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Low-temperature formation of polycyclic aromatic
hydrocarbons in Titan's atmosphere

Long Zhao', Ralfl. Kaiser™, Bo Xu

2, Utug Ablikim?, Musahid Ahmed

zx, Mikhail M. Evseev?,

Eugene K. Bashkirov3, Valeriy N. Azyazov® and Alexander M. Mebel?4*

The detection of benzene in Titan's atmosphere led to the emergence of polycyclic aromatic hydrocarbons (PAHs) as potential
nucleation agents triggering the growth of Titan's orange-brownish haze layers. However, the fundamental mechanisms lead-
ing to the formation of PAHs in Titan's low-temperature atmosphere have remained elusive. We provide persuasive evidence
through laboratory experiments and computations that prototype PAHs like anthracene and phenanthrene (C,,H,,) are synthe-
sized via barrierless reactions involving naphthyl radicals (C,,H,*) with vinylacetylene (CH,=CH-C=CH) in low-temperature
environments. These elementary reactions are rapid, have no entrance barriers, and synthesize anthracene and phenanthrene
via van der Waals complexes and submerged barriers. This facile route to anthracene and phenanthrene—potential building
blocks to complex PAHs and aerosols in Titan—signifies a critical shift in the perception that PAHs can only be formed under
high-temperature conditions, providing a detailed understanding of the chemistry of Titan's atmosphere by untangling elemen-

tary reactions on the most fundamental level.

only Solar System body besides Earth sustaining a dense,

nitrogen-rich atmosphere and solid surface—has transformed
our knowledge of the origin and evolution of the Solar System'”.
Titan’s most prominent optically visible features are the aerosol-
based haze layers, which define its orange-brownish colour. These
layers, composed of aerosol particles, are essential to Titan’s climate,
radiation balance and atmospheric chemistry. Polycyclic aromatic
hydrocarbons (PAHs) have been the centre of attention as prospec-
tive candidates that initiate the formation and growth of complex
organics in Titans orange-brownish haze layers®. The existence of
PAHs in Titan’s atmosphere has been inferred from Cassini’s Visual
and Infrared Mapping Spectrometer (VIMS) attributing the 3.28 um
(3,049 cm™) absorption to stratospheric PAHs* following an earlier
PAH assignment in the upper atmosphere up to 1,300 km’. Likewise,
Cassini’s Plasma Spectrometer detected heavy positively (<350 Da)
and negatively (<8,000Da) charged particles, which have been
proposed to carry PAHs", possibly formed via reactions involving
benzene (C,H,) and phenyl radical (C¢H,*) in atmospheric regions
between 350 and 1,200 km’. The most fundamental building block
of all PAHs—the benzene molecule—was observed in Titan’s atmo-
sphere at levels of up to 10 ppm®*. These levels might signify ben-
zene, and possibly heavier but hitherto undetected aromatics such
as naphthalene (C,jH;) and anthracene/phenanthrene (C,,H,,), as
key building blocks participating in the growth processes to com-
plex PAHs. However, there is a lack of understanding of the molec-
ular mechanisms that initiate and drive the formation of PAHs in
Titan’s low-temperature atmosphere (70-180K)".

