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Gas phase formation of phenalene via 10paromatic, resonantly stabilized free radical
intermediates†
Long Zhao, a Ralf I. Kaiser, *a Wenchao Lu,b Musahid Ahmed, *b
Artem D. Oleinikov,cd Valeriy N. Azyazov,cd Alexander M. Mebel, *ce
A. Hasan Howlader e and Stanislaw F. Wnuke
For the last few decades, the Hydrogen-Abstraction/aCetylene-Addition (HACA) mechanism has been
fundamental in aiding our understanding of the source of polycyclic aromatic hydrocarbons (PAHs) in
combustion processes and in circumstellar envelopes of carbon rich stars. However, the reaction
mechanisms driving high temperature molecular mass growth beyond triphenylene (C18H12) along with
the link between PAHs and graphene-type nanostructures as identified in carbonaceous meteorites such
as in Murchison and Allende has remained elusive. By exploring the reaction of the 1-naphthyl radical
(C10H7 ) with methylacetylene (CH3CCH) and allene (H2CCCH2) under conditions prevalent in carbonrich circumstellar environments and combustion systems, we provide compelling evidence on a facile
formation of 1H-phenalene (C13H10) – the central molecular building block of graphene-type
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nanostructures. Beyond PAHs, molecular mass growth processes from 1H-phenalene via ring-annulation
through C3 molecular building blocks may ultimately lead to two-dimensional structures such as
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graphene nano flakes and after condensation of multiple layers to graphitized carbon. These fundamental
reaction mechanisms are of crucial significance to facilitate an understanding of the origin and chemical
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evolution of carbon in our Galaxy.

1. Introduction
Since the groundbreaking isolation of 1H-phenalene (C13H10)
(1) 75 years ago by Lock and Gergely,1 1H-phenalene (1) together
with the phenalenyl radical (C13H9 ) (2)2,3 have attracted extensive
interest from the (physical)organic,4 theoretical,2 combustion,5
and astrochemical communities. This stems from their electronic
structure and chemical bonding acting as prototypes of nonbenzoid polycyclic aromatic hydrocarbons (PAHs) and resonantly
stabilized free radicals (RSFRs), respectively (Schemes 1 and 2).6
The planar 1H-phenalene molecule (1) is best characterized as a
cyclohexene ring ortho- and peri-fused to naphthalene and

belongs to the Cs point group with a 1A 0 electronic ground state.
1H-Phenalene possesses a very weak carbon-hydrogen bond at
the CH2 moiety of only 260 kJ mol1,7 one of the weakest existing
C–H bonds on record, compared to a bond energy of 415 kJ mol1
in methane (CH4).8 Hence one of the methylene hydrogen atoms
can be easily abstracted or eliminated via unimolecular decomposition of 1H-phenalene (1) yielding the highly symmetric D3h
resonantly stabilized phenalenyl radical (2) holding a 2A100 electronic
ground state. That is to say the presence of an sp3 hybridized
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Scheme 1 Molecular structures of the 1H-phenalene molecule (1) and
the phenalenyl radical (2).
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Scheme 2 Molecular building blocks of the 1H-phenalene carbon skeleton (black) in graphene (3)51 and C70-fullerene (4).52–54

