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The omnipresence of polycyclic aromatic hydrocarbons (PAHs)—
organic molecules comprised of fused benzene rings—along 
with alkylated (methyl, ethyl)1, ionized, (de)hydrogenated and 

protonated counterparts in the interstellar medium advocates that 
PAHs may comprise up to 20% of the carbon budget in our Galaxy 
(Fig. 1)2–4. The pervasive existence of these molecules has been 
inferred from diffuse interstellar bands (DIBs)5,6—discrete absorp-
tion features superimposed on the interstellar extinction curve rang-
ing from the blue part of the visible (400 nm) to the near-infrared 
(1.2 μ​m)—and from unidentified infrared (UIR) emission bands 
observed in the range of 3–14 μ​m7. The discovery of PAHs in carbo-
naceous chondrites such as the Allende and Murchison meteorites 
suggests a circumstellar origin8–11. Comprehensive 13C/12C and D/H 
isotopic analyses suggest that kinetically controlled molecular mass 
growth processes involve the synthesis of higher-molecular-weight 
PAHs from lower homologues12–16 with prevailing astrochemical 
reaction models of PAH formation derived from those developed in 
the research of combustion17–20.

The hydrogen-abstraction/acetylene-addition (HACA) mecha-
nism has been exceptionally influential in attempting to unravel 
the synthesis of PAHs in outflows of carbon-rich asymptotic giant 
branch (AGB) stars21–23. Kinetic models24–26 and electronic structure 
calculations22,27–29 invoke HACA, which implicates a repetitive series 
of atomic hydrogen abstractions from the aromatic hydrocarbon 
trailed by consecutive addition of one or two acetylene molecule(s) 
before cyclization and aromatization21,22,26. Recently, it was dem-
onstrated unequivocally that the simplest PAH comprised of two 
laterally fused benzene rings—the naphthalene molecule (C10H8)—
can be formed by successive reactions of the phenyl radical with 
two acetylene molecules involving HACA18. Furthermore, phenan-
threne (C14H10), which consists of three conjugated six-membered 
rings, was synthesized by the reaction of the biphenylyl radical 
(C12H9

•) with a single acetylene molecule through addition to the 
radical site followed by cyclization and aromatization20,30. However, 

the validity of HACA to form PAHs beyond phenanthrene has 
remained uncharted, as not a single experimental study could sub-
stantiate to what extent more complex PAHs beyond phenanthrene 
(C14H10) can be synthesized through molecular mass growth pro-
cesses. Therefore, the omnipresence of PAHs in circumstellar and 
interstellar environments on one hand, but the hitherto elusive syn-
thetic routes to complex PAHs on the other hand, signifies a critical 
challenge in astrochemistry.

Here, by untangling the as yet unknown chemistry of C14H9
• (177 

AMU) with acetylene (C2H2; 26 AMU) under conditions prevail-
ing in circumstellar envelopes, we unravel the previously elusive 
reaction mechanism leading to the synthesis of pyrene (C16H10; 202 
AMU) along with atomic hydrogen (1 AMU):

+ → +∙ ∙[C H ] C H C H H (1)14 9 2 2 16 10

Our combined experimental and ab initio investigation revealed 
the unambiguous formation of the prototype of a tetracyclic PAH 
carrying four fused benzene rings (pyrene) via molecular mass 
growth processes through the elementary reaction of an aromatic 
radical—4-phenanthrenyl, which is formed via pyrolysis from a 
4-bromophenanthrene precursor—with a single acetylene molecule 
involving a bay-closure mechanism. The pyrene molecule repre-
sents the key intermediate in mass growth processes of PAHs lead-
ing eventually to 2D carbonaceous nanostructures such as graphene. 
Likewise, pyrene represents the smallest PAH capable of forming 
relatively strongly bound dimers undergoing intermolecular coagu-
lation31. This could result in the synthesis of 3D structures such as 
graphite, thus bringing us closer to an understanding of the molecu-
lar carbon budget in our Galaxy and the fundamental molecular-
level processes of synthesizing PAHs. The dimerization of PAH was 
believed to be a critical step in kinetic models for soot formation 
in combustion, which is required to reproduce correctly the soot 
particle size distribution. However, a combined experimental and 
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theoretical study32 on pyrene dimer demonstrated that carbon par-
ticle formation cannot rely on physical dimerization of pyrene in 
hot environments at temperatures higher than 200 K. Therefore, 
chemical pathways are required for PAH growth and coagulation at 
high temperatures, and those are proposed here.

