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Polycyclic aromatic hydrocarbons (PAHs) imply the missing link
between resonantly stabilized free radicals and carbonaceous
nanoparticles, commonly referred to as soot particles in
combustion systems and interstellar grains in deep space.
Whereas gas phase formation pathways to the simplest PAH –
naphthalene (C10H8) – are beginning to emerge, reaction
pathways leading to the synthesis of the 14π Hückel aromatic
PAHs anthracene and phenanthrene (C14H10) are still incom-
plete. Here, by utilizing a chemical microreactor in conjunction
with vacuum ultraviolet (VUV) photoionization (PI) of the

products followed by detection of the ions in a reflectron time-
of-flight mass spectrometer (ReTOF-MS), the reaction between
the 1’- and 2’-methylnaphthyl radicals (C11H9

*) with the
propargyl radical (C3H3

*) accesses anthracene (C14H10) and
phenanthrene (C14H10) via the Propargyl Addition–BenzAnnula-
tion (PABA) mechanism in conjunction with a hydrogen assisted
isomerization. The preferential formation of the thermodynami-
cally less stable anthracene isomer compared to phenanthrene
suggests a kinetic, rather than a thermodynamics control of the
reaction.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) – organic molecules
carrying fused benzene rings – with up to four rings have been
recently discovered in the return samples of the Hayabusa2
spacecraft from the carbonaceous asteroid Ryugu.[1] These
comprise omnipresent combustion-relevant aromatics
naphthalene (C10H8), anthracene/phenanthrene (C14H10), fluoran-
thene (C16H10), and pyrene (C16H10).

[2–12] Detailed 13C isotopic
studies[1] propose at least two distinct environments of their
formation. These likely involve a traditional synthesis of
aromatics in high temperature (few 1,000 K) circumstellar
envelopes of carbon-rich stars along with planetary nebulae as
their decedents involving the Hydrogen Abstraction – aCetylene
Addition (HACA)[13–19] route together with the Phenyl Addition
dehydroCyclization (PAC)[19–20] and Propargyl Addition–BenzAn-
nulation (PABA) mechanisms[21] as well as counterintuitive

barrierless pathways like Hydrogen Abstraction Vinylacetylene
Addition (HAVA),[22–29] Methylidyne Addition-Cyclization-Aroma-
tization (MACA),[30] and Fulvenallenyl Addition Cyclization
Aromatization (FACA)[31] routes operating even in cold molec-
ular clouds at temperatures as low as 10 K.

Despite this progress, there is still a lack of a fundamental
knowledge of the dominating reaction pathways leading to
molecular mass growth processes of aromatics in carbon-rich
circumstellar envelopes. This shortcoming is apparent consider-
ing predicted lifetimes of interstellar PAHs of some 108 years
limited by galactic cosmic rays and shock waves,[32–35] but time
scales of the injection of PAHs from circumstellar envelopes to
the interstellar medium surpassing a few 109 years.[34] Within the
framework of a bottom-up synthesis of complex aromatics from
smaller PAHs, an incomplete reaction network to, e.g., two-
ringed PAHs such as (substituted) naphthalenes translates not
only into insufficient production rates of small PAH precursors,
but also into lower formation yields of more complex aromatics.
Consequently, bottom-up astrochemical networks modelling
PAH synthesis must be complete with all pathways commencing
from two- and three-ringed aromatics to be included
(Scheme 1). The recent detection of the resonantly stabilized
propargyl radical (C3H3

*) at substantial fractional abundance
relative to molecular hydrogen of 8.7×10� 9 toward TMC-1[36]

suggests that the Propargyl Addition–Benz Annulation (PABA)
mechanisms[21] could play a critical role in molecular mass
growth processes of aromatics in deep space.

Recent chemical microreactor studies revealed that in
conjunction with hydrogen assisted isomerization, the reaction
of the aromatic and resonantly stabilized benzyl radical (C7H7

*)
with the propargyl radical (C3H3

*) via PABA signifies the
prototype reaction of a benzannulation of an aromatic ring
carrying a benzyl moiety yielding eventually the 10π Hückel
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aromatic naphthalene molecule (C10H8).
[21] In strong analogy to

the benzyl–propargyl system, reactions of 1’- and 2’-methyl-
naphthyl (C11H9

*) with propargyl were predicted to eventually
access anthracene (C14H10) and phenanthrene (C14H10) – a
pathway which has been previously neglected in the formation
of three-ringed aromatics in deep space.[21] Although 1’- and 2’-
methylnaphthyl radicals (C11H9

*) have not been detected yet in
space, they likely exist as the result of photodissociation of 1-
and 2-methylnaphthalene (C11H10), which in turn can be
generated through the barrierless reaction of tolyl radicals
(C6H4CH3) with vinylacetylene (C4H4).

