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Abstract: A unified low-temperature reaction mechanism on
the formation of acenes, phenacenes, and helicenes—polycyclic
aromatic hydrocarbons (PAHs) that are distinct via the linear,
zigzag, and ortho-condensed arrangements of fused benzene
rings—is revealed. This mechanism is mediated through
a barrierless, vinylacetylene mediated gas-phase chemistry
utilizing tetracene, [4]phenacene, and [4]helicene as benchmarks contesting established ideas that molecular mass growth
processes to PAHs transpire at elevated temperatures. This
mechanism opens up an isomer-selective route to aromatic
structures involving submerged reaction barriers, resonantly
stabilized free-radical intermediates, and systematic ring annulation potentially yielding molecular wires along with
racemic mixtures of helicenes in deep space. Connecting
helicene templates to the Origins of Life ultimately changes
our hypothesis on interstellar carbon chemistry.

as molecular tracers in untangling the underlying molecular
mass growth processes leading to PAHs in combustion
systems and in the interstellar medium (ISM) at the most
fundamental, microscopic level (Scheme 1). Although the
presence of PAHs[4] along with their methylated and hetero-

Introduction

Scheme 1. Representatives of key classes of PAHs differing by the
linear, zigzag, and ortho-condensed arrangements of fused benzene
rings: acenes (i), phenacenes (ii), and helicenes (iii).

Tetracene (naphthacene; C18H12),[1] [4]phenacene (chrysene; C18H12),[2] and [4]helicene (benzo[c]phenanthrene;
C18H12)[3] isolated nearly a century ago are the simplest
representatives of three key classes of polycyclic aromatic
hydrocarbons (PAHs)—acenes, phenacenes, and helicenes—
structural isomers of aromatic systems differentiated by
linear, zigzag, and ortho-condensed arrangements of fused
benzene rings. These species received considerable attention
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atom substituted counterparts[5] have been firmly established
in carbonaceous chondrites, such as Allende and Murchison
with PAHs possibly accounting for up to 20 % of the cosmic
carbon budget,[6] the underlying mechanisms to their formation beyond anthracene (C14H10) and phenanthrene (C14H10)[7]
in deep space and in combustion systems have remained
largely elusive.
Recent laser desorption–laser multiphoton ionization
mass spectrometry (L2MS) along with D/H and 13C/12C
isotopic analyses of meteoritic PAHs revealed that these
meteoritic PAHs are likely synthesized in circumstellar
envelopes of carbon-rich Asymptotic Giant Branch Stars
(AGB) and planetary nebulae as the descendants of AGB
stars via extensive molecular mass growth processes.[4a,c, 8]
However, contemporary astrochemical models of PAH formation as derived from combustion chemistry reaction networks[9] predict time scales for the injection of PAHs from
carbon stars into the interstellar medium of some 109 years,
which is much longer than the predicted lifetimes of PAHs of
only a few 108 years.[10] These models rely on the much
discussed hydrogen-abstraction/acetylene-addition (HACA)
mechanism, which involves repetitive sequences of atomic
hydrogen abstractions from an aromatic hydrocarbon like
benzene followed by consecutive addition of one or two
acetylene molecule(s) prior to cyclization and aromatization.[11] Interstellar PAHs can be rapidly destroyed by
photolysis,[12] galactic cosmic rays,[13] and interstellar shocks,[10]
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but—along with their derivatives—they are still present as
evidenced from the diffuse interstellar bands (DIBs)[14]—
discrete absorption features overlaid on the interstellar
extinction curve from the blue part of the visible (400 nm)
to the near-infrared (1.2 mm)—and from unidentified infrared (UIR) emission bands[15] in the 3–14 mm wavelength
range. Thus, the spectroscopic observation of PAHs infers
a critical, hitherto unexplained route to their rapid chemical
growth in the cold interstellar medium at temperatures down
to 10 K.
Herein, we reveal an isomer-selective, versatile reaction
mechanism involving vinylacetylene mediated gas phase
formation of acenes, helicenes, and phenacenes with the
simplest 18-p-electron tetracene, [4]phenacene, and [4]helicene isomers acting as critical benchmarks. In strong contrast
to the aforementioned routes to PAHs synthesis involving
HACA, our mechanistical studies of the elementary reactions
of distinct anthracenyl and phenanthrenyl radicals ([C14H9]C;
177 amu) with vinylacetylene (C4H4 ; 52 amu) display barrierless pathways via the initial formation of a long-range vander-Waals complexes in the entrance channels followed by
isomerization through addition of the aromatic radical
involving a submerged barrier leading to resonantly stabilized
free [C18H13]C radicals (RSFRs) [Equation (1)]. The latter
½C14 H9 AC þ C4 H4 ! ½C18 H13 AC ! C18 H12 þ HC
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Briefly, a high-temperature chemical reactor was utilized
to investigate the reaction of distinct anthracenyl and
phenanthrenyl radicals ([C14H9]C) with vinylacetylene
(C4H4). This reactor[7, 9] consists of a heated silicon carbide
(SiC) tube and is incorporated within the source chamber of
a molecular beam machine equipped with a Wiley–McLaren
reflectron time-of-flight mass spectrometer (Re-TOF-MS)
(Figure 1). To generate the radical reactants, thermally labile
brominated precursor molecules were pyrolyzed in situ via
cleavage of a weak carbon–bromine bond. These precursors