saturated carbon in 1H-phenalene (1) prevents the molecule
from exhibiting a complete p delocalization over the carbon
periphery, with the loss of a hydrogen atom resulting in an
energetically favored, delocalized p-system in (2) with phenalenyl
(2) affected by Jahn–Teller distortion in its lowest excited 2E00
state.9,10 Due to this extremely high stabilization, the C–H bond
at the CH2 moiety of 1H-phenalene is much weaker than the
analogous bond at the CH2 group in indene (327 kJ mol1)11 and
the benzylic bond in the methyl group of toluene (373 kJ mol1).12
The high stability and amphoteric redox nature of this
odd-alternant radical (2), which can be oxidized or reduced to
a 12p-electron cation C13H9+ and 14p-electron anion C13H9,13
prompted the synthesis of exotic organometallic species
involving, for instance, iron, chromium, and manganese, in
which the phenalenyl moiety bonds in via Z1-, an Z3-allylic
mode, or via Z6-bonding.14–21 Competing s-to-s and p-to-p
dimerization can be modulated by directing the bonding and
molecular overlap through functionalization involving bulky
side groups such as phenyl (C6H5 ) and tertiary butyl (C(CH3)3 )
with sterically hindering substituents favoring s-bonding;2,3,22–26
the formation of stacked p-dimers of phenalenyl is promoted by
removing one electron from the singly occupied molecular
orbital (SOMO) of one phenalenyl reactant.2 The inherent
s-radical character of the resonance structure of the phenalenyl
radical (2) has been recognized as a critical prerequisite of the
phenalenyl radical (2) self-association in combustion flames
and in deep space potentially leading to benzenoid aromatic
structures such as peropyrene (C26H14).27 The identification of
the 1H-phenalene (1) moiety and the phenalenyl radical (2)28,29
in pyrolyzed hydrocarbon samples5,28,30–32 suggests that
phenalenyl (2) and its higher homologues play a critical role
in the formation of complex, benzenoid PAHs through reactions with C2–C4 alkenes and recombination of phenalenyl (2)
with arylmethyl radicals such as naphthylmethyl (C11H9 ) or
phenanthrenylmethyl (C14H11 ). Phenalenyl-type radicals were
also speculated to play a fundamental role in soot nucleation
processes – a kinetic bottleneck in the formation of carbonaceous nanostructures (soot, grains).33 However, the underlying
synthetic routes to 1H-phenalene (1) itself have remained
largely elusive to date with only one pathway to 1H-phenalene (1),
via the recombination of the 1-acenaphthyl and methyl radicals,
being explored theoretically.7
In this study, we untangle synthetic routes to 1H-phenalene (1)
via a gas phase synthesis under simulated combustion conditions
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involving low-barrier reactions through directed ring expansion
reactions involving 10p aromatic and resonantly stabilized free
radical intermediates. Exploiting 1H-phenalene (1) as a benchmark, we expose the hitherto unknown gas phase chemistry
synthesizing 1H-phenalene (1) (C13H10; 166 amu) – together with
its 1-methylacenaphthylene and 3H-cyclopenta(a)naphthalene
isomers – plus atomic hydrogen (1 amu) via the elementary
reaction of the 1-naphthyl radical (C10H7 ; 127 amu) with allene
and methylacetylene (C3H4; 40 amu) (reaction (1a)). Our combined experimental and ab initio study discloses archetypes of
low-barrier reaction pathways guiding the facile formation of
1H-phenalene (1) via molecular mass growth in a reaction
of 1-naphthyl with a single allene or methylacetylene molecule.
Briefly, 1H-phenalene (1) was synthesized in a high temperature
chemical reactor through a directed synthesis via the reaction
of the 1-naphthyl radical (C10H7 ) with allene (H2CCCH2) and
methylacetylene (CH3CCH) at 1350 K and 300 Torr.34–36 The
products were probed isomer-selectively by exploiting fragmentfree photoionization of the products utilizing tunable vacuum
ultraviolet (VUV) light in tandem with the detection of the ionized
molecules by a high resolution reflectron time-of-flight mass
spectrometer (Re-TOF-MS) with mass spectra being collected at
intervals of 0.05 eV between 7.30 and 10.00 eV (ESI†).
C10H7 (127 amu) + C3H4 (40 amu)
- C13H10 (166 amu) + H (1 amu)

(1a)

C10H7 (127 amu) + C3H4 (40 amu)
- C12H8 (152 amu) + CH3 (15 amu).

(1b)