[37–38]

Here, we reveal through an experimental study of the gas-
phase reaction of 1’- and 2’-methylnaphthyl radicals (C11H9

*)
with the propargyl radical (C3H3

*) in a chemical microreactor[39]

in conjunction with vacuum ultraviolet (VUV) photoionization
(PI) of the products followed by detection of the ions in a
reflectron time-of-flight mass spectrometer (ReTOF-MS) that
both anthracene (C14H10) and phenanthrene (C14H10) can be
accessed via the PABA mechanism. This study affords an
opportunity to provide a more ‘all-inclusive’ set of chemical
reactions leading to the synthesis of two 14π Hückel aromatic
aromatics (anthracene/phenanthrene) to be incorporated into
prospective astrochemical modeling networks of carbon rich
circumstellar envelopes of aging Asymptotic Giant Branch (AGB)
stars.

Results and Discussion

Mass Spectra

Representative mass spectra recorded at a photon energy of
8.50 eV for the reactions of 1’-/2’-naphthylmethyl radicals
(C11H9

*) with the resonantly stabilized propargyl radical (C3H3
*)

are displayed in Figure 1. Control experiments were also
performed by eliminating the propargyl bromide precursor
(Figures. 1a and 1c). A comparison of mass spectra with and
without the propargyl radical (C3H3

*) provides compelling
evidence on the formation of species with the molecular
formulae, C14H10 (m/z=178), C14H11/

13CC13H10 (m/z=179), and
C14H12 (m/z=180), in the 1’- and 2’-naphthylmethyl (C11H9

*)/
propargyl (C3H3

*) systems (Figures 1b and 1d). In the reference
system (Figs. 1a and 1c), ion counts at m/z=176 and 178 are
linked to the 1’- and 2’-chloromethylnaphthalene precursors
(C11H9

35Cl+ and C11H9
37Cl+); in the blank experiments, the

intensity ratios of the ion counts at m/z=176 to 178 is about
3 :1, which agrees well with the natural abundance of 35Cl/37Cl.
Upon the generation of propargyl radicals (C3H3

*) in the reactor,
the intensity of ion counts at m/z=178 increases significantly
(Figures. 1b and 1d) and eventually surpasses the ion counts of
m/z=176; further, additional signal at m/z=180 emerged in
both systems. Therefore, it can be concluded that the newly
generated ion counts at m/z=178 and 180, respectively, result
from products with the molecular formulae, C14H10 (m/z=178)
and C14H12 (m/z=180). Notably, weak signal at m/z=179 could
be linked to C14H11

+ and/or 13CC13H10
+. It should be noted that

signals at m/z=139 (C11H7
+), 140 (C11H8

+), 142 (13CC10H9
+/

C11H10
+), and 143 (13CC10H10

+) are also detectable in control
experiments (Figures 1a and 1c). These species are likely

Scheme 1. Previous molecular beams studies demonstrating the formation
of anthracene and phenanthrene in the chemical microreactor. Overall
barrierless pathways are color coded in blue.[21,24,40–41]

Figure 1. Representative mass spectra recorded at a photon energy of
8.50 eV at a temperature of 1,085�15 K. (a) 1’-chloromethylnaphthalene
(C11H9Cl) / helium (He) system; (b) 1’-chloromethylnaphthalene (C11H9Cl) /
propargyl bromide (C3H3Br) system; (c) 2’-chloromethylnaphthalene (C11H9Cl)
/ helium (He) system; (d) 2’-chloromethylnaphthalene (C11H9Cl) / propargyl
bromide (C3H3Br) system.
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produced from the hydrogen loss and hydrogen atom addition
products of the 1’-/2’-naphthylmethyl radicals (Supplementary
Information Figures S2 and S3).

