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Gas-Phase Preparation of the Dibenzo[e,l]pyrene (C24H14) Butterfly 
Molecule via a Phenyl Radical Mediated Ring Annulation 
Shane J. Goettl,a Andrew M. Turner,a Bing-Jian Sun, b Agnes H. H. Chang,*b Patrick Hemberger,*c 
and Ralf I. Kaiser*a 

A high temperature phenyl-mediated addition–cyclization–
dehydrogenation mechanism to peri-fused polycyclic aromatic 
hydrocarbon (PAH) derivatives—illustrated through the formation 
of dibenzo[e,l]pyrene (C24H14)—is explored through the gas-phase 
reaction of the phenyl radical (C6H5

•) with triphenylene (C18H12) 
utilizing photoelectron photoion coincidence spectroscopy 
(PEPICO) combined with electronic structure calculations. Low-
lying vibrational modes of dibenzo[e,l]pyrene exhibit out-of-plane 
bending and are easily populated in high temperature 
environments such as combustion flames and circumstellar 
envelopes of carbon stars thus stressing dibenzo[e,l]pyrene as a 
strong target for far-IR astronomical surveys.

Since the first synthesis of the 24-π dibenzo[e,l]pyrene (C24H14) 
molecule by Sako in 1934,1 pyrenes—derivatives of the peri-
fused polycyclic aromatic hydrocarbon (PAH) pyrene (C16H10, 1) 
(Fig. 1) carrying four fused benzene rings—have garnered 
considerable attention by the physical chemistry, organic 
chemistry, and material science communities due to their 
optoelectronic properties as organic semiconductors, metal-
free sensitizers in dye sensitized solar cells (DSSC), and their 
potential incorporation as a molecular electron transfer 
building block in lithium-ion batteries.2 As the smallest 
representative of a PAH where the benzene rings are fused 
through more than one face, the resonance stabilization of the 
pyrene stem compound is considerably higher compared to its 
five-membered ring isomer fluoranthene (C16H10, 2) by 56 kJ 
mol−1.3 Dibenzo[e,l]pyrene (C24H14, 3) in particular represents a 
fundamental molecular building block of nanotubes, graphenes, 
fullerenes, and two-dimensional nanoflake fragments such as 
ovalene (C32H14, 4).4 Its derivatives have been postulated as 
carriers of the unidentified infrared (UIRs)

Fig. 1 Structures of pyrene (1) and fluoranthene (2), as well as 
dibenzo[e,l]pyrene (3), ovalene (4), rugbyballene (5), and a 5,5-armchair 
nanotube (6) emphasizing the potential role of dibenzo[e,l]pyrene in 
the formation of 2D and 3D carbonaceous nanostructures. 

emission bands and the diffuse interstellar bands (DIBs).5 The 
interstellar origin of dibenzo[e,l]pyrenes has been attributed 
through their detection in carbonaceous chondrites such as 
Allende and Murchison,6 and sophisticated D/H and 13C/12C 
isotopic analyses of these meteoritic PAHs report that those 
PAHs were synthesized in circumstellar envelopes of carbon-
rich asymptotic giant branch (AGB) stars and planetary nebulae 
as their descendants.7 Overall, these surveys reveal that PAHs 
may encompass up to 20 % of the galactic carbon budget and 
act as a link between resonantly stabilized free radicals and 
carbonaceous nanoparticles in interstellar and circumstellar 
environments.8 However, astrochemical models predict the 
lifetimes of PAHs in the interstellar medium (ISM) to be on the 
order of 108 years, whereas the timescale for formation and 
injection of PAHs from carbon stars to the ISM has been derived 
to be on the order of 109 years.9 Nevertheless, the observational 
arguments that PAHs are ubiquitous in interstellar and 
circumstellar environments imply hitherto unexplored routes to 
their rapid chemical growth, where formation of 
dibenzo[e,l]pyrene represents a key step in molecular mass 
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growth processes toward large PAHs and two-dimensional (2D) 
carbonaceous nanostructures (Fig. 1). This scenario resembles 
the largely incomplete set of formation mechanisms to PAHs in 
terrestrial combustion settings, where these species, comprised 
entirely of carbon and hydrogen oriented in fused benzene 
rings, are formed as the result of incomplete combustion 
processes.10

