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A B S T R A C T

Quantum chemical DLPNO-CCSD(T)/cc-pVDZ//B3LYP/6–31G(d) calculations have been performed to unravel 
the formation mechanism of buckminsterfullerene (C60) via the reaction of the C40 nano bowl (C40H10) and 
corannulene (C20H10). The generated potential energy surfaces and molecular properties were further utilized to 
evaluate equilibrium constants and rate constants of elementary chemical reactions involved in the C60 synthesis. 
The overall C40H10 + C20H10 → C60 + 10H2 reaction is shown to be highly exoergic and hence thermodynam
ically favorable at temperatures above 700 K and a kinetically feasible pathway under high-temperature con
ditions was revealed. This route involves hydrogen atom abstraction steps to activate closed-shell reactants/ 
intermediates alternating with cyclodehydrogenation reactions eventually zipping the edges between the 
reacting C40 and C20 units by consecutive closures of six- and five-membered rings between them. The reaction 
is driven/catalyzed by hydrogen atoms which carry out the hydrogen abstractions from C60Hx and are later 
recovered on the cyclodehydrogenation stages. The initial association reaction, C40H9 + C20H10 → C60H18 + H, 
linking the two units by a covalent C-C bond appears to represent the kinetic bottleneck of the whole multistep 
process. This reaction is fast at low temperatures but slows down and has its equilibrium shifted toward the 
reactants at high temperatures. The feasibility of the proposed mechanism corroborates the hypothesis that C60 
can be produced through a series of elementary reactions typical for the PAH growth.
Novelty and significance statement: Development of new technologies to produce hydrogen and carbon materials, 
e.g., thermal or plasma-assisted pyrolysis of natural gas and the gas-phase production of carbon black and 
nanotubes, requires detailed understanding of the formation of carbonaceous particles from hydrocarbons. While 
PAHs are firmly established as molecular precursors of carbonaceous particles and their growth mechanisms at 
the pyrolysis/combustion conditions have been revealed in recent years, the physico-chemical processes leading 
from small PAHs to fullerenes and nanotubes remain poorly understood. Here, we demonstrate that the for
mation of C60 can be accounted for in terms of PAH growth mechanisms proceeding in a particular order. Our 
theoretical study reveals a novel thermodynamically favorable and kinetically feasible route for the gas-phase 
synthesis of C60 through a series of elementary chemical reactions typical for the high-temperature PAH 
growth. While corannulene (C20H10) can form from benzene and naphthalene via phenyl addition and cyclization 
(PAC) and hydrogen abstraction – acetylene addition (HACA) mechanisms and the C40 nano bowl can grow from 
corannulene by hydrogen abstraction – vinyl acetylene addition (HAVA) reactions followed by cyclo
dehydrogenations, the nano bowl can be closed by a ‘nano lid’ C20H10 through a series of alternating hydrogen 
atom abstractions/losses and cyclodehydrogenations zipping the edges between the two units.

1. Introduction

The development of new technologies for the production of hydrogen 
and carbon materials from fossil and bio fuels, such as thermal [1] or 
plasma-assisted [2] pyrolysis of natural gas or biomass and the 
gas-phase production of carbon black [3] and nanotubes [4], requires a 
detailed understanding of the formation of carbonaceous particles from 

hydrocarbons in high-temperature environments. As outlined in a recent 
review [5], polycyclic aromatic hydrocarbons (PAHs) are firmly estab
lished as molecular precursors of carbonaceous particles. PAHs form 
from the initial fuel and their molecular fragments and grow afterwards 
through chemical reactions taking place at their edges. At high tem
peratures, PAH moieties start forming clusters and this process eventu
ally ends up in the production of disordered soot particles. In the 

* Corresponding author.
E-mail address: mebela@fiu.edu (A.M. Mebel). 

Contents lists available at ScienceDirect

Proceedings of the Combustion Institute

journal homepage: www.elsevier.com/locate/proci

https://doi.org/10.1016/j.proci.2026.106155
Received 1 March 2026; Accepted 6 June 2026  

Proceedings of the Combustion Institute 42 (2026) 106155 

Available online 20 July 2026 
1540-7489/© 2026 The Combustion Institute. Published by Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar 
technologies. 

