate goal to
identify the carriers of the ion signal at m/z = 93 (C,H,N*)
and 117 (CgH,N*). REMPI first accesses an excited state
unique to an individual isomer via resonant photon absorption,
which is then followed by a second photon absorption to
ionize the molecule.*”**®® Here, one-color [1 + 1] REMPI
schemes were exploited to identify aniline (4) and indole (2)
molecules. To determine their resonant REMPI wavelengths,
separate experiments were performed with processed C,H,—
NH,; ices. The resonance lines for aniline (4) and indole (2)
were determined experimentally at 293.842 nm (4.219 eV) and
283.817 nm (4.369 eV), respectively (Figures S3 and S4),
which correspond to their S; < S, transition origin band.
These wavelengths agree well with the literature values of
293.85 nm for aniline®* and 283.809 + 0.008 nm for indole.”®
A comparison of the SPI- and REMPI-ReToF-MS TPD
profiles at m/z = 93 (C4H,N") reveals that aniline (4) is the
major contributor (65 + 7)% (Figure 4b). The differences
between the SPI and REMPI sublimation profiles can be

correlated with the ionization of other C{H,N isomers that
cannot be ionized with the [1 + 1] REMPI scheme at a
wavelength of 293.842 nm. Also, the one-color [1 + 1] REMPI
experiment at a wavelength of 283.817 nm provides evidence
for the formation of indole (2) (Figure 4d), which represents
the largest contributor (75 = 8)% to the ion signal at m/z =
117 (CgH;N*). A comparison of the TPD profiles extracted by
SPI and REMPI reveals that additional C¢gH,N isomers are
formed at lower temperatures (150—225 K), as the TPD
profiles of SPI- and REMPI-ReToF-MS measurements only
match in the high-temperature range from 180 to 300 K
(Figure 4d). In addition, aniline (IE = 7.720 + 0.002 V) and
indole (IE = 7.7602 + 0.0006 eV) can be ionized at 7.90 eV.
The TPD profiles of m/z = 93 and m/z = 117 recorded at 7.90
eV in irradiated C,H,—NH; ice match well with that of
REMPI measurements measured at 293.842 nm (Figure S5)
and 283.817 nm (Figure S6), respectively, further confirming
the formation of aniline (4) and indole (2). A blank
experiment was also conducted with acetylene—ammonia ice
at 10.49 eV under identical conditions, but without energetic
electron processing. No sublimation events were detected at
m/z = 67,93, and 117 (Figure S7), verifying that the formation
of indole (2), pyrrole (3), and aniline (4) results from the
irradiation exposure of the ices. It is worth noting that REMPI
measurements were carried out to search for benzonitrile
(C,H4N), quinoline (CyH,N), and 2-cyanonaphthalene
(C;H,N) in irradiated C,H,—NHj ices; however, no evidence
for their formation was found. Besides the formation of the
aforementioned molecules, evidence for the formation of
benzene (C¢Hg, 1),**” vinylacetylene (C,H,, 5),* ethynyl-
amine (HCCNH,, 6)*° and phenylacetylene (CgHg, 7)*” in
processed acetylene—ammonia ices is provided (Figures S8—
S11).

Overall, a combination of SPI-ReToF-MS and REMPI-
ReToF-MS provides conclusive evidence on the identification
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Figure 6. Potential energy surfaces leading to the formation of indole (2). Several barrierless pathways are depicted: the reactions of phenyl (C¢H,
14) radical with aminoethynyl (NH,CC, 15) radical and ethynylamidogen (HCCNH, 9) radical (a), the reactions of vinylacetylene (5) with 2-
pyrrolyl (C,H,N, 16) radical (b), and the reactions of amino (13) radical with phenylethynyl (C¢H;CC, 17) radical and 2-ethynylphenyl
(C¢H,CCH, 18) radical (c). The energies (italic) were computed at the G3(MP2,CC)//wB97X-D/6-311G(d,p) level of theory.

of three nitrogen-containing aromatic molecules in the TPD
phase: indole (2), pyrrole (3), and aniline (4).

B DISCUSSION

With the compelling identification of indole (2), pyrrole (3),
and aniline (4), we now turn our attention to potential
pathways of their formation (Figure 1) by merging our
experimental data with electronic structure calculations
predicting the relative energies of all reactants, intermediates,
transition states, and products to a precision of 8 kJ mol™’
(Figures S and 6). These calculations were guided by the
development of a retrosynthetic scheme®™® deconstructing

indole (2), pyrrole (3), and aniline (4) into fundamental
building blocks identified in exposed ammonia—acetylene ices.
Aniline (4) can be prepared from benzene (1)°° and ammonia;
pyrrole (3) can be the reaction product from ethynylamine
(6)*° and acetylene precursors; five pathways can be identified
to prepare indole (2): aniline (4) plus acetylene, benzene (1)
plus ethynylamine (6), pyrrole (3) plus vinylacetylene (5),"
pyrrole (3) plus acetylene, and phenylacetylene (7)%° plus
ammonia.