Popular routes to PAH formation on Titan have been derived
from high-temperature combustion models and suggest sequential
reactions of aromatic (phenyl; C(H;*)'"" and resonantly stabilized
radicals (propargyl; C;H,")"*. Together with acetylene (C,H,), these
reactions constitute the backbone for a recurring sequence of hydro-
gen abstraction—-acetylene addition (HACA) mechanism operating
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at elevated temperatures of up to 1,000K leading to facile synthe-
sis of naphthalene (C,,H,)'""-*>. However, unsurmountable entrance
barriers to addition up to 20k]J mol™" cannot be passed under Titan’s
low-temperature conditions (70-200K)*, leading to a challenge to
the traditional HACA concept®>”. Parker et al.'” revealed that naph-
thalene (C, Hy) can be synthesized via barrierless reactions at tem-
peratures as low as 10K, involving a bimolecular reaction between
the phenyl radical (CH") and vinylacetylene (C,H,), through
the hydrogen abstraction-vinylacetylene addition (HAVA) path-
way'7*?_ Since the solar ultraviolet radiation penetrates deep into
Titan’s atmosphere®, benzene (C,H,) photodissociates to the phenyl
radical (C4H;*) plus atomic hydrogen (H*)*'. Along with phenyl, the
naphthyl radical (C,,H,*) generated via photodissociation of naph-
thalene (C,,H;) may initiate a barrierless, vinylacetylene-mediated
low-temperature chemistry involving these aryl-type radicals and
leading to naphthalene (C,,H;) and anthracene/phenanthrene
(C\,H,,) (Fig. 1). However, the validity of these mass growth pro-
cesses beyond naphthalene has remained conjectural, since not a
single laboratory experiment has been performed to corroborate to
what extent complex PAHs such as anthracene (C,,H,,) and phen-
anthrene (C,,;H,,) can be synthesized in these barrierless processes.
Therefore, the proposed omnipresence of PAHs in Titan’s haze lay-
ers’, but the lack of validated laboratory experiments demonstrat-
ing the synthesis of PAHs under Titan’s low-temperature conditions
and how they chemically link to Titan’s haze layers represent a fun-
damental enigma to the planetary science and reaction dynamics
communities. Sophisticated laboratory experiments simulating the
formation of aerosols under the conditions of Titan’s atmosphere
using vacuum ultraviolet (VUV) light irradiation have consistently
detected vinylacetylene’>*’. Also, crossed molecular beam experi-
ments have demonstrated that vinylacetylene is formed in the pho-
tolysis of acetylene’** and in the reaction of the ethynyl radical
(C,H) with ethylene (C,H,), with these species being among the
most abundant hydrocarbons in the atmosphere of Titan*. Finally,
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Fig. 1| Schematic pathways involved in the synthesis of anthracene and
phenanthrene. a, Naphthalene formation via the reaction of phenyl radical
(CgHs®) with vinylacetylene (VA; C,H,). b, Anthracene and phenanthrene
formation via the reactions of 1- and 2-naphthyl radicals (C,,H,*) with VA,
hv represents Planck’s constant and frequency.

photochemical models of Titan’s atmosphere reveal that vinylacety-
lene prevails at mixing ratios exceeding 10-°~10~° (refs 7).

Here, we report the results of the bimolecular gas phase reactions
of the 1- and 2-naphthyl radical (C, H,*; 127 amu; X?A,) with vinyl-
acetylene (CH,=CH-C=CH; 52 amu; X'A) (Fig. 1). By merging the
experiments with electronic structure and statistical calculations, we
present evidence of a barrierless formation of two prototype tricy-
clic PAHs—anthracene (C,,;H,,; 178amu; X'A|) and phenanthrene
(C,H,p; 178amu; X'A,)—involving van der Waals complexes and
submerged barriers to reaction in the entrance channels. These bar-
rierless pathways defy conventional wisdom that PAH formation,
such as to anthracene and phenanthrene, solely transpires in high-
temperature environments such as in combustion flames. This fac-
ile route via bimolecular mass growth processes in low-temperature
environments (such as Titan’s atmosphere) involving vinylacetylene
defines an essential shift in currently ‘well-established’ perceptions
leading to PAHs, which have so far relied exclusively on a high-
temperature, acetylene-based chemistry (HACA)'*->>***". Here, the
combination of laboratory experiments with electronic structure
calculations enables unravelling of the chemistry of elementary
reactions leading to PAHs at the microscopic level, via a hitherto
overlooked vinylacetylene-mediated mass growth process to PAHs
at ultralow temperatures, thus providing detailed chemical under-
standing of a macroscopic environment—Saturn’s moon Titan.