2. Methods
2.1.

Experimental method

By studying the reactions of the 1-naphthyl radical (C10H7 )
with methylacetylene (CH3CCH; Organic Technologies; 99%)
and allene (H2CCCH2; Organic Technologies; 98%) under
simulated combustion conditions, we deliver experimental
and computational evidence of the molecular growth processes
to 1H-phenalene along with its isomers. Briefly, a continuous
beam of 1-naphthyl radicals (C10H7 ) was prepared in situ
through pyrolysis of the 1-iodonaphthalene (C10H7I) precursor
(TCI America, 497%). In three separate experiments, the
precursor was kept in a bubbler at room temperature and
seeded in pure helium (blank experiment) and in the hydrocarbon gases (methylacetylene and allene) at pressures of
300 Torr. Each gas mixture was then expanded into a resistively
heated silicon carbide (SiC) tube (‘‘pyrolytic reactor’’) held at
1350  10 K as monitored by a Type-C thermocouple. The
hydrocarbon gases serve not only as seeding gases, but also as
reactants with the pyrolytically generated 1-naphthyl radicals. The
products formed in the reactor were expanded supersonically,
passed through a 2 mm diameter skimmer located 10 mm
downstream of the pyrolytic reactor, and entered into the
photoionization chamber, which houses the Wiley–McLaren
reflectron time-of-flight mass spectrometer (Re-TOF-MS).
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The quasi-continuous tunable synchrotron VUV light from the
Advanced Light Source (ALS) intercepted the neutral molecular
beam perpendicularly in the extraction region of the Re-TOF-MS.
VUV single photon ionization is essentially a fragment-free
ionization technique and is compared soft to electron impact
ionization.37 The ions formed via photoionization are extracted
and detected by a multichannel plate (MCP) detector. Photoionization efficiency (PIE) curves, which report ion counts as a
function of photon energy with a step interval of 0.05 eV at a welldefined mass-to-charge ratio (m/z), were produced by integrating
the signal recorded at the specific m/z for the species of interest
from 7.30 eV to 10.00 eV. It shall be noted that under these
experimental conditions, methylacetylene and allene do not
isomerize to each other in the pyrolysis tube.38,39 Detailed
computational fluid dynamics (CFD) simulations of the gas flow
in the microreactor suggest residence times of the reactants of a
few 100 ms.36,40,41 Typically, at the reaction center, this would
give rise to a few tens collisions between the 1-naphthyl radical
and the allene/methylacetylene molecules and/or between
reaction products. PIE calibration curves for helium-seeded
C13H10 isomers were also collected (Fig. S1, ESI†), to identify
the products of interest observed in this work. Synthesis and
characterization of 1H-phenalene and 1-methylacenaphthylene
are described in the ESI.†
2.2.

Computational methods

Geometries of the reactants and products of the reactions of
1-naphthyl with allene and methylacetylene and various intermediates and transition states on the C13H11 potential energy
surface (PES) were optimized at the density functional B3LYP/6311G(d,p) level of theory and their vibrational frequencies were
computed using the same theoretical method. Single-point
energies were then refined at the G3(MP2,CC) level using a
series of coupled clusters CCSD(T) and second-order Møller–
Plesset perturbation theory MP2 calculations, where the final
energy was computed as
E[G3(MP2,CC)] = E[CCSD(T)/6-311G(d,p)] + E[(MP2/G3Large)] 
E[MP2/6-311G(d,p)] + ZPE[B3LYP/6-311G(d,p)]42–44
The G3(MP2,CC) model chemistry approach normally provides
chemical accuracy of 0.01–0.02 Å for bond lengths, 1–21 for bond
angles, and 3–6 kJ mol1 for relative energies of hydrocarbons,
their radicals, reaction energies, and barrier heights in terms of
average absolute deviations.43 The GAUSSIAN 0945 and MOLPRO
201046 program packages were used for the ab initio calculations.
Pressure- and temperature-dependent rate constants for the
1-naphthyl + C3H4 reactions at different temperatures and
pressures were evaluated using the Rice–Ramsperger–Kassel–
Marcus Master Equation (RRKM-ME) theoretical approach
utilizing the MESS software package.47,48 Here, densities of
states and partition functions for local minima and numbers
of states for transition states were computed within the RigidRotor, Harmonic-Oscillator (RRHO) model. For critical entrance
transition states of allene/methylacetylene addition to 1-naphthyl,
low-frequency normal modes corresponding to internal rotations
were treated as one-dimensional hindered rotors in partition
function calculations, where the corresponding vibrational
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frequencies were removed. Corresponding one-dimensional
torsional potentials were calculated by scanning PESs at the
B3LYP/6-311G(d,p) level of theory. Tunneling corrections using
asymmetric Eckart potentials were included in rate constant
calculations. We employed collision parameters used by us earlier
for RRKM-ME calculations of the prototype C6H5 + C3H449 and
1-naphthyl + C3H4 reactions;38 the Lennard-Jones parameters were
taken as (e/cm1, s/Å) = (390, 4.46) and the temperature dependence of the range parameter a for the deactivating wing of the
energy transfer function was expressed as a(T) = a300(T/300 K)n,
with n = 0.62 and a300 = 424 cm1. Calculations at p = 1010 atm
emulating the zero-pressure limit took into account radiational
stabilization of C13H11 intermediates. Additional details of RRKMME calculations can be found in our previous publications49 and
in the input file for the MESS package given as Note S1 (ESI†).