On Earth, the synthesis of dibenzo[e,l]pyrene has been 
accomplished in a multitude of ways. Classical approaches 
involve oxidative or eliminative photocyclization11 of 
(un)substituted biphenyl and quaterphenyl species.12 More 
recent synthetic methods utilize intramolecular aryl-aryl 
coupling via alumina-mediated high-frequency zipping,13 
annulation of cyclic diarylodonium salts,14 in situ aryl-aryl 
coupling on silver surfaces under ultrahigh vacuum (UHV) 
conditions,15 and annulative dimerization of chloro- and 
iodobiaryl compounds.16 However, despite the impressive 
progress on the preparative synthesis of dibenzo[e,l]pyrene, the 
fundamental reaction mechanisms of molecular mass growth 
processes leading to and incorporating dibenzo[e,l]pyrene 
under extreme conditions of a few 1,000 K relevant to, i.e., 
combustion flames and circumstellar envelopes of carbon-rich 
AGB stars, have yet to be explored. Both astrochemical and 
combustion chemistry models favor bottom-up molecular mass 
growth processes of PAHs involving low molecular weight 
precursors such as acetylene (C2H2) through successive 
hydrogen abstraction–acetylene addition (HACA) reactions.17 
These proceed via hydrogen abstraction from an aromatic 
hydrocarbon by a hydrogen atom followed by acetylene 
addition and subsequent hydrogen loss.18 The HACA 
mechanism has been explored experimentally for the formation 
of relatively small PAHs, such as naphthalene (C10H8), 
phenanthrene (C14H10), and pyrene (C16H10).19 Nevertheless, the 
HACA mechanism faces severe shortcomings such as cyclization 
to pentafused rings as in acenaphthylene (C12H8)20 rather than 
addition of a second ring acetylene molecule and formation of 
anthracene (C14H10). Notably, flame21 as well as 
astrochemical9,22 models infer that a stepwise addition of 
acetylene leading to complex PAHs is too slow to account for 
the observed quantities of PAHs in combustion flames and 
meteorites. Shukla et al. and Xiong et al. postulated that a 
phenyl addition–dehydrocylization (PAC) pathway could cause 
a rapid molecular mass growth in PAHs since successive 
reactions with three C2 building blocks (acetylene, C2H2) could 
be efficiently replaced by a single collision with a single C6 
building block (phenyl, C6H5

•).23 Here, PAC might involve the 
addition of a phenyl radical to an aromatic hydrocarbon at a 
three- or four-carbon bay, followed by hydrogen atom loss, 
dehydrogenation, cyclization, a second hydrogen atom loss, and 
aromatization.18 However, a directed gas phase synthesis 
targeting dibenzo[e,l]pyrene (C24H14) through the PAC route has 
been elusive until now. 

Herein, we report on the facile gas-phase preparation of the 
D2h symmetric dibenzo[e,l]pyrene molecule (C24H14)—a 
hexacyclic benzenoid PAH—initiated through the bimolecular 
reaction of the phenyl radical (C6H5

•) with triphenylene (C18H12) 
at temperatures relevant to circumstellar envelopes and 

Fig. 2 Mass spectra taken at a photon energy of 9.00 eV for the 
nitrosobenzene–triphenylene system. (a) pyrolysis off; (b) pyrolysis on 
at 1200 ± 100 K. The mass peak of the newly formed C24H14 (m/z = 302) 
species is highlighted in red.

combustion flames. Briefly, a high temperature chemical 
microreactor was exploited to prepare the dibenzo[e,l]pyrene 
molecule (C24H14) via the gas-phase reaction of the phenyl 
radical (C6H5

•) with triphenylene (C18H12). Exploiting molecular 
beam experiments with isomer-selective photoelectron 
photoion coincidence (PEPICO) spectroscopy24 and tunable 
vacuum ultraviolet (VUV) photoionization combined with ab 
initio electronic structure calculations, the gas phase formation 
of dibenzo[e,l]pyrene showcases the PAC mechanism as a 
versatile, efficient pathway involved in the synthesis of large 
PAHs, which may serve as fundamental building blocks for two- 
or three-dimensional carbonaceous nanostructures in 
combustion flames and circumstellar environments at the 
molecular level (Fig. 1). 