ð1Þ

undergo hydrogen migration and ring closure followed by
aromatization through atomic hydrogen loss yielding distinct
C18H12 isomers through targeted, stepwise ring expansion
involving free radical reaction intermediates. This pathway
represents a versatile reaction mechanism to synthesize
acenes, helicenes, and phenacenes in low temperature interstellar environments down to 10 K through elementary gas
phase reactions of aryl radicals with vinylacetylene. Considering the low temperature, bimolecular gas phase reactions
have to be exoergic and all transition states involved shall be
lower than the energy of the separated reactants. Since these
requirements are fulfilled, the proposed pathway provides
a hitherto ignored low temperature route to complex PAHs
via ring annulation. Interstellar PAHs are rapidly destroyed in
the interstellar medium by photolysis, cosmic rays, and
interstellar shocks leading to life times of only a few
108 years.[10] This time scale is much shorter than the time
scale for injection of PAHs synthesized in carbon-rich outflows of AGB stars of some 109 years.[10] Therefore, the
presence of PAH-like material in the interstellar medium
suggests that a critical synthetic pathway to PAHs at low
temperatures is missing. The mechanisms elucidated here
might fill the gap and can provide a unique route to PAHs at
temperatures as low as 10 K. These mechanisms are of
interest in organic chemistry and can be linked to material
sciences as they provide insight into reactivity, bond-breaking
processes, and synthesis of extended p-conjugated systems
involving acyclic precursors (vinylacetylene) with extensive
applications as building blocks for molecular wires,[16] carbon
nanotubes[17] and graphene[18] along with molecular organic
semiconductors for organic field effect transistors[19] and
organic light emitting diodes.[20]
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Figure 1. Schematic diagram of the high-temperature reactor along
with the molecular beam sampling reflectron time-of-flight mass
spectrometer.[21]