Results
Laboratory data. Briefly, a high-temperature chemical reactor was 
exploited to synthesize pyrene via the bimolecular reaction of the 
4-phenanthrenyl radical with acetylene;33,34 the isomer-specific 
products were probed by fragment-free photoionization of the 
products in a molecular beam by tunable vacuum ultraviolet (VUV) 
light in conjunction with the detection of the ionized molecules 
in a reflectron time-of-flight mass spectrometer (Re-TOF-MS) 
(Methods). A representative mass spectrum recorded at a photo-
ionization energy of 9.50 eV for the reaction of 4-phenanthrenyl 
radical with acetylene is displayed in Fig. 2a; reference spectra 
were also collected by substituting the acetylene reactant with 
the non-reactive helium carrier gas (Fig. 2b). These data provide 
compelling proof of the synthesis of a molecule with the molecu-
lar formula C16H10 (202 AMU) in the 4-phenanthrenyl/acety-
lene system (Fig. 2a), which is lacking in the control experiment  
(Fig. 2b). Accounting for the molecular weight of the reactants and 

the products, we deduce that the C16H10 molecule(s) along with 
atomic hydrogen is synthesized via the reaction of 4-phenanthre-
nyl with acetylene (equation (1)). Signals at mass-to-charge ratios 
(m/z) of 259 (C13

13CH9
81Br+), 258 (C14H9

81Br+), 257(C13
13CH9

79Br+), 
256 (C14H9

79Br+), 179 (C13
13CH10

+), 178 (C14H10
+), 177 (C14H9

+/
C14

13CH8
+) and 176 (C14H8

+) are observable in both the 4-phenan-
threnyl/acetylene and the 4-phenanthrenyl/helium systems—albeit 
at different ratios. Hence, these masses do not originate from reac-
tions between 4-phenanthrenyl and acetylene. Signal at m/z =​ 259 
to 256 can be associated with the non-pyrolyzed 4-bromophenan-
threne precursor; signals at m/z =​ 178 and 179 are attributed to 
phenanthrene and 13C-phenanthrene formed via hydrogen addition 
to the 4-phenanthrenyl radical; finally, ion counts at m/z =​ 176 and 
177 are linked to phenanthryne isomers (m/z =​ 176) along with 
the 4-phenanthrenyl radical (C14H9

•+; m/z =​ 177) (Supplementary 
Information). It is important to note that under our experimental 
conditions, the injection of pure acetylene (C2H2) into our reactor 
did not lead to the formation of any PAHs18.

Considering the discovery of hydrocarbon molecule(s) with the 
molecular formula C16H10 formed in the reaction of 4-phenanthre-
nyl with acetylene, it is our goal to identify the structural isomer(s) 
formed. This warrants a detailed analysis of the corresponding pho-
toionization efficiency (PIE) curve, which depicts the intensity of 
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Fig. 1 | Possible structures of isomers of aromatic molecules detected in carbonaceous meteorites. a, Biphenyl. b, Naphthalene, c, Anthracene.  
d, Phenanthrene. e, Triphenylene. f, Pyrene. g, Chrysene. h, Benz(a)anthracene. i, Benzo(a)pyrene. j, Benzo(e)pyrene.
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the ions at m/z =​ 202 (C16H10
+) as a function of the photon energy 

from 7.30 eV to 10.00 eV (Fig. 3a). This function is matched with 
known reference PIE curves for distinct C16H10 isomers. The experi-
mentally derived PIE curve at m/z =​ 202 (black) can be reproduced 
effectively by a linear combination of two reference PIE curves of 
pyrene (C16H10

+; green) and ethynylphenanthrenes (C16H10
+; blue) 

with the overall fit superimposed in red. The experimental and ref-
erence PIE curves for pyrene illustrate both onsets of the ion signal 
at 7.40 ±​ 0.05 eV; this onset correlates well with the adiabatic ion-
ization energy of pyrene of 7.426 ±​ 0.001 eV35. The PIE curves and 
adiabatic ionization energies of distinct isomers of ethynylphenan-
threnes of 7.72 ±​ 0.10 eV are quite similar within our error limits 
(Supplementary Information), and we cannot determine explicitly 
which ethynylphenanthrene isomer(s) is (are) formed; however, as 
our reaction was carried out with 4-phenanthrenyl, we may expect 
the formation of 4-ethynylphenanthrene. The outcome of compa-
rable PIE curves of ethynyl-substituted aromatic compounds for 
the phenanthrene system mirrors closely our findings for ethynyl-
substituted naphthalene isomers19. It should be stressed that the PIE 
curve for m/z = 203 (Fig. 3b) is, after scaling, superimposable on 
the PIE curve of m/z =​ 202; further, the PIE curve of m/z = 203  
can be also fit with a linear combination of pyrene and ethynyl-
phenanthrenes. Consequently, the PIE graph of m/z =​ 203 can be 
attributed to 13C-substituted isomers (C15