Fig. 2 shows a representative mass spectrum for the 
reaction of the phenyl radical (C6H5

•; 77 amu) with triphenylene 
(C18H12; 228 amu) recorded at a photoionization energy of 9.00 
eV at 300 K (no pyrolysis) (Fig. 2a) and 1,200 ± 100 K (pyrolysis 
on) (Fig. 2b). In both cases, prominent ion counts were 
observed at mass-to-charge (m/z) ratios of 228 (C18H12

+) and 
229 (13CC17H12

+). The former peak corresponds to the 
triphenylene precursor (C18H12; 228 amu), while the latter can 
be attributed to 13C-substituted triphenylene (13CC17H12; 229 
amu) at an abundance of about 20 % to account for the 1.1 % 
natural abundance of 13C. Under pyrolysis conditions (Fig. 2b), 
new peaks arise at m/z = 302 (C24H14

+) and 304 (C24H16
+), which 

are not present without the pyrolysis at 300 K. Signal at m/z = 
304 indicates formation of C24H16 species, possibly the result of 
a phenyl addition to the C1 or C2 carbons of triphenylene 
followed by hydrogen atom loss. Signal at m/z = 302 provides 
clear evidence that the reaction of phenyl radicals with 
triphenylene leads to products of the molecular formula C24H14. 

The formation of molecule(s) with the molecular formula 
C24H14 through reaction of the phenyl radical with triphenylene, 
as indicated in the mass spectrum, does not alone prove the 
selectivity towards dibenzo[e,l]pyrene. Thus we also elucidated 
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Fig. 3 PIE curves (a) and ms-TPE spectra (b) taken at m/z = 302. Black: 
phenyl–triphenylene experimental spectra; blue: dibenzo[e,l]pyrene 
experimental spectra. Molecular orbital assignments25 and Franck-
Condon stick spectra for transitions to the ground (3b3g), first excited 
(3b2g), and second excited cation states (2au) of dibenzo[e,l]pyrene are 
shown in violet, green, and orange, respectively, with a gaussian 
convolution over the stick spectra shown in red. The overall error bars 
(gray area) consist of two parts: 1 σ error of the PIE curve averaged over 
the individual scans and ±10% based on the accuracy of the photodiode.

the nature of the structural isomer(s) formed. This was 
accomplished by analyzing the corresponding photoionization 
efficiency (PIE) curve (Fig. 3a) and the mass-selected threshold 
photoelectron (ms-TPE) spectrum (Fig. 3b) along with the 
reference spectra, at m/z = 302. First, the PIE curve depicts ion 
counts at m/z = 302 (C24H14

+) as a function of photon energy 
from 7.00 to 10.00 eV. The reference PIE curve of the C24H14 
isomer dibenzo[e,l]pyrene (blue) matches the phenyl–
triphenylene experimental PIE curve (black) exceptionally well 
over the entire photon energy range with ionization onsets of 
7.35 ± 0.10 and 7.31 ± 0.10 eV, respectively. The matching 
onsets of the ion counts along with the fits of the PIE curves 
indicates that the experimental data can be fit with a single 
isomer: dibenzo[e,l]pyrene (C24H14).

Second, these findings are reinforced by exploiting ms-TPE 
spectra (Fig. 3b), which display ion counts at m/z = 302 (C24H14

+) 
in coincidence with electrons of less than 10 meV as a function 
of photon energy from 7.00 to 8.50 eV. Similar to the PIE curves, 
both the phenyl–triphenylene experimental ms-TPES (m/z = 
302) (black) and the dibenzo[e,l]pyrene reference ms-TPES 
(blue) clearly match; further, in comparison to the PIE curve, the 
ms-TPE spectra reveal distinct structures featuring four peaks at 
7.40 ± 0.05, 7.56 ± 0.05, 7.78 ± 0.05, and 8.20 ± 0.05 eV. The 
first, third, and fourth peaks can be assigned to the 3b3g, 3b2g, 
and 2au states, respectively, while the second is due to the 
vibrational transitions from the ground cationic state.25 To 
elucidate the vibrational features, we performed Franck-
Condon (FC) spectral modeling, depicted also in Fig. 3b. The 
transitions into the ions’ ground state (3b3g) show activity of 
three ring deformation modes at 314, 660 and 1274 cm−1, 

respectively, which are responsible for the feature at 7.56 eV. 
While for the 3b3g and 2au states we found planar cationic 
structures and only low activity of ring deformation modes 
associated with a smaller change in geometry upon ionization, 
the 3b2g cation state shows a significant out-of-plane 
deformation. This leads to a symmetry reduction (C2v) that 