3. Experimental results
We analyzed first the mass spectra of the 1-naphthyl-allene and
1-naphthyl-methylacetylene systems qualitatively and extract
the molecular formulae of the reaction products related to
the formation of 1H-phenalene (1). Illustrative mass spectra
recorded at a photoionization energy of 9.50 eV are presented in
Fig. 1 for the reactions of 1-naphthyl with allene and methylacetylene (Fig. 1a and b) to reveal the molecular formula of
reaction (1a) and (1b). Replacing the hydrocarbon reactant
(allene, methylacetylene) with non-reactive helium carrier gas
(Fig. 1c) confirmed that the products (Fig. 1a and b) are
synthesized as a result of the reaction of the 1-naphthyl radical
with allene and methylacetylene, but not from decomposition

Fig. 1 Comparison of photoionization mass spectra recorded at a
photon energy of 9.50 eV. (a) 1-Iodonaphthalene (C10H7I)–allene (C3H4)
system; (b) 1-iodonaphthalene (C10H7I)–methylacetylene (C3H4) system;
and (c) 1-iodonaphthalene (C10H7I)–helium (He) system. The mass peaks
of the newly formed species along with the 13C-counterparts are highlighted in red.
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of the 1-naphthyl radicals. An analysis of these mass spectra
discloses the formation of molecules with the molecular
formulae C13H10 (166 amu) and C12H8 (152 amu) along with
the 13C isotopologues at m/z = 167 and 153 in both systems.
Further, signal is observable for C13H9 (165 amu). These ion
counts are clearly absent in the control experiments suggesting
that molecules detected via m/z = 152, 153, 165, 166, and
167 signify reaction products in both C10H7–C3H4 systems.
Considering the molecular weight of the reactants and the
products, the C13H10 isomer(s) along with atomic hydrogen are
the result of the reaction of the 1-naphthyl radical with allene/
methylacetylene via channel (1a). Signal at C12H8 (152 amu) can
be linked with the methyl (CH3 ) loss channel in reaction (1b).
Reaction channel(s) attributed to C13H9 (165 amu) are revealed
below. The ion counts at m/z of 254 (C10H7I+), 128 (C10H8+), and
129 (C913CH8+) are detectable in the control experiments as well
and hence cannot be linked to the reaction of 1-naphthyl
radicals with allene/methylacetylene. These species are associated with the 1-iodonaphthalene precursor (254 amu) and
naphthalene (C10H8) with the latter likely formed through
recombination of 1-naphthyl with a hydrogen atom.
The investigation of the mass spectra delivered convincing
evidence on the formation of C13H10 (166 amu) and C12H8
(152 amu) isomer(s) along with their 13C analogous species
C1213CH10 (167 amu) and C1113CH8 (153 amu) through the
reaction of 1-naphthyl with allene and methylacetylene
(reactions (1a)/(1b)); also, contributions of C13H9 (165 amu)
isomer(s) are likely. The primary interest is, however, to elucidate
which isomer(s) is/are formed. This necessitates an in-depth
analysis of the underlying photoionization eﬃciency (PIE) curves
of the mass-to-charge ratios of interest (Fig. 2) to reveal
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the isomers formed. Each PIE curve reports the ion counts at
a well-defined m/z ratio such as m/z = 166 as a function of
the photon energy from 7.30 eV to 10.00 eV (Fig. 2). The shapes
of the PIE curves of C13H10 isomers – 1H-phenalene,
3H-cyclopenta(a)naphthalene, 1-methylacenaphthylene are very
different and therefore unique as recorded in separate calibration experiments within the same experimental setup under
identical experimental conditions (Fig. S1, ESI†).38 A linear
combination of these are used to fit the experimental PIE
curves, shown for m/z = 165, 166, and 167 (Fig. 2). Even after
scaling, these PIE curves are not superimposable suggesting
that m/z = 165 does not represent a fragment of m/z = 166, but
rather distinct isomer(s) of C13H9 (165 amu). Since no reference
curves of any C13H9 isomer exists, we conclude that although
C13H9 isomer(s) are formed, it is not feasible to elucidate the
actual structure(s) at the present stage. However, considering
a 1.1% natural abundance of 13C, 14.3% of the ion signal of
m/z = 165 (C13H9+) has to contribute to ion counts of m/z = 166
(C1213CH9+) (Fig. 2). Fitting of the PIE curves at m/z = 166
(C1213CH9+/C13H10+) reveals the formation of three C13H10 isomers: 1H-phenalene (p1), 1-methylacenaphthylene (p8), and
3H-cyclopenta(a)naphthalene (p2) (Fig. 2). Branching ratios of
the ion counts of these isomers were derived at 10.0 eV for the
1-naphthyl – allene and 1-naphthyl – methylacetylene system
to be 32  3% (p1), 38  4% (p8), and 30  3% (p2) as well as
28  3% (p1), 61  6% (p8), and 11  1% (p2), respectively.
1H-Phenalene is more abundant in the 1-naphthyl-allene system
at the expense of 1-methylacenaphthylene, which dominates
the ion counts in the 1-naphthyl-methylacetylene system.
We emphasize that the aforementioned contributions to the
fit of the experimental PIE curve do not represent the product

