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Detection of interstellar 1-cyanopyrene: A four-ring
polycyclic aromatic hydrocarbon
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Polycyclic aromatic hydrocarbons (PAHs) are organic molecules containing adjacent aromatic

rings. Infrared emission bands show that PAHs are abundant in space, but only a few specific PAHs
have been detected in the interstellar medium. We detected 1-cyanopyrene, a cyano-substituted
derivative of the related four-ring PAH pyrene, in radio observations of the dense cloud TMC-1, using
the Green Bank Telescope. The measured column density of 1-cyanopyrene is ~152 x 10* cm™, from
which we estimate that pyrene contains up to 0.1% of the carbon in TMC-1. This abundance indicates
that interstellar PAH chemistry favors the production of pyrene. We suggest that some of the
carbon supplied to young planetary systems is carried by PAHs that originate

in cold molecular clouds.

he infrared spectra of many dust-rich as-

tronomical objects are dominated by a

set of emission bands, historically known

as the unidentified infrared (UIR) bands

(D). Despite the name, the carriers of the
UIR bands are widely accepted to be polycyclic
aromatic hydrocarbons (PAHS), a class of or-
ganic molecules (2, 3). The UIR bands have
been observed in objects at many stages of the
stellar life cycle, specifically in regions illumi-
nated by hot stars or the interstellar radiation
field, which are called photon-dominated re-
gions (PDRs). The UIR bands have been assigned
to vibrational modes of large PAHs (those with
>35 carbon atoms) whose stability to ultraviolet
(UV) radiation means that they are expected
to survive even under harsh interstellar condi-
tions (4). Although the UIR bands do not iden-
tify specific PAH molecules, they demonstrate
that PAHs are ubiquitous organic compounds in
space. The intensity of the UIR bands indicates
that ~10 to 25% of all carbon in the interstellar
medium (ISM) of the Milky Way is incorporated
into PAHs (1, 4, 5, 6).
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PAHs are also present in meteorites classi-
fied as carbonaceous chondrites, which are
material left over from the formation of the
Solar System (7). They have also been found in
samples collected from comets (8) and asteroids
(9). Laboratory isotopic analysis of asteroid
PAHs has shown that at least some of them
formed in the cold ISM (10). Potential forma-
tion mechanisms include kinetically con-
trolled mass growth processes, where the rate
of formation determines the products that form
(rather than the relative thermodynamic sta-
bilities) (11). PAHs could alternatively form in
high-temperature (~1000 K) regions, such as
circumstellar envelopes around evolved stars
(12), but it remains unclear whether PAHs are
inherited from these regions into molecular
clouds. Small PAHs (those with <35 carbon
atoms) are expected to be destroyed by shock
waves, cosmic rays, and UV photons faster than
they can be injected from circumstellar enve-
lopes into the ISM (13). Contrary to this predic-
tion, small two-ring PAHs have been observed
in the cold interstellar cloud TMC-1, which is
part of the wider Taurus molecular cloud com-
plex. These include 1- and 2-cyanonaphthalene
(14), indene (15, 16), and 2-cyanoindene (17).
Three of those molecules contain a cyano (—CN)
group attached to one of the hydrocarbon rings,
which makes the molecule easier to detect with
rotational spectroscopy (see below).

Pyrene is a PAH containing four aromatic
rings that is particularly stable; once formed, it is
difficult to destroy (I8). This theoretical expec-
tation is consistent with the high abundances of
pyrene (relative to other PAHs) that have been
measured in carbonaceous chondrites (19, 20)
and samples of the asteroid Ryugu (10). Although
high-temperature routes to pyrene have been
proposed (12), analyses of Ryugu samples in-
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dicate that pyrene formed in cold interst; Check for

environments (10). Some low-temperature m....
anisms to form naphthalene have been proposed,
but conventional chemical models have so far
been unable to reproduce its inferred abun-
dance (21). Quantifying pyrene in cold molecular
clouds could therefore constrain low-temperature
PAH formation mechanisms that impact the
chemical form in which carbon is carried to
subsequent stages of stellar evolution.