Fig. 4 Potential energy surface (PES) for the phenyl reaction with 
triphenylene calculated at the CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ level 
of theory leading to dibenzo[e,l]pyrene.

translates into activity of a low lying out-of-plane vibrational 
mode (26 cm−1) upon ionization, reminiscent of a butterfly in 
flight, and a much denser spectrum with contributions from 
sequence band transitions even at 300 K vibrational 
temperatures. Overall, combining the results from the PIE 
curves, the ms-TPE spectra, and the FC simulations provides 
clear evidence for the formation of dibenzo[e,l]pyrene in the 
phenyl–triphenylene system.

Now that the gas-phase formation of dibenzo[e,l]pyrene 
from the reaction of phenyl radicals with triphenylene has been 
explicitly confirmed experimentally, the reaction mechanisms 
leading to dibenzo[e,l]pyrene are also untangled 
computationally. This is accomplished by exploiting electronic 
structure calculations in conjunction with the experimental 
results to explore the reaction pathways (Fig. 4) (ESI). All 
energies referred to in this section are with respect to separated 
reactants. The CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ level 
calculations predict phenyl radical addition to the C1 carbon of 
triphenylene proceeding over a small entrance barrier of 10 kJ 
mol−1 to intermediate [i1] which is stabilized by 129 kJ mol−1. 
Phenyl addition to the C2 carbon of triphenylene is shown in Fig. 
S3, but cannot lead to dibenzo[e,l]pyrene (p1). The synthetic 
pathway to p1 involves [i1] via hydrogen atom loss from the 
attacked carbon through a 35 kJ mol−1 barrier to form [i2] 
residing at 23 kJ mol−1 below the separated reactants. From 
here, the reaction progresses to p1 through two possible 
routes: [i2] → [i3] → [i5] → p1 and [i2] → [i4] → [i6] → p1. 
These pathways involve first a hydrogen abstraction by a 
hydrogen atom from either the C2 carbon of the phenyl moiety 
or the C12 carbon of the triphenylene moiety of [i2] leading to 
[i3] or [i4], respectively. These pathways are followed by ring 
closure to [i5] or [i6]. The reaction is terminated through 
subsequent hydrogen atom elimination to p1 accompanied by 
aromatization. The highest barrier in the reaction pathway 
stems from the hydrogen abstraction to [i3] and [i4] at 102 and 
98 kJ mol−1, respectively. Since the transition states are higher 
in energy than the separated reactants, the reaction of phenyl 
radicals with triphenylene eventual leading to 
dibenzo[e,l]pyrene (p1) can only proceed at high temperatures 
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such as in, e.g., circumstellar envelopes of carbon stars and 
combustion flames.

To conclude, our combined experimental and 
computational study of the gas-phase reaction of phenyl 
radicals with triphenylene led to the formation of 
dibenzo[e,l]pyrene (p1), a planar PAH consisting of six fused 
benzenoid rings arrayed in a D2h symmetric “butterfly” shape. 
The vibrational analysis reveals dibenzo[e,l]pyrene exhibiting an 
out-of-plane bending mode of the outer benzene moieties ( ) 𝜈1

at 7 cm−1  showcasing the impression of butterfly wings flapping 
(Movies S1 and S2). The combined flexibility of the 
dibenzo[e,l]pyrene carbon skeleton—characteristic of acenes—
and stability of the pyrene core increases the likelihood to 
participate in facile molecular mass growth processes preparing 
to 3D structures such as rugbyballene (C70) and carbon 
nanotubes (Fig. 1). Additionally, molecules like 
dibenzo[e,l]pyrene which contain this type of “floppy” 
vibrational mode can be readily excited in high temperature 
regions, such as planetary nebulae and circumstellar envelopes 
of carbon stars. This leads to high populations of vibrationally 
excited species producing strong infrared emission bands upon 
relaxation. Utilizing the Boltzmann distribution for the case of 
dibenzo[e,l]pyrene at a temperature of 2,000 K to simulate 
circumstellar conditions, the population of the aforementioned 
vibrational mode is approximated to be very high, at about 92 
%. Hence, dibenzo[e,l]pyrene embodies a strong target for 
spectral line surveys in the far-IR wavelength range toward 
carbon-rich circumstellar envelopes as a representative of 
symmetric PAHs.
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