Fig. 2 Photoionization eﬃciency (PIE) curves for signal at m/z = 165 to 167 in the systems of (a)–(c): 1-iodonaphthalene (C10H7I) + allene (C3H4); (d)–(f):
1-iodonaphthalene (C10H7I) + methylacetylene (C3H4). Black: experimentally derived PIE curves; colored lines (green, blue, cyan and brown): reference
PIE curves; red lines: 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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branching ratios since absolute ionization cross sections are
not available for any of the C13H10 isomers. However, the
experiments provide explicit evidence and the proof-of-concept that
the reaction of 1-naphthyl with allene and methylacetylene leads to
the formation of three distinct C13H10 isomers: 1H-phenalene (p1),
1-methylacenaphthylene (p8), and 3H-cyclopenta(a)naphthalene (p2). The corresponding PIE curves of m/z = 167
(C1113C2H9+/C1213CH10+) match these findings and reveal that
ion signal at m/z = 167 originate predominantly from the
aforementioned 13C-isotoplogue PAHs (C13H10) and to a minor
amount from doubly 13C substituted C13H9 radicals.

4. Discussion
The experimental data provide explicit evidence on the detection of 1H-phenalene (C13H10) (p1) along with two of its isomers
(1-methylacenaphthylene (p8), 3H-cyclopenta(a)naphthalene
(p2)) and acenaphthylene (C12H8) (p9) formed via the elementary reactions of 1-naphthyl with allene and methylacetylene in
the gas phase. Coupling these experimental finding with electronic structure calculations allows us to untangle the synthetic
routes (Fig. 3 and Fig. S3, ESI†) for these complex processes.
Our computations disclose that the 1-naphthyl radical adds
to the p-electron density of the terminal (C1) or central
carbon atom (C2) of the methylacetylene or allene reactants
yielding intermediates i1 and i5 or i8 and i10, respectively.
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These processes involve small barriers to addition of only 5 to
11 kJ mol1. These doublet intermediates can isomerize via the
low energy reaction sequence i1 - i2 - i3 - i4 - i5 - i7 - i8
involving cis–trans isomerization, a shift of the naphthyl group
from the terminal to the central carbon in the side chain via
three-member ring cyclization followed by the three-member
ring opening, and consecutive hydrogen shifts from the naphthyl
moiety to the side chain (i5 - i7) and vice versa (i7 - i8).
Further, the i8 intermediate is connected to the complex i10 of
the 1-naphthyl – allene system via a similar shift of the naphthyl
group from the central to the terminal carbon atom of allene
occurring via intermediate i9 featuring a three-member ring. It
is important to highlight that both the 1-naphthyl – methylacetylene and 1-naphthyl – allene surfaces are connected via
intermediate i8. The doublet radical intermediate i8 is central
to rationalize that in both systems, the same reaction channels
leading to 1H-phenalene (C13H10) (p1, via i8, i9, i10, i13, and
i14) and 3H-cyclopenta(a)naphthalene (C13H10) (p2, via i8, i9,
i10, i11, and i12) are open, whereas 1-methylacenaphthylene
(C13H10) (p8), and acenaphthylene (C12H8) (p9) are produced
via the intermediates i2, i21, and i22. Here, i2 can be formed in
one step in the 1-naphthyl – methylacetylene system or via
the reaction sequence i8 - i7 - i5 - i4 - i3 - i2 in the
1-naphthyl – allene system. Interestingly, i8 together with the
less important i15 and i16 intermediates represent resonantly
stabilized allylic radicals also containing a 10p aromatic
naphthalene moiety. Due to this resonance stabilization, i8,