Results

Experimental studies. A chemical reactor was used to explore the
synthesis of anthracene (C,,H,,) and phenanthrene (C,H,,) via
the elementary reactions of 1- and 2-naphthyl radicals (C,,H,*)
with vinylacetylene (Fig. 1). The products were entrained in a
molecular beam, ionized via fragment-free, soft photoionization
using synchrotron VUV light, and detected isomer-specifically
with a reflectron time-of-flight mass spectrometer (Re-TOF-MS)
(Methods). Representative mass spectra recorded at a photoion-
ization energy of 9.50eV for the reaction of 1- and 2-naphthyl
radicals with vinylacetylene are displayed in Fig. 2a,b. Reference
spectra were also collected by replacing vinylacetylene with non-
reactive helium carrier gas (Fig. 2c,d). These data provide con-
vincing evidence of the synthesis of molecules with the molecular
formula C,H,, (178 amu) in the 1- and 2-naphthyl-vinylacetylene

systems, which are absent in the control experiments. Accounting
for the molecular weights of the reactants (C,,H,*, 127 amu; C,H,,
52amu) and products (C,,H,, 178amu; hydrogen, 1amu), the
molecules with the formula C,,H,, must be the reaction prod-
ucts of the bimolecular reaction of the 1- and 2-naphthyl radicals
with vinylacetylene (Fig. 1). Signals associated with ion counts at
a mass-to-charge (m/z) ratio of 152 can be linked to the reaction
of the 1- and 2-naphthyl radicals (127 amu) with acetylene (C,H,;
26 amu) and the inherent formation of acenaphthylene (C,,H;) and
ethynylnaphthalene isomers (C,,Hg) (Supplementary Figs. 1-3).
Finally, ion counts at m/z=209 (C,*CH,*Br"), 208 (C,,H,*'Br*),
207 (C,°CH,Br), 206 (C,,H,”Br+), 129 (C,°CH,*), 128 (C,H,"),
127 (C,,H,* and C,®CH,*) and 126 (C,,H,*) are also observable in
the 1- and 2-naphthyl-helium systems. Hence, these masses do not
originate from reactions between 1- and 2-naphthyl radicals and
vinylacetylene. Signals between m/z=209 and 206 can be associ-
ated with the non-pyrolysed 1- and 2-bromonaphthalene precur-
sor. Signals at m/z=128 and 129 are attributed to naphthalene and
3C-naphthalene formed via atomic hydrogen addition to the 1- and
2-naphthyl radicals. The ion counts at m/z=127 are linked to 1- and
2-naphthyl radicals (C,,H,"), while ions at m/z= 126 are associated
with naphthyne isomers (C,(H,*) (Supplementary Figs. 2 and 3). To
summarize, analysis of the mass spectra reveals that the reaction
of the 1- and 2-naphthyl radicals (C,;H,*) with vinylacetylene
(C,H,) synthesizes hydrocarbon molecule(s) with the molecular
formula C, H,,.

With the detection of hydrocarbon molecule(s) of the molecu-
lar formula C,H,, via the reaction of the 1- and 2-naphthyl radi-
cals with vinylacetylene, it is our objective to assign the structural
isomer(s) formed in these elementary reactions (Fig. 1). This neces-
sitates a detailed analysis of the corresponding photoionization
efficiency (PIE) curves, which report the intensity of the ions at
m/z=178 (C,;H,,") as a function of the photon energy from 7.20
to 9.50eV (Fig. 3). These data are fit with newly recorded reference
PIE curves for distinct C,,H,, isomers (anthracene and phenan-
threne) (Supplementary Fig. 4). The experimentally derived PIE
curves at m/z=178 (black) can be reproduced effectively by a lin-
ear combination of two reference PIE curves of anthracene (C,,H,,,
blue) and phenanthrene (C,,H,,, green) with the overall fit exhib-
ited in red (Fig. 3a,c). The experimental PIE curves for m/z=178
illustrate both onsets of the ion signal at 7.40 +0.05eV. This onset
correlates nicely with the adiabatic ionization energy of anthracene
of 7.44eV*. The adiabatic ionization energy of phenanthrene was
determined to be 7.90 eV*. Moreover, both PIE curves of m/z=179
could be reproduced with a linear combination of anthracene and
phenanthrene (Fig. 3b,d). Consequently, signal at m/z=179 can
be associated with C-substituted anthracene and phenanthrene
(C,;®CH,y). The PIE curves of distinct C,H,, isomers are linked
to individual molecules, underlining that the co-existence of other
isomers in the molecular beam would change the shape of the PIE
considerably and hence can be excluded. Therefore, we conclude
that within our error limits, anthracene and phenanthrene denote
the only contributions to signal at m/z=178 and 179. Accounting
for the ionization cross-sections of phenanthrene and anthracene,
branching ratios of 89:11 (+10%) and 80:20 (+10%) are derived
for the 1-naphthyl and 2-naphthyl systems, respectively (that is, a
dominant formation of the thermodynamically more stable phen-
anthrene isomer).