Searching for 1-cyanopyrene in TMC-1

We analyzed radio observations of TMC-1 with
near-continuous coverage from approximately
8 to 36 GHz. The data were collected with the
100-m Robert C. Byrd Green Bank Telescope
(GBT) as part of the GBT Observations of TMC-1:
Hunting Aromatic Molecules (GOTHAM) proj-
ect (22). A molecule must have a permanent
electric dipole to be detected with rotational
spectroscopy. Most PAHs have a small or zero
dipole moment, so they cannot be readily ob-
served with radio astronomy, but their pres-
ence can be indirectly inferred by searching
for chemically related molecules. Laboratory
experiments have shown that CN-functional-
ized aromatics can be used as efficient proxies
when searching for their pure hydrocarbon
counterparts that do not possess permanent
dipole moments (23, 24).

Pyrene is the smallest PAH in which all rings
are connected to at least two others (termed
compact or pericondensed). Substituting a
—CN group for one of the H atoms of pyrene
forms cyanopyrene (C;HoN), which has a large
permanent electric dipole moment and is po-
tentially observable with radio spectroscopy.
Three distinct cyanopyrene isomers are possi-
ble (Fig. 1), but no published laboratory rota-
tional spectroscopy was available for them.
We performed theoretical quantum chemical
calculations (26) of the lowest-energy isomer,
1-cyanopyrene (25), finding predicted perma-
nent dipole moments of u, = 4.8 D and p,;, =
2.3 D along the a and b components of its

Fig. 1. Molecular structure of 1-cyanopyrene.
Numbers label the carbon sites discussed in the
text. Violet dots indicate equivalent substitution sites
of pyrene to form the same 1-cyanopyrene isomer,
which is shown on its principal axis system as
indicated by the vectors a and b.
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Fig. 2. 1-cyanopyrene lines detected in the TMC-1 observations. (A to E) Black lines are the GOTHAM observations, plotted as atmosphere-corrected antenna
temperature (T;) as a function of frequency, smoothed with a 10-channel Hanning window to a resolution of 14 kHz. Violet lines show a simulated spectrum
of 1-cyanopyrene, using our derived molecular parameters (table S4). Violet shading indicates the area under the simulated spectrum. The quantum numbers of each

transition, JK;,,K; - JK;,,K

c

of each transition, which are denoted o, B,v,8 ={0,1},{1,2},{2, 3}, {3.4}.

principal axis system (Fig. 1), respectively. The
calculations predicted strong rotational tran-
sitions between 8 and 22 GHz (26), a frequency
range that overlaps with the GOTHAM data-
set (17, 26, 27).

We therefore measured a laboratory rota-
tional spectrum of 1-cyanopyrene. We synthe-
sized 1-cyanopyrene from pyrene (26) (figs.
S1and S2), evaporated it in a laser ablation-
supersonic expansion source, then measured
its spectrum using a cavity-enhanced Fourier
transform microwave spectrometer (26). The
resulting line positions were spectroscopically
assigned according to the theoretical quan-
tum chemical predictions of the rotational con-
stants (26). We measured 267 individual or
partly blended rotational transitions over the
7-t0-16-GHz frequency range. Their positions
were fitted by using a rotational Hamiltonian,
which we used to extrapolate the rest-frame
transition frequencies over the entire GOTHAM
frequency range with precision <2 kHz (26).