were 2- and 3-bromophenanthrene along with 1- and 2bromoanthracene (C14H9Br) seeded in separate experiments
in vinylacetylene/helium. The temperature of the reactor was
1400 : 10 K. At this temperature, each brominated precursor
dissociates to the corresponding radical plus atomic bromine
in situ followed by reaction of the radical with vinylacetylene.
The reaction products were expanded, passed through
a skimmer downstream the reactor, and entered the main
chamber, which houses the Re-TOF-MS. Tunable vacuum
ultraviolet (VUV) light from the Advanced Light Source
crossed the neutral molecular beam downstream of the
skimmer in the extraction region of the Re-TOF-MS. A mass
spectrum was collected by measuring the arrival time of the
ions, as a function of mass-to-charge (m/z) ratios. Finally,
photoionization efficiency (PIE) curves reporting the ion
counts of well-defined m/z ratios versus the VUV energy were
recorded by integrating the ion signal at mass-to-charges of
interest and normalizing it to the photon flux. VUV single
photon ionization represents a fragment-free ionization
technique and is dubbed as a soft ionization method
compared to the harsher conditions of electron impact
ionization leading often to excessive fragmentation of the
parent ion (Supporting Information).
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Results and Discussion
Mass Spectra
As a very first step, we analyze the mass spectra of each
system qualitatively and extract the molecular formulae of the
reaction products. Representative mass spectra recorded at
a photoionization energy of 9.50 eV are displayed in Figure 2
for the reactions of 1- and 2-bromoanthracenyl (Figures 2 b,d)
and 2- and 3-bromophenanthrenyl (Figures 2 f,h) with vinylacetylene. We also conducted “blank” experiments by
replacing the vinylacetylene reactant with non-reactive helium carrier gas (Figures 2 a,c,e,g) to guarantee that the newly
emerging products (Figures 2 b,d,f,h) are the result of the
reaction of the radicals with vinylacetylene. A detailed
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inspection of these data reveals the formation of molecules
with the molecular formulae C16H10 (202 amu) and C18H12
(228 amu) along with the 13C isotopologues at m/z 203 and
229 in all systems. These ion counts are clearly absent in the
control experiments suggesting that molecules detected via
m/z 202, 203, 228, and 229 represent reaction products in all
C14H9–C4H4 systems. Considering the molecular weight of the
reactants and the products, the C18H12 isomers along with
atomic hydrogen are the result of the reaction of the aromatic
radicals with vinylacetylene through the reaction in Eq. (1).
The signal for C16H10 (202 amu) can be attributed to the
reaction of the anthracenyl/phenanthrenyl radicals with
acetylene (C2H2 ; 26 amu) and might be linked to the
formation of ethynyl-substituted anthracenes and phenanthrenes (Figures S1–S4 in the Supporting Information). The

Figure 2. Mass spectra recorded at a photoionization energy of 9.50 eV. a) 1-bromoanthracene–helium, b) 1-bromoanthracene–vinylacetylene, c) 2bromoanthracene–helium, d) 2-bromoanthracene–vinylacetylene, e) 2-bromophenanthrene–helium, f) 2-bromophenanthrene–vinylacetylene, g) 3bromophenanthrene–helium, and h) 3-bromophenanthrene—vinylacetylene systems. The ion peaks of the newly formed C16H10 (m/z 202) and
C18H12 (m/z 228) species along with the 13C-substituted counterparts (m/z 203 and 229) are highlighted in red.
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ion counts at m/z of 259 (C1313CH981Br+), 258 (C14H981Br+),
257 (C1313CH979Br+), 256 (C14H979Br+), 179 (C1313CH10+), 178
(C14H10+), 177 (C14H9+/C1413CH8+), and 176 (C14H8+) are
detectable in the control experiments as well and hence
cannot be associated with the reaction of anthracenyl/
phenanthrenyl radicals with vinylacetylene (Figures S1–S4).

Photoionization Efficiency (PIE) Curves
The analysis of the mass spectra provided compelling
evidence that C18H12 isomer(s) are formed via the reaction of
anthracenyl/phenanthrenyl radicals with vinylacetylene. The
primary goal of this study is, however, to elucidate which
C18H12 isomer(s) is/are formed. This requires a detailed
inspection of the corresponding photoionization efficiency
(PIE) curves at m/z 228 (C18H12+). Here, each PIE curve
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reports the number of ions detected at a well-defined m/z
ratio such as m/z 228 as a function of the photon energy from
7.20 eV to 10.00 eV (Figure 3). It is important to highlight that
the PIE curves of distinct C18H12 isomers are very different
and hence unique. This is evident from distinct PIE curves of
the C18H12 isomers—tetracene (naphthacene), [4]phenacene
(chrysene), [4]helicene (benzo[c]phenanthrene), benz[a]anthracene, triphenylene—recorded in separate calibration experiments (Figure S5). Therefore, the PIE calibration
curves can be utilized to discriminate between multiple C18H12
isomers. More than one C18H12 isomer might be formed in
each reaction investigated, and therefore each experimental
PIE curve at m/z 228 represents the sum, that is, a linear
combination, of the calibrated PIE curves of the individual
isomers. Consequently, the experimental PIE curves have to
be fit with a linear combination of the PIE calibration curves
of distinct isomers.