Electronic structure calculations and reaction mechanism. The
present study reveals that two prototype PAHs composed of three
benzene rings—phenanthrene and anthracene—can be synthe-
sized via the elementary reactions of the 1- and 2-naphthyl radi-
cals with vinylacetylene in the gas phase. We merged these findings
with computational results to untangle the underlying reaction
mechanism(s) (Fig. 4, labels [1]-[4], and Supplementary Fig. 5;
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Fig. 2 | Comparison of the mass spectra recorded at a photoionization energy of 9.50 eV. a-d, 1-naphthyl-vinylacetylene (a), 2-naphthyl-vinylacetylene
(b), 1-naphthyl-helium (¢) and 2-naphthyl-helium (d) systems. The peaks of the C,,H,, isomer(s) (m/z=178) along with the ™C substituted counterparts

(m/z2=179) are highlighted in red.
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Fig. 3 | PIE curves for ion counts recorded at m/z=178 and 179. a-d, Curves for the 1-naphthyl-vinylacetylene (a and b) and 2-naphthyl-vinylacetylene
systems (c and d) at m/z=178 (a and ¢) and m/z=179 (b and d). Black lines show experimentally derived PIE curves along with 1o error limits (grey
areas). Blue lines show anthracene reference PIE curves. Green lines show phenanthrene reference PIE curves. Red lines show the overall fit.

see Methods). For both systems—1-naphthyl-vinylacetylene and
2-naphthyl-vinylacetylene—our electronic structure calculations
revealed two entrance channels to addition, and among them one
de facto barrierless pathway. All reactions are initiated by addition
of the radical centre of the naphthyl radical to the terminal C, or
C, carbon atom of the vinylacetylene reactant carrying the acetyle-
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nic (HCC-) and vinyl moieties (H,CCH-), respectively, via van der
Waals complexes [1]-[4] weakly bound by 9-12kJmol™. For each
complex, a closer approach of the radical centre leads to the forma-
tion of a covalent carbon-carbon bond and, hence, intermediates
[5]-[8] via barriers of 7-13 k] mol~'. The addition of 1- and 2-naph-
thyl radicals to the C, carbon atom leads to resonantly stabilized
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Fig. 4 | Potential energy surfaces of the reactions of 1-naphthyl and 2-naphthyl radicals with vinylacetylene leading to phenanthrene (p1) and
anthracene (p2). The barrierless reaction pathways highlighted in blue dominate the anthracene and phenanthrene formation in cold environments,

such as in Titan's atmosphere. The pathways denoted in red have entrance barriers and hence are only relevant at elevated temperatures as present (for
instance, in combustion flames). They are closed at low temperatures due to the inherent barriers to reaction. Optimized Cartesian coordinates for all
structures and a full version of this surface, including the pathways to substituted naphthalene isomers and hydrogen abstraction yielding naphthalene,
are compiled in the Supplementary Information. Also, the initial covalently bound intermediates [5]-[8] can immediately lose a hydrogen atom from the
attacking C, or C, atoms of vinylacetylene to form the naphthyl-vinylacetylene isomers 1-naphthyl-vinylacetylene-4 (1-((E)-but-1-en-3-ynyl)naphthalene,
C,oH,HCCHCCH; p4), 1-naphthyl-vinylacetylene-1 (1-(but-3-en-1-ynyl)naphthalene, C,,H,CCC,H;; p3), 2-naphthyl-vinylacetylene-4 (2-((E)-but-1-en-3-ynyl)
naphthalene, C,,H,HCCHCCH; p6) and 2-naphthyl-vinylacetylene-1 (2-(but-3-en-1-ynylDnaphthalene, C,,H,CCC,H;; p5), respectively. These products are
thermodynamically less stable than anthracene and phenanthrene, and their formation is not competitive at the low temperatures characteristic of Titan,
but they may prevail in combustion environments as the primary reaction products due to entropic favourability of the hydrogen atom loss.