13CH10) of pyrene and 
ethynylphenanthrenes (C16H10). It is important to highlight that the 
PIE curves of C16H10 isomers of pyrene and ethynylphenanthrenes 
are characteristically correlated to each molecule, stressing that the 
coexistence of alternative isomers in the molecular beam would 
change the shape of the PIE significantly. Therefore, we conclude 
that pyrene and ethynylphenanthrenes represent the only contribu-
tors to signal at m/z =​ 202 and 203 within our error limits. Two 
sources contribute to the errors: an uncertainty of ±​10% based on 
the accuracy of the photodiode and a 1σ​ error of the PIE curve aver-
aged over three scans.

Computational data. Our study reveals that the prototype of a 
PAH composed of four fused benzene rings (pyrene) can be formed 
via the bimolecular reaction of the 4-phenanthrenyl radical with 
acetylene at elevated temperatures of 1,400 K. Augmented by elec-
tronic structure calculations of the pertinent C16H10 and C16H11 
potential energy surfaces (PESs) (Fig. 4 and Methods), this reac-
tion is initiated by the addition of the radical centre of 4-phenan-
threnyl to the acetylene molecule through an entrance barrier of  

20 kJ mol−1 leading to the intermediate i1 followed by ring closure of 
the C16H11 collision complex via a transition state located 26 kJ mol−1  
above the complex leading to i2. This entrance barrier can be easily 
overcome in high temperature circumstellar environments holding 
temperatures of a few 1,000 K. The tetracyclic C16H11

• intermedi-
ate i2 ultimately undergoes unimolecular decomposition via atomic 
hydrogen elimination and aromatizes via a tight transition state 
located 41 kJ mol−1 above the energy of the separated products 
forming pyrene (p1) plus atomic hydrogen in an overall exoergic 
reaction (−​246 kJ mol−1). Alternative reaction pathways to p1 were 
located as well. However, considering the inherent barrier of the 
hydrogen shift from i2 to i5 followed by atomic hydrogen loss to p1 
compared to the energetics of the exit transition state for the unimo-
lecular decomposition of i2, the i2→​i5→p1 + H• route is less com-
petitive. Alternatively, according to the calculated rate constants for 
the i1→​i2 and i1→​i4 reactions in our work, the pathway involving 
the hydrogen migration from i1 to i4 followed by ring closure to 
i5 and then hydrogen loss provides a comparable contribution to 
the formation of pyrene and becomes slightly preferable compared 
to the i1→​i2→p1 plus hydrogen channel at temperatures above  
1375 K. A question arises on the formation of alternative C16H10 
isomers such as the 4-ethynylphenenthrene molecule (p2). A close 
look at the pertinent section of the PES reveals that i1 either emits 
a hydrogen atom to form p2 or undergoes a hydrogen shift from 
the acetylenic moiety to the phenanthrene ring yielding i3 before 
hydrogen loss forming 4-ethynylphenenthrene in an overall slightly 
exoergic reaction (−​17 kJ mol−1). As the energies of the critical tran-
sition states for these two channels are relatively close, both chan-
nels provide contributions to the formation of ethynylphenanthrene 
but that of the two-step pathway decreases with temperature due to 
the higher entropy demands.

Having elucidated the synthesis of pyrene via the reaction of 
the 4-phenanthrenyl radical with acetylene, we now convey these 
findings to ‘real’ circumstellar environments. Here, our statistical 
(RRKM Master Equation) calculations deliver critical temperature-
dependent rate constants for the 4-phenanthrenyl plus acetylene 
reaction at nearly zero pressure conditions prevailing in circumstel-
lar envelopes of carbon stars. Supplementary Fig. 3 illustrates the 
calculated rate constants at the zero- and high-pressure limits. The 
dependence of the rate constants on pressure is weak; a slight dif-
ference between zero and high pressure is seen only at high tem-
peratures above 1,800 K and the maximal deviation is observed at  
4,000 K, where the total rate constant at zero pressure is a factor of 
about two lower than the high-pressure limit value. The reaction is 
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dominated by the formation of pyrene up to 3,000 K. The branching 
ratio of ethynylphenanthrene gradually increases with temperature, 
from a few per cent at 1,400–1,500 K to 11%, 51% and 79% at 2,000 K,  
3,000 K and 4,000 K, respectively. The calculated rate constant for the 
formation of pyrene remains high, 1–3 ×​ 10−12 cm3 molecule−1 s−1,  
at temperatures above 1,500 K.