https://orcid.org/0000-0002-7233-3133
https://orcid.org/0000-0002-7233-3133
mailto:mebela@fiu.edu
www.sciencedirect.com/science/journal/15407489
https://www.elsevier.com/locate/proci
https://doi.org/10.1016/j.proci.2026.106155
https://doi.org/10.1016/j.proci.2026.106155
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proci.2026.106155&domain=pdf


meantime, minor side products of the soot growth include highly or
dered carbon-only containing molecules, such as fullerenes including, e. 
g., buckminsterfullerene (C60) and rugbyballene (C70). The discovery of 
fullerenes has paved the path to major scientific research activities in 
many areas [6,7], including material sciences, medicinal chemistry, 
physical chemistry, and organic chemistry [8]. While a family of PAH 
growth mechanisms generally called Hydrogen Activation Carbon 
Addition (HACA) and including, along with Hydrogen Abstraction 
aCetylene Addition, Hydrogen Abstraction Vinylacetylene Addition 
(HAVA), phenyl or phenylacetylene addition and cyclization (PAC/
PhAC), cyclodehydrogenation, and radical-radical recombinations, have 
been revealed through the synergistic experimental and theoretical 
studies [5,9–12], the physico-chemical processes leading from small 
PAHs to ordered carbonaceous nanoparticles (fullerenes, nanotubes) 
still remain poorly understood. In the present paper, we demonstrate 
that the formation of C60 can be accounted for in terms of the PAH 
growth mechanisms proceeding in a particular order.

In a recent work [13], we showed that the C40 nano bowl (C40H10) 
can be produced via five consecutive HAVA (benzannulation) steps from 
corannulene (C20H10) forming C40H20 followed by five hydrogen atom 
abstraction – cyclodehydrogenation steps along the edges of C40H20 
leading to the nano bowl. While the entire mechanism was unraveled 
theoretically and shown to be feasible, the initial C20H9 + C4H4 ben
zannulation reaction was also probed and verified experimentally in a 
chemical microreactor. The present paper reveals how the C40 nano 
bowl can be closed by a C20 ‘nano lid’, C20H10, via a similar hydrogen 
atom abstraction – cyclodehydrogenation zipping mechanism producing 
buckminsterfullerene C60 in the overall C40H10 + C20H10 → C60 + 10H2 
reaction, which appears to be thermodynamically favorable at high 
temperatures. Along with calculations of potential energy surfaces (PES) 
for elementary reaction steps, we characterize their kinetics and 
equilibria.

2. Computational methods

The molecular parameters including geometries, rotational con
stants, and vibrational frequencies of various stationary structures (local 
minima and transition states) on the C60Hx PES (x = 19 – 0) were 
calculated using the density functional theory (DFT) at the B3LYP/ 
6–31G(d) level [14,15]. Single point energies at optimized geometries 
were refined employing the domain based local pair-natural orbital 
singles and doubles coupled cluster method with perturbatively 
included connected triple excitations (DLPNO-CCSD(T)) [16] with 
Dunning’s cc-pVDZ basis set [17]. The DFT and ab initio calculations 
were carried out using the GAUSSIAN 16 [18] and ORCA [19] quantum 
chemistry program packages, respectively. In the earlier work [13], we 
compared the performance of DLPNO-CCSD(T) with the established 
chemically accurate G3(MP2,CC) method for the reactions of benzan
nulation of the corannulenyl radical, C20H9 + C4H4, and assessed the 
convergence of DLPNO-CCSD(T) results with respect to the basis set. A 
close agreement between the relative energies computed by G3(MP2, 
CC) and DLPNO-CCSD(T) both with the cc-pVDZ and cc-pVQZ basis sets 
was found, with the differences normally within 3 kJmol-1 with few 
exceptions. Also, the DLPNO-CCSD(T) results with the cc-pVDZ and 
cc-pVQZ basis sets were very close. This comparison indicated that the 
chemical accuracy of about 10 kJmol-1 can be normally achieved for 
molecules of this type employing the DLPNO-CCSD(T)/cc-pVDZ level of 
theory. Alternatively, the accuracy of DFT relative energies is not suf
ficient, with discrepancies from the more accurate results often 
exceeding 40 kJmol-1 and not being consistent.

Equilibrium constants for various hydrogen atom abstraction and 
cyclodehydrogenation reactions were computed within the Rigid-Rotor, 
Harmonic-Oscillator (RRHO) model. Pressure- and temperature- 
dependent rate constants for the latter reaction class were evaluated 
using the Rice–Ramsperger–Kassel–Marcus Master Equation (RRKM- 
ME) theoretical approach [20] utilizing the MESS software package 

[21]. Tunneling corrections were included using asymmetric Eckart 
potentials. The Lennard-Jones parameters ε and σ were estimated based 
upon the molecular mass of the intermediates involved in each reaction 
using the formalism proposed by Wang and Frenklach [22] and the 
parameters for the nitrogen bath gas were taken from Vishnyakov et al. 
[23]. The collisional energy transfer in ME was treated within the 
exponential down model [24] where the temperature dependence of the 
range parameter α for the deactivating wing of the energy transfer 
function is expressed as α(T) = α300(T/300 K)n with n = 0.85 and α300 =

247 cm− 1 proposed as universal values for hydrocarbons [25]. Supple
mental Material (SM) includes MESS input files for the RRKM-ME cal
culations which incorporate optimized Cartesian coordinates and 
computed vibrational frequencies for all structures considered in this 
work.