free-radical intermediates [5] and [7], and the transition states to
addition lie lower in energy than the separated reactants. Therefore,
a barrier to addition exists, but since this barrier is located below
the energy of the reactants, it is a submerged barrier. For the overall
reaction of naphthyl plus vinylacetylene to the C,H,, intermediates
[5] and [7], the reaction is de facto barrierless. This is in strong con-
trast with the addition of 1- and 2-naphthyl radicals to the C, car-
bon atom forming intermediates [6] and [8]. The transition states
to addition reside above the energy of the separated reactants and
hence a barrier to addition exists at the C, atom of vinylacetylene.
Within the 1-naphthyl-vinylacetylene system, intermediate [5]
undergoes a [1,4] hydrogen shift from the ortho carbon of the ring
to the P carbon of the side chain forming [9], followed by cycliza-
tion to gain the phenanthrene carbon backbone in [10], hydrogen
shift to the carbene centre yielding [11], and ultimately atomic
hydrogen loss from the CH, moiety followed by aromatization and
formation of phenanthrene (pl) via a tight exit transition state in
an overall exoergic reaction (—277kJmol™"). All pertinent transi-
tion states leading to the formation of phenanthrene in the reaction
sequence [1]—[5]—[9]—[10]—>[11]—>pl +H are below the energy
of the separated reactants and hence accessible even at ultralow tem-

peratures. Radical intermediate [6], which can only be accessed at
elevated temperatures due to the inherent addition barrier, can even-
tually react to form anthracene (p2) in an overall exoergic reaction
(—254kJmol™") via seven isomerization steps from [6] to [12]—
[13]—>[8]—[14]—[15]—=[16]—[17]. This sequence involves a [1,4]
hydrogen shift from the ring to the side chain, migration of the
former vinylacetylene moiety from the C, to the C, carbon atom
of naphthalene, two more [1,4] hydrogen shifts (first from the side
chain back to the radical site of the ring and then from the other ring
to the side chain), cis-trans isomerization via a tricyclic intermedi-
ate, four-membered ring opening and six-membered ring closure to
form the anthracene carbon backbone in [17], and finally a hydrogen
loss from the CH, moiety, producing anthracene (p2) through a tight
exit transition state in an overall exoergic reaction (—254kJ mol™).
The 2-naphthyl-vinylacetylene system also connects both to
the phenanthrene (p1) and anthracene (p2) isomers. Initiated by
intermediates [7] and [8], the reaction sequence [7]—>[18]—[19]—
[17] proceeds via a [1,4] hydrogen shift, cyclization to the anthra-
cene carbon skeleton, hydrogen migration from the CH, moiety to
the carbene centre and hydrogen loss to anthracene (p2). In con-
trast, the rearrangement of [7] via [20]—[21]—[22] through [1,4]
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hydrogen migration, cyclization and hydrogen atom migration to
the carbene centre, followed by atomic hydrogen elimination, forms
phenanthrene (p1). The two [1,4] hydrogen shifts in the phenan-
threne and anthracene pathways take place from C, and C, carbons
of the former 2-naphthyl moiety. Therefore, the 2-naphthyl-vin-
ylacetylene system may essentially undergo ring closure to the C,
or the C; carbon atoms of the naphthyl moiety, leading to phenan-
threne (p1) and anthracene (p2), respectively. However, although
in the 1-naphthyl-vinylacetylene system, the radical centre resides
initially at the C, atom of the naphthyl radical and reaction with
vinylacetylene should essentially lead only to phenanthrene (p1),
our calculations identify—as verified experimentally—a potential
shift of the radical centre from the C, to the C, carbon atom, which
in turn also allows the formation of anthracene (p2). It should be
noted that these ring-closure mechanisms also operate for substi-
tuted naphthalenes, as proposed by Zwier and colleagues®, with
reactions initiated by, for example, the addition of propargyl radi-
cals to benzyl radicals followed by photoexcitation and reaction of
the primary reaction products under Titan-like conditions.