Figure 3. Photoionization efficiency (PIE) curves for m/z 228 and 229. a),b) 1-bromoanthracene–vinylacetylene; c),d) 2-bromoanthracene–vinylacetylene; e),f) 2-bromophenanthrene–vinylacetylene; g),h) 3-bromophenanthrene–vinylacetylene. Black lines: experimentally derived PIE curves;
colored lines: reference PIE curves. In case of multiple contributions to one PIE curve, the red line shows the overall fit. The overall error bars
consist of two parts: : 10 % based on the accuracy of the photodiode and a 1s error of the PIE curve averaged over the individual scans.
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Discussion
In the 1-anthracenyl-vinylacetylene system, the experimental PIE curve can be fit within the error limits with
a single reference PIE curve of benz[a]anthracene (Figures 3 a,b). Both PIE curves depict an onset of the ion signal at
7.35 : 0.05 eV, which agrees nicely with the adiabatic ionization energy of benz[a]anthracene of 7.41 : 0.02 eV.[22] The
remaining three systems of 2-anthracenyl, 2-phenanthrenyl,
and 3-phenanthrenyl with vinylacetylene require a linear
combination of two reference curves of benz[a]anthracene/
tetracene, [4]phenacene/benz[a]anthracene, and [4]helicene/
benz[a]anthracene, respectively (Figures 3 c–h). Corresponding PIE curves of m/z 229 (13CC17H12+) match these findings
and reveal that ion signal at m/z 229 originates solely from the
aforementioned 13C-isotoplogue PAHs. Therefore, we can
conclude that our studies provide compelling evidence on the
formation of four distinct C18H12 isomers of PAHs with
benz[a]anthracene being identified in all four systems;
tetracene, [4]phenacene, and [4]helicene represent distinct
reaction products (Figures 4–7).
The experimental data provide persuasive evidence on the
formation of the simplest representatives of three key classes
of PAHs, that is, acenes, phenacenes, and helicenes, formed
through the elementary reactions of anthracenyl and phenanthrenyl radicals with vinylacetylene in the gas phase. These
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representatives are: tetracene, [4]phenacene, and [4]helicene,
respectively, along with benz[a]anthracene. Our goal is not
only to identify the PAH isomers formed, but also to elucidate
the underlying reaction mechanisms. In case of polyatomic
complex systems, it is useful to combine the experimental
results with electronic structure calculations to untangle the
synthetic routes (Figures 4–7). Our computations reveal that
for each reaction, the radical reactant approaches the vinylacetylene molecule resulting in the formation of weakly
stabilized van-der-Waals complex (1.1–1.4, Figures 4–7)
bound by 8–12 kJ mol@1 with rather long carbon–carbon
distances between 413 pm and 526 pm. The complexes
isomerize via addition of the radical center to the terminal
sp2 carbon of the vinylic group in vinylacetylene resulting in
the formation of distinct C18H13 intermediates (2.1–2.4,
Figures 4–7). These processes involve barriers located 4 to
9 kJ mol@1 above the van-der-Waals complexes, but below the
energy of the separated reactants. In this case, a barrier to
addition does exist, but since the transition state is lower in
energy than the reactants, this barrier is submerged with
respect to the reactants and hence is called a submerged
barrier. Hereafter, these intermediates isomerize via hydrogen shifts from the aromatic ring from the carbon atom
adjacent to the former radical center to the vinylacetylene
moiety forming a -CH2-CHH-CCH side chain with the
migrated hydrogen atom denoted in bold. Eventually, the

Figure 4. Potential energy surfaces (PESs) of 1-anthracenyl leading to the formation of benz[a]anthracene. Relative energies with respect to the
reactants are given in kJ mol@1.
Angew. Chem. Int. Ed. 2020, 59, 4051 – 4058
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Figure 5. Potential energy surfaces (PESs) of 2-anthracenyl leading to the formation of benz[a]anthracene and tetracene. Relative energies with
respect to the reactants are given in kJ mol@1.