The transition frequencies were used to search
for 1-cyanopyrene in the GOTHAM observa-
tions. Previous radio observations of TMC-1
have shown that it contains four partially over-
lapping velocity components (28). We used a
Markov chain Monte Carlo MCMC) analysis to
determine the column density of 1-cyanopyrene
in each velocity component (26). This analysis
assumed tight prior probability distributions
for the velocities, temperature, and linewidth
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on the basis of previous detections of PAHs
(14) in this source (table S4). From the MCMC
analysis, we derived the total column density
N(Cy;HgN) as the sum of the column densi-
ties in all four velocity components, finding
N(Cy;HoN) =1.527318 x 102 em~2and asingle
excitation temperature of 7.87 K. Adopting a
column density of molecular hydrogen of
N(H,) = 10** cm™? from prior observations
(29, 30), this corresponds to an abundance ratio
of N(CyHgN)/N(H,) ~ 1.5 x 107, Figure 2
shows a simulated rotational spectrum of
1-cyanopyrene adopting our measured pa-
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., are labeled above each line (ignoring N nuclear electric quadrupole splitting). Each line contains multiple closely spaced K, components
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Fig. 3. Velocity-stacked spectra and matched-filter response for 1-cyanopyrene. (A) The GOTHAM
observations stacked in velocity space (black line), relative to the systemic velocity of TMC-1, which is
5.8 km s7L. The stack consists of the 150 highest S/N lines of 1-cyanopyrene and is compared with the
simulated spectrum (violet line with violet shading). (B) The corresponding impulse response from our
matched-filter analysis, which indicates that 1-cyanopyrene is detected with a significance of 14.3¢

(fig. S6 shows the same data on a zoomed velocity scale).

rameters, compared with the radio observations.
Several individual lines were detected (26).

In addition to searching for the individual
lines, we performed a velocity-stack and matched-
filtering analysis to determine the total statis-
tical evidence confirming that our model of
molecular emission from 1-cyanopyrene matches
the observations, following previous meth-
ods (14, 28). Small spectral windows, centered
around each of the 150 brightest signal-to-
noise (S/N) ratio 1-cyanopyrene lines in fre-
quency space, were extracted from the radio
data and combined by using S/N weighting to
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Fig. 4. Schematic illustration of PAHs in the ISM and stellar environments. Triangles extending from
the central ellipse indicate locations where PAHs have been observed. PAHs form in circumstellar envelopes
of evolved stars (12, 40), then are ejected into the diffuse ISM (red arrows). There, PAHs are exposed to UV
photons of the interstellar radiation field, producing emission of the UIR bands (41); theoretical models
predict that this exposure destroys PAHs with <50 carbon atoms (42). However, we detected 1-cyanopyrene
in the cold, dense ISM as a proxy for pyrene, which is invisible to radio astronomy. It is unknown whether
this molecule was inherited from evolved stars (red arrows) or formed in situ through cold chemistry

(blue arrows). Further processes of star and planet formation could then incorporate pyrene and other PAHs
into protoplanetary disks (43), planetesimals (10), and meteorites (7).

produce a single average line in velocity space
(Fig. 3A) (26). Using the stacked, simulated
spectrum as a matched filter gives an impulse
response of 14.3c, indicating the total statisti-
cal significance of the detection (28). We per-
formed several tests to check the robustness of
the detection (26).

The carbon budget of TMC-1

‘We used the measured abundance of 1-cyanopyrene
to estimate the abundance of pyrene by con-
sidering the ratio of pure hydrocarbon aro-
matics to their CN-substituted species, which
we refer to as the H:CN ratio. On the basis of
the observed H:CN ratios for other related
aromatic molecules in TMC-1, we estimate
the abundance of pyrene relative to H, as
~(0.15 t0 1.5) x 1078 (see supplementary text).
Pyrene contains 16 carbon atoms, so the abun-
dance (relative to H nuclei) of carbon atoms
contained in pyrene is (0.12 to 1.2) x 10~". This
corresponds to 0.007 to 0.07% of the carbon
budget of TMC-1, adopting the initial elemen-
tal abundance of carbon with respect to H
nuclei, nc/nyg = 1.8 x 107* (31). If we instead
consider the available gas-phase carbon by
adopting a CO abundance in TMC-1 of 8.5 x
10~* (relative to H) (32), pyrene accounts for
0.01 to 0.1% of the gas-phase carbon budget.

Supplementary table S5 compares our col-
umn densities and carbon abundances mea-
sured for 1-cyanopyrene and estimated for
pyrene with other aromatic and cyclic species
previously detected in TMC-1. We found that
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cyanopyrene has a similar abundance to the
single-ring aromatic molecule benzonitrile and
is more abundant than any other detected CN-
substituted aromatic molecule. For comparison,
the sum of the observed abundance of carbon
in the cyanopolyynes (HC,,N, where m = 3 to
11) in TMC-1 is ~7 x 1078 (28); thus, pyrene
contains 20 to 200% of the carbon atoms that
are contained in the cyanopolyynes. We sug-
gest that the abundance of pyrene relative to
other molecules in TMC-1 implies that there
may be a substantial reservoir of larger PAHs
in cold prestellar sources.