To summarize, our calculations reveal de facto two barrierless
pathways for the formation of anthracene (pl1) and phenanthrene
(p2) in reactions of vinylacetylene with 1- and 2-naphthyl radicals
involving van der Waals complexes and submerged barriers to addi-
tion. Due to the essential barrierless nature of these reactions, both
pathways involving van der Waals complexes [1] and [3] can lead
to the synthesis of anthracene (p1) and phenanthrene (p2) in low-
temperature environments such as Titan’s atmosphere, whereas two
alternative routes initiated by van der Waals complexes [2] and [4]
require elevated temperatures, such as those prevalent in combus-
tion flames. At low temperature (collision energy) and within the
limit of zero pressure, the reactions of 1- and 2-naphthyl radicals
with vinylacetylene are initiated via barrierless additions of the radi-
cal centre to the terminal CH, moiety of the vinylacetylene reactant,
leading to the resonantly stabilized free-radical intermediates [5]
and [7]. At the vinyl group, these additions commence with the for-
mation of long-range van der Waals complexes [1] and [3], respec-
tively, which isomerize via submerged barriers to [5] and [7]. These
intermediates eventually isomerize via successive hydrogen migra-
tions, followed by ring closure, to ultimately form both anthracene
(p1) and phenanthrene (p2) via tight exit transition states through
hydrogen atom elimination. These tight exit transition states can
be rationalized easily since the reversed reaction (that is, the addi-
tion of a hydrogen atom to a closed-shell 14n aromatic electron sys-
tem) is associated with an entrance barrier similar to the reaction
of atomic hydrogen with benzene (37kJmol™)* and naphthalene
(24kJ mol™1)".

Discussion

Titan’s atmosphere. Having demonstrated the facile synthesis of
anthracene (p1) and phenanthrene (p2) via molecular mass growth
processes involving ring expansion through de facto barrierless
reactions of aromatic radicals (naphthyl) with vinylacetylene, we
transfer our findings from the laboratory and computer to the atmo-
sphere of Saturn’s moon Titan. The absence of any entrance bar-
rier in a bimolecular reaction represents a crucial prerequisite for a
chemical reaction to be feasible under the extreme low-temperature
conditions in Titan’s atmosphere (70-180K). These low tempera-
tures typically block reactions that have a significant entrance bar-
rier, such as the pathways via intermediates [2] and [4] shown in the
present study. Consequently, chemical reactions relevant to Titan’s
atmosphere must be exoergic, proceed without an entrance barrier,
and must only involve transition states that are lower than the energy
of the separated reactants. All these benchmarks are fulfilled in the
bimolecular reactions of the 1- and 2-naphthyl radicals with vinyl-
acetylene leading to anthracene (p1) and phenanthrene (p2) (Fig. 4,
blue pathways). We would like to emphasize that the temperature
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in our experiments is higher than in Titan’s atmosphere. Likewise,
the pressure conditions differ from 300Torr in the entrance of
our reactor to close to 100 Torr in the relevant atmospheric range
in Titan; these ranges correspond to altitudes from 30 to 50km in
Titan’s atmosphere'’. Do these discrepancies have any influence on
the implications of the formation of anthracene (p1) and phenan-
threne (p2) on Titan? At higher temperatures, additional pathways
can open up if the barrier to hydrogen abstraction forming naph-
thyl (C,,H,*) and, for instance, 1-vinyl-ethyn-1-yl (H,CCCCH) can
be overcome. Likewise, pathways via intermediates [2] and [4] are
accessible at elevated temperatures if the barriers to addition can be
passed. Nevertheless, these additional channels do not change the
reaction mechanism for the formation of anthracene and phenan-
threne via intermediates [1] and [3], and we have to conclude that
at the low-temperature conditions of Titan and high temperatures
prevailing in our experiments, both anthracene (p1) and phenan-
threne (p2) can be formed, albeit with different rate constants and
at different branching ratios (Supplementary Table 1).

Our results predict critical trends in Titan’s atmosphere, leading
ultimately to mass growth processes of PAHs on the molecular level.
First, starting with the phenyl radical (C¢H,*), PAHs of the generic
formulae C,4,H .2, With naphthalene (n=0), anthracene/phen-
anthrene (n=1) and, for example tetracene (n=2) are predicted to
be readily formed in the atmosphere of Titan via stepwise molecu-
lar mass growth sequences via reactions of phenyl (C;H;*), naph-
thyl (C,,H,*) and anthracenyl (C,H,") with vinylacetylene (C,H,)
(reactions 1-3). This mechanism contains two steps: the photolysis
of the radical precursor (reactions la, 2a and 3a) and a molecular
mass growth through a barrierless reaction with vinylacetylene
(reactions 1b, 2b and 3b), leading effectively to PAH growth plus
atomic hydrogen.