Photoionization Efficiency (PIE) Curves

It is our main interest not only to assign the molecular formulae
of the product(s), but also to elucidate the structural isomer(s)
formed. This is accomplished by a detailed inspection of the PIE
curves of m/z=178 and 179 and fitting these curves by a linear
combination of known reference curves of distinct isomers of
C14H10 (Figure S1). Considering the natural abundance of the
37Cl isotope (32.40%), the reference curves of the precursors at
m/z=176 (C11H9

35Cl+) were also recorded for the overall fit at
m/z=178 (C11H9

37Cl+). For the 1’-naphthylmethyl/propargyl
system (Figures 2a–2c), the onset value, 7.45�0.05 eV, of the
experimental PIE curve at m/z=178 agrees well with the
adiabatic ionization energy of anthracene (7.439�0.006 eV[42]);
however, an inclusion of a second isomer – phenathrene – is
required to account for ion counts beyond 7.90�0.05 eV; this
value connects nicely with the adiabatic ionization energy of
phenathrene of 7.891�0.001 eV.[43] Finally, a third contribution
of 37Cl-substituted 1-chloromethylnaphthalene was needed to
provide an overall fit of the experimental PIE curve. Overall
branching ratios of the ion counts for phenanthrene,
anthracene, and 37Cl-substituted 1-chloromethylnaphthalene
were extracted to be 79.4�7.9%: 15.9�1.6%: 4.7�0.5% at
8.50 eV. Accounting for the photoionization cross sections of
anthracene and phenanthrene at 8.50 eV of 15.98 Mb and 9.23
Mb (PICSs),[24,44] the branching ratios of anthracene and
phenanthrene are determined to be 83.5�8.4% and 16.5�
1.7%, i. e. a dominant production of the thermodynamically less

stable anthracene isomer. This trend is also reflected in the 2’-
naphthylmethyl/propargyl system (Figures 2e–2g). Here, the
experimentally recorded PIE curve at m/z =178 could be also fit
with three base functions: phenanthrene, anthracene, and the
37Cl-isotopic 2-chloromethylnaphthalene with ion count ratios
of 82.3�8.2%: 7.8�0.8%: 9.9�1.0%. Once again, accounting
for the photoionization cross sections, this results in the
branching ratios of anthracene and phenanthrene of 94.8�
9.5%: 5.2�0.5 %. For both reaction systems, it is important to
highlight that ion counts at m/z=179 (13CC13H10

+) can be fit
with the same overall branching ratios of the ion counts for 13C-
substituted phenanthrene, anthracene and the 37Cl-isotopic 1’-/
2’-chloromethylnaphthalene. To conclude, both phenanthrene
and anthracene are synthesized via the reactions of two
resonantly stabilized radicals – 1’-/2’-naphthylmethyl radical
propargyl (reaction (1)) – with the thermodynamically less
stable anthracene isomer favored. For completeness, we also
provide the PIE curves at m/z=180 for the 1’-/2’-naphthylmeth-
yl/propargyl systems (Figures 2d and 2h). The species at m/z=

180 could be the product(s) from the reaction of 1’-naphthyl-
methyl (C11H9

*, 141 amu) with propargyl (C3H3
*, 39 amu)

However, lacking of related reference PIE curves, it is not
feasible to distinguish the structure(s). Similarly, the signal at
m/z=180 in 2’-naphthylmethyl/propargyl system could be
analogous to those in 1’-naphthylmethyl/propargyl system.
Note that for species at m/z=139, 140, 141, 142 and 143, the
detailed discussions are provided in Supplementary Materials
with their PIE curves compiled in Figures S2–S3.

Figure 2. Experimental and reference PIE curves for species at m/z=176, 178, 179 and 180. (a–d) 1’-chloromethylnaphthalene (C11H9Cl)/propargyl bromide
(C3H3Br) system at 1,085�15 K; (e–h) 2’-chloromethylnaphthalene (C11H9Cl)/propargyl bromide (C3H3Br) system at 1,085�15 K. The black line refers to the
normalized experimental data. The colored lines refer to the reference PIE curves of C14H10 isomers and 37Cl-chloromethylnaphthalenes. The red line shows the
overall fit via the linear combination of the reference curves. The overall error bars consist of two parts: �15% based on the accuracy of the photodiode and
a 1σ error of the PIE curve averaged over the individual scans.
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Conclusions

To summarize, the facile preparation the 14π Hückel aromatic
polycyclic aromatic hydrocarbons anthracene and
phenanthrene (C14H10) through the via the Propargyl Addition–
BenzAnnulation (PABA) mechanism in conjunction with a
hydrogen-assisted isomerization in the 1’- and 2’-methylnaphth-
yl radicals (C11H9