The abundance of carbon contained in PAHs
has been previously estimated from the UIR
band emission from different regions of the
ISM. Total carbon abundances of ~14 and
~60 x 1079 have been derived for PAHs with
<100 carbon atoms in PDRs near hot stars and
the diffuse ISM, respectively (7, 33). Assuming
that those PAHs contain an average of 50 car-
bon atoms, the PAH abundance in PDRs relative
to H nuclei is >3 x 10~7. If the PAH population
from dense molecular clouds is inherited dur-
ing star formation, gas-phase pyrene could
have accounted for up to~1% of all PAHs in the
presolar nebula. If the dense cloud TMC-1 has a
PAH abundance similar to that of the diffuse
ISM, the implication is that only a small fraction
of its PAH content has been detected. Because
radio observations are only sensitive to gas-
phase cyanopyrene, we cannot determine the
amount condensed on solid dust grains. We es-
timate that the abundance of solid-state pyrene
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locked up on dust grains is ~1 x 106 (relative
to H nuclei), on the basis of the gas-phase abun-
dance estimated above and its expected depletion
time under TMC-1 conditions (supplementary
text).

In the Solar System, comets are composed of
ices and refractory material, which could re-
flect the composition of dust grains from the
parent molecular cloud (the presolar nebula).
By contrast, rocky bodies, such as asteroids, are
generally depleted in carbon compared with
comets (34). To compare our estimated solid-
phase pyrene abundance to the carbon budget
of comets, which are commonly reported rela-
tive to silicon, we converted the carbon abun-
dance from being relative to H to relative to Si
(supplementary text). We estimate a carbon
abundance for solid-phase pyrene, relative to
Si, of C/Si~0.02 x 107, which is ~0.4% of the
carbon budget of comets (34). This estimated
abundance of pyrene in Solar System mate-
rials is consistent with the measured abundance
in Ryugu samples, indicating inheritance from
the presolar nebula to asteroids.

Pyrene formation in TMC-1

Formation of PAHs can be characterized by the
temperature at which growth occurs and whether
they involve bottom-up mechanisms from small
precursors or top-down destruction of dust grains
or larger PAHs (35). High-temperature bottom-
up routes to PAHs include the hydrogen ab-
straction C,H, addition (HACA) mechanism
(86). Experiments have shown that addition of
acetylene (C,H,) to the 4-phenanthrenyl rad-
ical (C;4Hg) can produce pyrene under high-
temperature conditions, such as those found
in carbon-rich circumstellar envelopes (12).
Because this reaction has an activation energy
barrier of ~20 kJ mol !, we do not expect it
to operate in TMC-1 or other low-temperature
environments. Alternatively, the hydrogen ab-
straction vinylacetylene addition (HAVA) mech-
anism could operate in the low-temperature
conditions in dense clouds (36). HAVA can pro-
duce naphthalene from phenyl (37); however,
astrochemical models of TMC-1 that include the
HAVA mechanism cannot reproduce the ob-
served abundances of 1- and 2-cyanonaphthalene
(14), nor is the HAVA mechanism by means
of 4-phenanthrenyl expected to produce py-
rene (38).

If the pyrene present in TMC-1 is formed in
circumstellar envelopes, it must survive its ejec-
tion into the diffuse ISM and subsequent incor-
poration into dense molecular clouds (Fig. 4.
Laboratory experiments have shown that small
cationic PAHs could be stabilized by fast ra-
diative cooling, which would make them more
stable in the diffuse ISM (39). However, the
pyrene in Ryugu samples has been shown to
have formed at low temperature (10), which
is inconsistent with an origin in circumstellar
envelopes.
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We conclude that cyanopyrene is present in

the dense molecular cloud TMC-1. We are un-
able to explain its abundance with previously
proposed PAH formation mechanisms, so al-
ternative pathways are required.
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