C¢H¢ + photon - C;H,+H (1a)
CH;+CH,— C,Hs+H (1b)
C, Hg+photon — C, H,+H (2a)
C,,H,+CH,—C,H,+H (2b)
C,,H,y+photon - C, Hy+H (3a)
CH+CH,— CH,+H (3b)

This growth sequence is assisted by two factors: the lack of reac-
tion barriers discussed in this article for the reaction of naphthyl
radicals with vinylacetylene and the escape of hydrogen atoms from
the atmosphere of Titan as a consequence of its low gravity. Here,
the production of PAHs is anticipated to be substantial throughout
Titan’s atmosphere considering the photolysis of low-molecular-
mass PAH precursors such as benzene and naphthalene mainly
by ultraviolet photons, where there is no or little shielding by the
major constituents of Titan’s atmosphere such as molecular nitrogen
(N,) and methane (CH,). Consequently, once a PAH is formed in
Titan’s atmosphere via the aryl-vinylacetylene reaction, this PAH
gains one six-membered ring compared with its aryl precursor. This
molecular mass growth process can continue by photolysis of the
newly formed PAH to its corresponding aryl reactants, which then
react with another vinylacetylene molecule to give an even more
complex PAH. This molecular mass growth may continue until
the PAH agglomerates into the aerosol-based hazed layer or
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precipitates onto Titan’s surface. Lopez-Puertas et al°. proposed that
up to 19 PAHs—including phenanthrene and anthracene as molec-
ular building blocks—represent a ‘best fit’ to the VIMS emission
spectra in Titan’s atmosphere. This finding correlates nicely with
previous studies by Sagan et al.’, suggesting that phenanthrene and
anthracene act as molecular carriers of tholins produced in Titan’s
atmosphere. Finally, Ali et al.* analysed data of Titan’s upper atmo-
sphere obtained by the Cassini Ion and Neutral Mass Spectrometer,
concluding that nitrogen-substituted phenanthrene probably acts
as a major contributor to Titan’s haze precursors. Therefore, the
1-/2-naphthyl-vinylacetylene system represents a critical proof-of-
concept study that elementary PAH growth processes may drive
the low-temperature chemistry of complex aromatic molecules in
Titan’s atmosphere, providing an explanation for the potential pres-
ence of not only naphthalene, anthracene and phenanthrene as
building blocks to even more complex PAHs in Titan’s atmosphere.
The transition from naphthalene'” to anthracene/phenanthrene
and heavier PAHs via reactions 1-3 involving the barrierless HAVA
mechanism therefore represents a critical, hitherto ignored reaction
sequence for the build-up of complex PAHs via stepwise molecular
mass growth processes at low temperatures in Titan’s atmosphere.

Summary

To summarize, our experimental study identified anthracene and
phenanthrene as key reaction products of the elementary reactions
of 1-/2-naphthyl radicals with vinylacetylene. The reaction channels
display no entrance barrier and are exoergic, and all transition states
involved are located below the energy of the separated reactant mol-
ecules. Considering these features, the bimolecular reactions of the
naphthyl radicals with vinylacetylene reveal a facile pathway for the
synthesis of anthracene and phenanthrene in Titan’s atmosphere in
those regions, where the density profiles of photolytically generated
naphthyl radicals and vinylacetylene intersect. These findings fur-
ther propose that successive reactions of anthracene and phenan-
threne molecules can synthesize even more complex PAHs via the
HAVA mechanism. Here, anthracenyl or phenanthrenyl radicals
(C,H,") generated via photodissociation of anthracene or phen-
anthrene (C,,;H, ), respectively, could react with vinylacetylene to
give five possible PAHs carrying four six-membered rings: benz[a]
anthracene, tetracene, chrysene, benzo[c]phenanthrene and tri-
phenylene. We provide data on the critical sinks of PAHs for the
organic aerosol layers, as well as scientific groundwork for the previ-
ously tentative spectroscopic assignments of PAHs in Titan’s atmo-
sphere via Cassini's VIMS at 3.28um (3,049 cm™)*. These crucial
data enable us to constrain the composition and density of minor
neutral molecules in Titan’s atmosphere and explain how they can
be linked to the orange-brownish aerosol layers ultimately changing
our paradigm that PAH can be solely formed in high-temperature
environments via HACA'*-*>*** or barrierless ion-molecule reac-
tions'”*-%, Therefore, we suggest that our combined experimental
and computational study provides a template for a warranted inves-
tigation of the low-temperature organic chemistry of PAHs in Titan’s
atmosphere so that a comprehensive picture of the overall processes
involved in the chemistry of Titan’s atmosphere can emerge.