Pyrrole (3). Both the ethynylamine (6) and acetylene
represent closed shell precursors; reactions of two closed shell
molecules in their electronic ground states are afflicted by
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significant entrance barriers often exceeding 100 kJ mol 1%

and hence are closed. However, upon exposure to the GCR
proxies, ethynylamine (6) can undergo unimolecular decom-
position via, e.g., hydrogen atom loss from the amino group
leading to the ethynylamidogen radical (HCCNH, 9). The
suprathermal hydrogen atom can overcome the barrier of 16 kJ
mol™""° and may add to the carbon—carbon triple bond of
acetylene forming the vinyl radical (CH,CH, 8)."°*”° Our
electronic structure calculation exposed a barrierless reaction
of vinyl radical (8) and ethynylamidogen radical (9) through
carbon—carbon coupling and the formation of the acyclic
singlet intermediate il (Figure Sa). The latter can isomerize via
ring closure to i2. Successive hydrogen atom shifts from the
CH, moiety to the nitrogen atom followed by a hydrogen
migration from the N—H unit to the carbene carbon atom to
form pyrrole (3) via intermediates i2 and i3, respectively, in an
overall exoergic (—576 kJ mol™") reaction. Whereas under
single collision conditions pyrrole (3) undergoes unimolecular
decomposition in the gas phase, the surrounding molecules in
the ice matrix facilitate a transfer of the internal energy to the
neighboring molecules just stabilizing pyrrole (3). Instead of
adding a hydrogen atom, upon exposure to the GCR proxies,
acetylene can also lose atomic hydrogen forming the ethynyl
radical (HCC, 10). Our calculations identified two multistep
pathways (Figure Sb and Sc) commencing with the ethynyl
radical (10). In detail, the ethynyl radical (10) can add
barrierlessly with its radical center to the terminal carbon atom
of ethynylamine (6) forming the acyclic radical intermediate i4
(Figure Sb). Trans—cis isomerization to iS followed by
cyclization to intermediate i6 and hydrogen shift from the
NH, moiety to the neighboring carbon atom accesses the 3-
pyrrolyl radical (11). The latter can be reduced through
recombination with atomic hydrogen present in the ice
yielding pyrrole (3). Alternatively, the ethynyl radical (10)
can react with the 2-aminoethenyl radical (NH,CHCH, 12)
through barrierless addition via radical—radical recombination
yielding aminovinylacetylene (i7) (Figure Sc). The latter
isomerizes to intermediate i8 by the atomic hydrogen transfer
from the nitrogen atom to the carbon atom on the opposite
end of the molecule, followed by the five-membered ring
closure to yield i9, which can further form pyrrole (3) via
hydrogen migration. Overall, our electronic structure calcu-
lations identified three barrierless, exoergic routes to the
preparation of pyrrole (3).

Aniline (4). The retrosynthetic approach guided the
synthesis of aniline (4) from the benzene (1) plus ammonia
system. The computations revealed a barrierless recombination
of phenyl (14) and amino (NH,, 13) radicals accessing aniline
(4) in a strongly exoergic (—429 kJ mol™") reaction (Figure
5d). Amino (13) and phenyl (14) radicals can be formed
through GCR induced N—H and C—H bond cleavages of
ammonia and benzene.”’ An alternative route (Figure Se)
proceeds through the addition of the amino radical (13) to
benzene via a barrier of 46 kJ mol™' forming i10, which then
ejects atomic hydrogen to yield aniline (4). Considering the
barrierless entrance channel, the reaction of the phenyl radical
(14) with the amino radical (13) likely dominates the
formation of aniline (4).

Indole (2). Among the five systems identified via retrosyn-
thesis, three systems—benzene (1) plus ethynylamine (6),
pyrrole (3) plus vinylacetylene (), phenylacetylene (7)® plus
ammonia—eventually access barrierless pathways (Figure 6).
First, upon interaction with GCRs, benzene (1) and ethynyl-