Astrophysical implications
The synthetic pathway to pyrene defines a prototype pattern of a 
HACA-type bay closure on an armchair edge of a PAH molecule. 
In circumstellar envelopes of dying carbon stars, the 4-phenan-
threnyl/acetylene route might be triggered by the abstraction of a 
hydrogen atom from the 4-carbon position of a phenanthrene mol-
ecule (C14H10), which in turn can be synthesized via the elemen-
tary reaction of the o-biphenylyl radical (C6H5–C6H4

•) with a single 
acetylene molecule20 (Fig. 5); the o-biphenylyl radical is formed 
through hydrogen abstraction from biphenyl (C6H5–C6H5), which 
itself is generated via the bimolecular reaction of the phenyl radical 
(C6H5

•) with benzene (C6H6)36. Therefore, HACA-type pathways to 
pyrene (C16H10) commence with the biphenyl molecule and involve 
two successive HACA sequences, but not with the naphthyl radical 
(C10H7

•) as postulated previously in astrophysical models.
However, HACA-type pathways cannot solely account for more 

complex PAHs such as benzo(e)pyrene (C20H12) (Fig. 1). When 
hydrogen is abstracted from pyrene (C16H10), the pyrenyl radical 
(C16H9

•) would add an acetylene molecule (C2H2) yielding a C18H11 
radical intermediate (Fig. 5). As demonstrated in electronic struc-
ture calculations29,37 and verified experimentally for the naphthyl/
acetylene system19, the C18H11 radical is expected to undergo cycli-
zation followed by atomic hydrogen loss to cyclopenta(cd)pyrene 
(C18H10) rather than adding a second acetylene molecule succeeded 
by cyclization and hydrogen loss to C20H12. Therefore, alterna-
tive reaction mechanisms to HACA such as the recently exposed 

hydrogen abstraction/vinylacetylene addition (HAVA) mecha-
nism17 must be involved in the formation of more complex PAHs 
such as C20H12 and even dibenzo(h,rst)pentaphene (Fig. 5). HAVA 
represents a barrier-less reaction pathway and leads to PAH growth 
through six-membered ring expansions via a single collision event. 
This finding also supports the conclusion of previous work14 based 
on a detailed 13C/12C isotopic analysis identifying pyrene as a cen-
tral PAH intermediate leading to a 2D network of PAHs consist-
ing solely of fused benzene rings up to benzo(ghi)perylene. The 
complementary nature of the HACA and HAVA mechanisms and 
their role in the build-up of 2D graphene-type nanostructures is 
best visualized in Supplementary Fig. 4. Starting from pyrene, the 
vinylacetylene (HAVA) route leads to a radial acene-type growth in 
three segments of the plane separated by 120°, whereas acetylene 
(HACA) accounts for the bay closure. Once HACA closes all bays, 
HAVA initiates a third-order perimeter growth (Supplementary  
Fig. 4g), generating new bays to be closed. This pathway may ulti-
mately lead to graphene-like nanostructures, and—after condensa-
tion of multiple layers—to graphitized carbon with grain sizes of up 
to 80 nm, as detected in carbonaceous chondrites such as Allende 
and Murchison8,38–42.

Conclusions
In summary, the facile route to pyrene (C16H10) as detected in car-
bonaceous chondrites via the elementary reaction of the 4-phen-
anthrenyl radical with acetylene leads to the synthesis of a key 
building block in the successive growth of 2D (graphene-type) 
nanostructures. The molecular growth processes has to involve 
highly complementary HAVA and HACA routes leading to a radial 
PAH expansion through acene-like structures and bay closures, 
respectively (Fig. 5), but cannot proceed via simple pyrene dimer-
ization at temperatures above 200 K, as demonstrated previously32. 
The incorporation of five-membered rings formed through the 
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reaction of pyrene (C16H10) with acetylene (C2H2) via HACA, on the 
other hand, may form acenaphthylene-like building blocks (Fig. 5); 
successive HACA and HAVA sequences may potentially synthesize 
non-planar PAHs holding corannulene units and 3D carbonaceous 
nanostructures proposed to exist in chondrites43,44 and fullerenes as 
detected in the planetary nebulae TC 145. We would like to point out 
that PAHs formed in outflows of AGB stars can be degraded by the 
harsh environment of the ISM (photons, shocks and galactic cos-
mic rays) and by processing in the protoplanetary disk3,15,46–48 with 
one study48 predicting PAH lifetimes of about 108 years against these 
destruction processes. However, the abundances of PAHs in meteor-
ites are measured in ppm8,10, and the total PAH abundance injected 
by AGBs is in the order of 10% of the elemental carbon49,50. So it 
is clear from these data that the absolute fraction of PAHs formed 
in outflows of AGB stars and incorporated eventually in meteorites 
is small but detectable, serving as molecular tracers to allow astro-
chemists to deliver a rigorous experimentally verified mechanistic 
framework to explain the presence of PAHs in our Galaxy. This will 
ultimately transform how we think about the origin and evolution 
of carbonaceous matter in the Universe.