Methods

Experimental. The experiments were conducted at the Advanced Light Source

at the Chemical Dynamics Beamline (9.0.2.), exploiting a high-temperature
chemical reactor consisting of a resistively heated silicon carbide (SiC) tube of

20 mm length and 1 mm inner diameter*"***”. This reactor is incorporated in a
molecular beam apparatus operated with a Wiley—McLaren Re-TOF-MS-224047-49,
This set-up investigates discrete chemical reactions to simulate PAH growth in situ
through the reaction of radicals. 1-/2-naphthyl radicals (C,,H,*) were prepared at
concentrations of less than 0.1% in situ via pyrolysis of the 1-/2-bromonaphthalene
precursor (C,,H,Br; TCI America; >95% for 1-bromonaphthalene and >98% for
2-bromonaphthalene) seeded in vinylacetylene/helium (5% C,H,; 95% helium;
Applied Gas) carrier gas at a pressure of 300 Torr. The temperature of the SiC tube
was monitored using a Type C thermocouple and maintained at 1,450 + 10K.

At this temperature, 1-/2-bromonaphthalene dissociates to atomic bromine plus
the 1-/2-naphthyl radical in situ, which then reacts with vinylacetylene. The
reaction products synthesized in the reactor were expanded supersonically and
passed through a 2-mm-diameter skimmer located 10 mm downstream from the
pyrolytic reactor. They then entered into the main chamber, which housed the
Re-TOF-MS. The products within the supersonic beam were then photoionized
in the extraction region of the spectrometer by exploiting quasi-continuous
tunable synchrotron VUV light and detected with a microchannel plate. It is
important to highlight that VUV single-photon ionization essentially represents
a fragment-free ionization technique and is therefore characterized as a soft
ionization method™*' compared with electron impact ionization, leading to
excessive fragmentation of the parent ion. The ions formed via photoionization
were extracted and fed onto a microchannel plate detector through an ion lens.
PIE curves, which report ion counts as a function of photon energy from 7.20 to
9.50 eV with a step interval of 0.05eV at a well-defined m/z ratio, were produced
by integrating the signal recorded at the specific m/z for the species of interest and
normalized to the incident photon flux. The residence time in the reactor tube
under our experimental conditions was up to hundreds of us™. Reference (blank)
experiments were also conducted by expanding neat helium carrier gas with the
1/2-bromonaphthalene precursor into the resistively heated SiC tube. No signals at
m/z=178 or 179 were observed in these control experiments.

Electronic structure and rate-constant calculations. The energies and molecular
parameters of the local minima and transition states involved in the reaction were
computed at the G3(MP2,CC)// B3LYP/6-311G(d,p) level of theory™-** within

a chemical accuracy of 3-6kJ mol for relative energies, 0.01-0.02 A for bond
lengths and 1-2° for bond angles™. The GAUSSIAN 09 (ref. *°) and MOLPRO
2010 programme packages” were used for the ab initio calculations. The MESS
package™ was exploited to solve the one-dimensional master equation and compute
temperature-dependent rate constants in the zero- and high-pressure limits within
the Rice-Rampsberger-Kassel-Marcus master equation method. The rigid-rotor,
harmonic-oscillator model was used to compute densities of states and

partition functions of local minima and numbers of states of transition states.
Rice-Rampsberger-Kassel-Marcus master equation calculations at low
temperatures in the 70-180XK range relevant to the atmosphere of Titan took

into account radiative stabilization of various reaction intermediates through the
emission of infrared photons.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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