amine (6) can undergo unimolecular decomposition via C—H
and/or N—H bond rupture forming the phenyl (14) and
aminoethynyl (15) radicals as well as the phenyl (14) and
ethynylamidogen (9) radicals, respectively. Phenyl (14) and
aminoethynyl (15) recombine barrierlessly to form 2-phenyl-
ethynamine (i11), which isomerizes through hydrogen shift to
i12 (Figure 6a). The latter can also be accessed via the
radical—radical reaction of phenyl (14) with ethynylamidogen
(9), which can also form il5 in the entrance channel. These
intermediates can undergo ring closure to il3 and il6,
respectively, followed by hydrogen migration to i14 and il7,
which in turn undergo another hydrogen shift to indole (2).
Second, pyrrole (3) can undergo unimolecular decomposition
via C—H bond rupture forming the 2-pyrrolyl (16) radical
upon interaction with GCRs. The 2-pyrrolyl (16) radical forms
a van-der-Waals complex i18 with vinylacetylene (5) (Figure
6b), which eventually isomerizes to intermediate i19; the latter
starts a complex reaction sequence involving a hydrogen shift
to i20, ring closure to i21, hydrogen migration to i22, and
atomic hydrogen loss to indole (2). Third, upon interaction
with GCRs, phenylacetylene (7) can undergo unimolecular
decomposition via C—H bond rupture at the ethynyl and
phenyl moieties yielding phenylethynyl (C¢H;CC, 17) and 2-
ethynylphenyl (C4H,CCH, 18) radicals, respectively. Amino
(13) and phenylethynyl (17) radicals recombine barrierlessly
to 2-phenylethynamine (il1), which forms indole (2) in an
identical reaction sequence as for the reaction of phenyl (14)
with aminoethynyl (15) (Figure 6a and 6c). The radical—
radical reaction of amino (13) with 2-ethynylphenyl (18)
prepares 2-aminophenylacetylene (i23), which isomerizes
through hydrogen shift to i24. The latter undergoes ring
closure to i25 followed by hydrogen migration to indole (2).
Both pathways are barrierless and exoergic by 658 k] mol™".
Altogether, these routes are barrierless and highly exoergic with
the internal energy of indole (2) transferrable to the
neighboring molecules eventually stabilizing indole (2).

Bl CONCLUSIONS

The present work demonstrates the first preparation of the
astronomically elusive indole (2), pyrrole (3), and aniline (4)
in interstellar model ices. This is accomplished in low-
temperature acetylene—ammonia ices upon exposure to
proxies for GCRs in cold molecular clouds. These nitrogenous
heteroaromatics were identified in the gas phase by PI-ReToF-
MS along with PIE curves and REMPI techniques during the
TPD phase simulating the transition from cold molecular
clouds to star forming regions. These experiments demonstrate
the implementation of REMPI-ReToF-MS as an isomer-
selective detection method to identify nitrogen heteroar-
omatics with unprecedented sensitivity. Our combined
laboratory experimental results and electronic structure
calculations reveal plausible formation pathways to these
aromatics via GCR-mediated nonequilibrium chemistries
operating under astrophysical environments thus providing
crucial steps toward a systematic elucidation of the formation
mechanisms of interstellar NPAHs, aromatic amino acids, and
nucleobases in deep space. Experiments were performed at
around 5 K, a temperature that contributes a similar thermal
influence on a variety of astrophysical environments, there
would not be a significant influence on radical-radical and
radical—neutral reactions at higher temperatures such as 10 K.
Following the reaction mechanisms elucidated here, indole
(2), pyrrole (3), and aniline (4) are likely generated in
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interstellar ices after exposure to ionizing sources at doses
readily achievable within the lifetimes of molecular clouds of
up to 2 X 107 years. Upon the transition from the cold cloud to
a star-forming region, these molecules may sublime into the
gas phase during the warm-up phase. Considering the large
dipole moments of indole (1.96 D),”" pyrrole (1.74 D),”* and
aniline (1.13 D)’ along with their known rotational
spectra,””’* they represent ideal candidates to be searched
for in star-forming regions and hot molecular cores via radio
telescopes such as the Atacama Large Millimeter/submillim-
eter Array (ALMA) and the James Webb Space Telescope
(JWST).

Once formed on ice-coated interstellar grains by energetic
processing in cold molecular clouds, indole (2) along with its
molecular building blocks pyrrole (3) and aniline (4) may also
act as precursors to key biorelevant molecules. The reaction of
pyrrole (3) with the methylidyne radical can lead to pyridine,*
an extra key building block of NPAHs.”"** As one of the
simplest NPAHs, indole (2) can also participate in molecular
mass growth processes to form more complex NPAHs and
contribute to the formation of nucleobases (Figure 1), which
are essential building blocks of the genetic molecules DNA and
RNA." In addition, indole (2) is a substituent of the
proteinogenic amino acid tryptophan. During the formation
of solar systems, these molecules can also be incorporated into
planetoids, asteroids, and comets, which can carry them into
the atmosphere of young planets such as the early Earth."” In
fact, extraterrestrial NPAHs such as (iso)quinoline and purine
nucleobases adenine (CsHsNs) and guanine (CsH;N;O) and
pyrimidine nucleobases cytosine (C,HsN;0), uracil
(C4H,N,0,), and thymine (C;H(N,O,) were identified in
3075=77 Therefore, those organics
could have been delivered to the early Earth as an exogenous
source of biorelevant molecules, providing a plausible pathway
to the formation of key biomolecules related to the Origins of
Life on the prebiotic Earth.”®

carbonaceous meteorites.
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