Figure 6. Potential energy surfaces (PESs) of 2-phenanthrenyl leading to the formation of benz[a]anthracene and [4]phenacene. Relative energies
with respect to the reactants are given in kJ mol@1.
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Figure 7. Potential energy surfaces (PESs) of 3-phenanthrenyl leading to the formation of benz[a]anthracene and [4]helicene. Relative energies with
respect to the reactants are given in kJ mol@1.

newly formed intermediates (3.1–3.4, Figures 4–7) undergo
facile ring closure yielding PAH-type radicals which carry
four six-membered rings (4.1–4.4; Figures 4–7). A comparison
of the molecular structures of these intermediates with the
detected reaction products benz[a]anthracene (Figure 4),
tetracene/benz[a] anthracene (Figure 5), [4]phenacene/benz[a]anthracene (Figure 6), and [4]helicene/benz[a]anthracene
(Figure 7) suggests that in each radical intermediate, a hydrogen atom has to migrate from the CH2 moiety of the newly
formed ring to the neighboring bare carbon atom forming
intermediates 5.1–5.4 (Figures 4–7). These intermediates eject
atomic hydrogen accompanied by aromatization and formation of the closed shell PAH. The overall reactions are
exoergic and all transition states are below the energy of the
separated reactants. Benz[a]anthracene is formed in all
systems, whereas tetracene, [4]phenacene, and [4]helicene
are unique to the reactions of 2-anthracenyl, 2-, and 3phenanthrenyl with vinylacetylene, respectively.

Conclusion
In conclusion, our combined experimental and computational study provides compelling evidence of an isomerselective, unified mechanism to the simplest 18-p-aromatic
acenes, phenacenes, and helicenes—tetracene, [4]phenacene,
and [4]helicene—via vinylacetylene mediated gas phase
reactions involving ring annulation of anthracenyl and
phenanthrenyl radicals. These de facto barrierless routes are
initiated through the formation of long-range van der Waals
Angew. Chem. Int. Ed. 2020, 59, 4051 – 4058

complexes, which can isomerize through addition of the
radical reactant via transition states located below the energy
of the separated reactants (submerged barrier). This submerged barrier represents a crucial prerequisite for a bimolecular reaction to proceed at low temperatures since any
transition state located above the energy of the separated
reactants cannot be overcome at low temperatures of 10 K.
Since all reactions investigated are barrierless and exoergic,
these elementary reactions may also contribute to the
formation of PAHs in cold molecular clouds such as Taurus
Molecular Cloud @1 (TMC-1) at temperatures as low as 10 K
thus supplying a hitherto elusive low temperature molecular
mass growth process to complex PAHs carrying four sixmembered rings as detected along with benz[a]anthracene in
carbonaceous chondrites, such as Murchison, Orgueil, and A881458.[23] Here, the hydrogen abstraction—vinylacetylene
addition (HAVA) pathway signifies a versatile reaction
mechanism to generate even more complex acenes, helicenes,
and phenacenes through barrierless, stepwise ring expansion
via elementary gas phase reactions of an aryl radical, which
can be formed inside molecular clouds from the corresponding aromatic precursor via photolysis by the internal ultraviolet field, with vinylacetylene. In circumstellar envelopes of
carbon stars with temperatures of up to a few 1000 K and even
in combustion flames, molecular mass growth processes could
also be triggered by hydrogen abstraction from phenanthrene
and anthracene followed by formation of tetracene, [4]phenacene, and/or [4]helicene as identified as products of
incomplete combustion of coal,[24] wood,[25] and (bio)diesel.[26]
This proposes HAVA as a facile key mechanism propelling
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molecular mass growth processes of PAHs via de facto
barrier-less, successive ring expansions involving elementary
reactions of aryl radical with vinylacetylene as a molecular
building block.
In cold molecular clouds such as the TMC-1, these
processes may lead ultimately to molecular wires[16] and
possibly racemic mixtures of helicenes depicting non-superimposable, clockwise and counterclockwise helices.[27] Should
a preferential destruction of the minus (M) and plus (P)
enantiomer, such as via photodissociation through circularly
polarized light, exist, the resulting enantiomeric excess might
be incorporated into carbonaceous grains, which can then
become coated with nanometer thick icy layers of water
(H2O), ammonia (NH3), methane (CH4), carbon monoxide
(CO), carbon dioxide (CO2), and methanol (CH3OH) in cold
molecular clouds. Upon interaction of those ices with ionizing
radiation, the grains might transmit their enantiomer excess
to the newly formed complex organic molecules (COMs)—
among them biorelevant molecules such as amino acids,[28]
dipeptides,[29] and even carbon hydrates[30] thus connecting
helicene templates to the Origins of Life ultimately changing
our hypothesis on the interstellar carbon chemistry and the
progression of carbonaceous matter in the universe on the
most fundamental level.
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