Fig. 3 Potential energy surface (PES) for the 1-naphthyl (C10H7 ) reaction with allene/methylacetylene (C3H4). This PES was calculated at the
G3(MP2,CC)//B3LYP/6-311G(d,p) level of theory for the channels leading to 1H-phenalene (p1), 3H-cyclopenta(a)naphthalene (p2), 1-methylacenaphthylene (p8), and acenaphthylene (p9). The relative energies are given in kJ mol1. The complete PES is provided in the ESI.†
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i15, and i16 reside 100 or more kJ mol1 lower in energy than
similar two-ring-side-chain intermediates i1, i2, i4, i5, i7, i10,
i11, and i13. The calculated potential energy diagram also
suggests that isomerization of i2 to i15, i16, and then i19 or
i17, followed by formation of 1H-phenalene(p1) or 3H-cyclopenta(a)naphthalene (p2) along with atomic hydrogen are
unfavorable due to inherent barrier height of 179 kJ mol1
involved in the hydrogen migration i2 - i15 compared to the
more facile cyclization of i2 to i3 and five-member ring closure
i2 - i21. The existence of intermediate i10 is central to
understand the underlying reaction mechanism(s). The facile
reaction sequence via i13 and i14 through ring expansion
leads via hydrogen elimination to 1H-phenalene (C13H10) (p1);
likewise, intermediate i10 can undergo unimolecular decomposition to form 3H-cyclopenta(a)naphthalene (p2) and
1H-cyclopenta(a)naphthalene (p3).
The latter two products are predicted by our RRKM-Master
Equation calculations to have very similar branching ratios of
4% as compared to B40% for p1 at the experimental temperature of 1350  10 K (see Table S1; the computed p1 branching
ratios are 42.2% at 1300 K and 37.6% at 1400 K, ESI†). Since the
reaction pathways leading to p1 and p2/p3 both proceed via the
common intermediate i10 (Fig. 3 and Fig. S3, ESI†), the larger
yield of p1 as compared to p2 and p3 can be attributed to the
higher barrier for isomerization of i10 to i11 (1,4-hydrogen
shift) compared to i13 (1,5-hydrogen shift), where the production of i11 is unavoidable to form i12, which then fragments to
p2 or p3 (Fig. S3, ESI†), whereas p1 is produced via i13 and i14.
The failed detection of p3 might be explained by its small
photoionization cross section; interestingly, 1H-cyclopenta(a)naphthalene (p3) could not be detected in our earlier study of
the 2-naphthyl – allene/methylacetylene systems, where its
computed branching ratio is also similar to that of 3H-cyclopenta(a)naphthalene (p2).38 As noted above, the alternative
channel to form p2 via i17 is hindered by the high barrier for
the i2 - i15 step. Besides i10, which is central to rationalize
the formation of p1 and p2, intermediate i2 is of fundamental
importance to understand the detection of acenaphthylene
(C12H8) (p9) and 1-methylacenaphthylene (C13H10) (p8). Intermediate i2 can undergo a facile five-member ring closure to i21
which then either ejects a hydrogen atom to form 1-methylacenaphthylene (C13H10) (p8) or isomerizes to i22 prior to emission of a methyl group along with formation of acenaphthylene
(C12H8) (p9). The overall reactions are exoergic and all transition
states involved for the isomerization processes lie below the
energy of the separated reactants. 1-Ethynylnaphthalene (C12H8)
(p7) can be produced by the CH3 group loss from i4. No
substituted naphthalene species (p4–p6) which can be formed
via 1-naphthyl addition – hydrogen atom elimination (Fig. S3,
ESI†) were detected. This finding is supported by statistical
calculations revealing that the thermodynamically more favorable
1H-phenalene (C13H10) (p1) formation along with the tricyclic
aromatic systems p2, p8, and p9 is preferred, and that under
our experimental conditions, multi-step reaction sequences via
addition – hydrogen shifts – cyclization – hydrogen/methyl elimination are favorable compared to ‘simple’ addition – hydrogen
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elimination steps (Table S1, ESI†). It should be noted however
that the statistical calculations predict a rapid growth of the
entropically favorable products p4 and p7 (methylacetylene)
and p5 and p6 (allene) with the temperature increase beyond
1500 K. Under real combustion conditions, p4–p6 can be
converted to the thermodynamically preferable phenalene,
cyclopenta(a)naphthalenes, and 1-methylacenaphthylene via
hydrogen-assisted isomerization. At very low pressures, the
formation of 1H-phenalene (p1) is clearly preferable for the
1-naphthyl – allene system up to 1500 K (Fig. S5 and Table S1,
ESI†), whereas the 1-naphthyl – methylacetylene system is
dominated by the production of p9 plus methyl and p8 plus
atomic hydrogen also up to 1500 K (Fig. S5 and Table S2, ESI†).