Methods
Experimental. The experiments were carried out at the Chemical Dynamics 
Beamline (9.0.2) of the Advanced Light Source using a resistively heated silicon 
carbide (SiC) chemical reactor interfaced to a molecular beam apparatus operated 
with a reflectron time-of-flight mass spectrometer (Wiley-McLaren Re-TOF-
MS). The chemical reactor mimics the high temperature conditions together with 
discrete chemical reactions to form PAHs in situ through the reaction of radicals. 
Here, 4-phenanthrenyl radicals (C14H9

•) were prepared at concentrations of less 
than 0.1% in situ via pyrolysis of the 4-bromophenanthrene precursor (C14H9Br; 
Supplementary Information) seeded in acetylene carrier gas (0.394 ±​ 0.005 atm; 
C2H2; Matheson gas). The acetylene gas acted as a carrier gas and as a reactant with 
the pyrolytically generated radicals. The temperature of the SiC tube was monitored 
using a type C thermocouple and was maintained at 1,400 ±​ 10 K. The reaction 
products formed in the reactor were expanded supersonically and passed through 
a 2 mm diameter skimmer located 10 mm downstream of the pyrolytic reactor, and 

from there they entered into the main chamber, which houses the Re-TOF-MS. 
The quasi-continuous tunable vacuum ultraviolet (VUV) light from the Advanced 
Light Source intercepted the neutral molecular beam perpendicularly in the 
extraction region of a Wiley-McLaren Re-TOF-MS. VUV single photon ionization 
signifies essentially a fragment-free ionization technique and hence is characterized 
as a soft ionization method compared to electron impact ionization—the latter 
often leading to excessive fragmentation of the parent ion51–53. The ions formed via 
photoionization are extracted and fed onto a microchannel plate detector through 
an ion lens. Photoionization efficiency (PIE) curves (which report ion counts  
as a function of photon energy from 7.30 eV to 10.00 eV with a step interval of  
0.05 eV at a well-defined m/z) were produced by integrating the signal recorded 
at the specific m/z for the species of interest. Reference (blank) experiments were 
also conducted by expanding neat acetylene carrier gas into the resistively heated 
SiC tube without seeding the 4-bromophenanthrene, and also by helium carrier 
gas with seeding the 4-bromophenanthrene precursor. No signal at m/z =​ 202 was 
observed in these control experiments.

Electronic structure and rate constant calculations. The calculations of the 
energies and molecular parameters of various local minima and transition states 
involved in the reaction were carried out at the G3(MP2,CC)//B3LYP/6-311G(d,p) 
level of theory54–56. This ‘model chemistry’ theoretical approach is considered 
to be chemically accurate, as it normally provides accuracy of 0.01–0.02 Å for 
bond lengths, 1–2° for bond angles, and 3–6 kJ mol−1 for relative energies of 
hydrocarbons and their radicals in terms of average absolute deviations46. The 
GAUSSIAN 0957 and MOLPRO 201049 program packages were employed for the ab 
initio calculations. The MESS package58 was used to solve the 1D master equation 
and to compute temperature-dependent phenomenological rate constants in the 
zero- and high-pressure limits within the Rice–Rampsberger–Kassel–Marcus 
(RRKM) Master Equation method. The rigid-rotor, harmonic-oscillator (RRHO) 
model was used to compute densities of states and partition functions of local 
minima and numbers of states of transition states. Low-frequency normal modes 
were visually examined and those representing internal rotations were considered 
as one-dimensional hindered rotors in terms of the partition function. B3LYP/6-
311G(d,p) calculations were used to evaluate 1D torsional potentials for the 
hindered rotors. Vertical and adiabatic ionization energies of various species were 
computed at the G3(MP2,CC)//B3LYP/6-311G(d,p) level of theory.

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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