*) – propargyl radical (C3H3
*) systems affords

persuasive testimony of the gas-phase preparation of the
simplest three-ringed PAH carrying three six-membered rings
under high temperature conditions in combustion flames and
in circumstellar envelopes of carbon-rich stars. Whereas the
concept for the formation of anthracene and phenanthrene in
the 2’-methylnaphthyl – propargyl system is straightforward
and can be derived from the PABA mechanism, the detection of
anthracene in the 2’-methylnaphthyl – propargyl system is
surprising; due to the location of the CH2 moiety at the C1
position of the naphthalene ring, only formation of
phenanthrene is expected. However, the isomerization of 1’-
into 2’-methylnaphthyl via a bicyclic intermediate, which carries
annulated six and seven-membered rings can rationalize the
detection of anthracene. Similarly to the benzyl radical, which

can de-facto isomerize to the cyclic tropyl radical (Scheme 2),[45]

1’-methylnaphthyl is expected to isomerize via a bicyclic
tropylphenyl intermediate to 1’-methylnaphthyl. This effectively
leads to a migration of the CH2 moiety from the C1 to the C2
carbon atom. The high abundance of the resonantly stabilized
free propargyl radical in both combustion flames[46–49] and in
deep space[36] suggests that reactions with 1’- and 2’-methyl-
naphthyl radicals might represent an important sink of prop-
argyl radicals. This reaction may represent a versatile mecha-
nistic template to more complex PAHs through the reaction of
benzyl moieties, i. e. an exocyclic CH2 unit, embedded in more
complex aromatic radicals with propargyl once a neighboring
aromatic C� H moiety is available for ring closure resulting in a
de-facto benzene ring annulation (Scheme 3).

Experimental Section

Experiments

The experiments were conducted at the Combustion and Flame
Beamline (BL03U) of the National Synchrotron Radiation Laboratory
(NSRL) exploiting a high-temperature chemical reactor.[50–51] The
microreactor consists of a silicon carbide (SiC) tube with a length of
40.0 mm and an inner diameter of 1.0 mm as described
previously.[50] In the 1’-naphthylmethyl (C11H9

*)/propargyl (C3H3
*)

experiment, a continuous beam of helium-seeded 1’-naphthylmeth-
yl and propargyl radicals was produced in-situ via pyrolysis of 1’-
chloromethylnaphthalene (C11H9Cl, Aladdin, >95%) and propargyl
bromide (C3H3Br, TCL, >97%), respectively. In detail, the solid 1’-
chloromethylnaphthalene precursor was placed inside a stainless-
steel filter (Swagelok, SS-6F-MM-05) heated to 313 K as monitored
by a type-K thermocouple. The liquid propargyl bromide was
loaded in a bubbler cooled to 243 K. The helium carrier gas (>
99.999%) passed the bubbler and the filter with flow rates of
10.0 mLmin� 1 and 4.0 mLmin� 1 (STP), respectively, controlled by
the MKS mass flow controllers prior to merging through a stainless
steel tube at a pressure of 240 Torr; this gas mixture passed the
0.1 mm nozzle and entered the heated SiC reactor resistively
heated over 20.0 mm to 1,085�15 K measured by the type-S
thermocouple. The continuous molecular beam was expanded
supersonically, passed a 2.0 mm diameter skimmer located
10.0 mm downstream SiC tube, and entered the detection
chamber; the latter housed a high-resolution reflection time-of-
flight mass spectrometer (ReTOF-MS). The products within the
supersonic molecular beam were photoionized by quasi-continu-
ous, tunable synchrotron vacuum ultraviolet (VUV) light, extracted
through an ion lens into the ReTOF-MS, and eventually detected by
a microchannel plate (MCP). The photoionization efficiency (PIE)
curves, which depict the ion counts as a function of photon energy
at a well-defined mass-to-charge ratio (m/z), were extracted from
the mass spectra recorded from 7.00 to 8.50 eV in steps of 0.05 eV.
In the 2’-naphthylmethyl (C11H9

*)/propargyl (C3H3
*) system, the

reaction was conducted in an analogous pattern as for the 1’-
naphthylmethyl (C11H9

*)/propargyl (C3H3
*) system, but 1’-chlorome-

thylnaphthalene (C11H9Cl, Aladdin, >95%) was replaced by 2’-
chloromethylnaphthalene (C11H9Cl, Aladdin, >95%); the overall
pressure was 200 Torr, while the SiC reactor was maintained at
1,085�15 K.

Scheme 2. Involvement of tropyl-type radicals in the isomerization of the 1’-
to 2‘-methylnaphthyl radical.

Scheme 3. Versatility of the Propargyl Addition–BenzAnnulation (PABA)
mechanism in conjunction with a hydrogen-assisted isomerization leading to
benzene ring annulation. The waved lines indicate the incorporation of the
benzyl moiety into a larger aromatic structure; the incorporated C3
propargyl unit is color coded in red.
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