5. Conclusion
To conclude, our joint experimental and computational investigation delivers explicit proof on the formation of 1H-phenalene
through molecular mass growth processes in a reaction of
1-naphthyl with allene and methylacetylene in the gas phase.
Rather than traditional bay closures in aromatic radicals involving the hydrogen abstraction – acetylene addition (HACA)
mechanism such as the formation of phenanthrene (C14H10)
and pyrene (C16H10) via the reactions of biphenylyl (C12H9 )50
and 4-phenanthryl (C14H9 )35 with the C2 building block
acetylene (C2H2) [C4–C2 annulation], the present study reveals
a hitherto unfamiliar bay closure pathway through ring annulation involving an aromatic radical (1-naphthyl) plus a C3
hydrocarbon (methylacetylene, allene) [C3–C3 annulation].
This mechanism might be fundamental in aiding our understanding of molecular mass growth processes of graphene nano
flakes and graphene sheets starting from 1H-phenalene via
peripheral expansion of the 1H-phenalene moiety to triangular
graphene-type molecules 1,5-dihydrodibenzo[cd,mn]pyrene
(C22H14) and 6,11-dihydro-1H-tribenzo[bc,hi,no] coronene (C33H18)
(Scheme 3).6 This pathway could also explain the detection of
graphitized carbon with grain sizes of up to 80 nm as probed in
carbonaceous chondrites like Allende and Murchison, which
are likely formed via condensation of multiple layers to

Scheme 3 Molecular mass growth processes involving the 1H-phenalene
molecule (1) via peripheral expansion of the 1H-phenalene moiety to
triangular graphene-type molecules 1,5-dihydrodibenzo[cd,mn]pyrene (5)
and 6,11-dihydro-1H-tribenzo[bc,hi,no]coronene (6).
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graphene-like nanostructures.35 In circumstellar envelopes of
carbon-rich stars with temperatures of up to a few 1000 K and
even in combustion flames, the entrance barriers to addition
can be overcome easily thus providing a versatile, hitherto
overlooked pathways to two dimensional nanostructures in
oxygen poor combustion systems and in deep space with aryl
radicals and methylacetylene and allene centered molecular
building blocks.
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Ed., 2004, 43, 755–758.
21 D. Griller and K. U. Ingold, Acc. Chem. Res., 1976, 9, 13–19.
22 V. Zaitsev, S. V. Rosokha, M. Head-Gordon and J. K. Kochi,
J. Org. Chem., 2006, 71, 520–526.
23 D. Small, S. V. Rosokha, J. K. Kochi and M. Head-Gordon,
J. Phys. Chem. A, 2005, 109, 11261–11267.
24 B. Kolb, M. Kertesz and T. Thonhauser, J. Phys. Chem. A,
2013, 117, 3642–3649.
25 F. Mota, J. S. Miller and J. J. Novoa, J. Am. Chem. Soc., 2009,
131, 7699–7707.
26 S. Suzuki, Y. Morita, K. Fukui, K. Sato, D. Shiomi, T. Takui
and K. Nakasuji, J. Am. Chem. Soc., 2006, 128, 2530–2531.
27 K. Uchida, S. Ito, M. Nakano, M. Abe and T. Kubo, J. Am.
Chem. Soc., 2016, 138, 2399–2410.
28 J. E. Bennett, Proc. Chem. Soc., London, 1961, 144–145.
29 N. Senglet, D. Faure, T. Des Courieres, C. Bernasconi and
R. Guilard, Fuel, 1990, 69, 203–206.
30 E. A. Hurst, N. B. Poddar, K. Vutukuru, S. V. Kalpathy and
M. J. Wornat, Proc. Combust. Inst., 2019, 37, 1107–1115.
31 S. S. Kim, M. L. Jarand and K. Durai-Swamy, Fuel, 1982, 61,
1124–1126.
32 F. Gerson, Helv. Chim. Acta, 1966, 49, 1463–1467.
33 K. O. Johansson, M. P. Head-Gordon, P. E. Schrader,
K. R. Wilson and H. A. Michelsen, Science, 2018, 361,
997–1000.
34 L. Zhao, R. I. Kaiser, B. Xu, U. Ablikim, M. Ahmed, M. M.
Evseev, E. K. Bashkirov, V. N. Azyazov and A. M. Mebel, Nat.
Astron., 2018, 2, 973–979.
35 L. Zhao, R. I. Kaiser, B. Xu, U. Ablikim, M. Ahmed, D. Joshi,
G. Veber, F. R. Fischer and A. M. Mebel, Nat. Astron., 2018, 2,
413–419.
36 L. Zhao, R. I. Kaiser, B. Xu, U. Ablikim, M. Ahmed, M. V.
Zagidullin, V. N. Azyazov, A. H. Howlader, S. F. Wnuk and
A. M. Mebel, J. Phys. Chem. Lett., 2018, 9, 2620–2626.
37 F. Qi, Proc. Combust. Inst., 2013, 34, 33–63.

Phys. Chem. Chem. Phys., 2020, 22, 15381--15388 | 15387

Paper
38 L. Zhao, M. Prendergast, R. I. Kaiser, B. Xu, U. Ablikim, W. Lu,
M. Ahmed, A. D. Oleinikov, V. N. Azyazov and A. H. Howlader,
Phys. Chem. Chem. Phys., 2019, 21, 16737–16750.
39 F. Zhang, R. I. Kaiser, V. V. Kislov, A. M. Mebel, A. Golan and
M. Ahmed, J. Phys. Chem. Lett., 2011, 2, 1731–1735.
40 L. Zhao, R. I. Kaiser, B. Xu, U. Ablikim, W. Lu, M. Ahmed,
M. M. Evseev, E. K. Bashkirov, V. N. Azyazov, M. V. Zagidullin,
A. N. Morozov, A. H. Howlader, S. F. Wnuk, A. M. Mebel,
D. Joshi, G. Veber and F. R. Fischer, Nat. Commun., 2019,
10, 1510.
41 M. Zagidullin, R. Kaiser, D. Porfiriev, I. Zavershinskiy,
M. Ahmed, V. Azyazov and A. Mebel, J. Phys. Chem. A,
2018, 122, 8819–8827.
42 L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov
and J. A. Pople, J. Chem. Phys., 1998, 109, 7764–7776.
43 L. A. Curtiss, K. Raghavachari, P. C. Redfern, A. G. Baboul
and J. A. Pople, Chem. Phys. Lett., 1999, 314, 101–107.
44 A. G. Baboul, L. A. Curtiss, P. C. Redfern and K. Raghavachari,
J. Chem. Phys., 1999, 110, 7650–7657.
45 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,

15388 | Phys. Chem. Chem. Phys., 2020, 22, 15381--15388

PCCP

46

47
48
49
50

51
52
53
54

P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J.
Fox, Gaussian 09, Revision A.1, Gaussian Inc., Wallingford CT,
2009.
H. J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schütz,
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