3. Results and discussion

3.1. Potential energy surfaces and the reaction mechanism

The C40H10 + C20H10 reaction needs to be initiated by hydrogen 
atom abstraction from either of the reacting molecules making the C40H9 
or C20H9 radicals. Here, we considered C40H10 + H → C40H9 + H2 as an 
option. This reaction is computed to be endothermic by 26 kJmol-1 (in 
terms of ΔH at 0 K) but exoergic (in terms of ΔG) and thus favorable in 
the forward direction at T = 800 K and above – see Table 1. The rapid 
kinetics of the direct hydrogen atom abstraction reactions by H atoms 
from aromatic rings in PAH at combustion temperatures is well estab
lished, see e.g. [26], and hence, here we consider only their equilibria 
described by ΔG values at various temperatures (Table 1).

Once the C40H9 radical is produced, it can react with corannulene. 
After a barrierless formation of the initial van der Waals complex sta
bilized by 30 kJmol-1 with respect to reactants, the reaction proceeds via 
a submerged transition state to the covalently bound intermediate 
C60H19 i1 and then is completed by hydrogen atom loss from the 
attacked carbon atom in C20H10 to form C60H18 p1 (Fig. 1). Thus, at the 
end of this stage, the C40 nano bowl gets connected with the C20 nano 
lid through a single C-C bond. Overall, the C40H9 + C20H10 → C60H18 +

H reaction is computed to be 49 kJmol-1 exothermic, with all 

Table 1 
Reaction enthalpies and Gibbs free energies (kJmol-1) computed at various 
temperatures.

ΔH ΔG

T, K 0 500 1000 1500 2000

H abstraction, CnHx+H→CnHx-1+H2 (a: n = 40; b: n = 60)
x = 10a 26.0 12.3 − 12.5 − 42.6 − 75.9
x = 18b 44.6 35.0 22.7 11.5 1.5
x = 16b 28.1 19.1 7.0 − 4.1 − 13.9
x = 14b 23.6 15.1 4.4 − 5.3 − 13.6
x = 12b 24.6 15.2 2.6 − 9.0 − 19.5
x = 10b 10.0 2.1 − 8.3 − 17.5 − 25.5
x = 8b 24.0 14.7 2.1 − 9.4 − 19.8
x = 6b 8.1 − 0.4 − 11.4 − 21.3 − 29.9
x = 4b 23.3 13.8 1.3 − 10.0 − 20.1
x = 2b − 95.1 − 106.5 − 120.8 − 134.2 − 146.3
C40H9+C20H10→C60H18+H
​ − 48.5 − 9.4 14.8 34.2 50.6
H loss, C60Hx-1→C60Hx-2+H
x = 18 − 9.2 − 41.3 − 78.3 − 116.0 − 153.8
x = 16 105.9 69.5 27.4 − 15.6 − 58.8
x = 14 44.8 9.3 − 30.9 − 71.8 − 112.7
x = 12 98.3 59.2 14.4 − 31.3 − 77.2
x = 10 45.6 8.1 − 34.1 − 77.0 − 120.1
x = 8 90.4 49.7 3.1 − 44.4 − 92.0
x = 6 65.7 25.5 − 19.8 − 65.9 − 112.2
x = 4 − 120.5 − 157.3 − 196.1 − 235.1 − 274.2
x = 2 162.8 135.0 97.9 59.7 21.5
Overall, C40H10+C20H10→C60+10H2

​ 552.9 169.1 − 314.3 − 804.7 − 1292.1
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intermediates and transition states residing below the reactants, and 
thus, is anticipated to be favorable at low temperatures. Note that the 
same C60H18 + H products can be formed through an alternative C40H10 
+ C20H9 reaction. Next, C60H18 is activated by hydrogen atom abstrac
tion from the carbon atom in the C20 unit adjacent to the newly formed 
C-C bond connecting the bowl and the lid endothermic by 44.6 kJmol-1. 
The first cyclodehydrogenation reaction, C60H17 i1 → C60H16 p1 + H, 
ensues (Fig. 1). This reaction proceeds via a six-membered ring closure 
between the C40 and C20 units through a transition state ts1 illustrated 
in Fig. 2 and a barrier of 53 kJmol-1. The C60H17 intermediate i2 resides 
133 kJmol-1 below i1 and can decompose by the hydrogen atom loss 
from the former edge of C40 involved in the six-membered ring for
mation. This results in the C60H16 p1 + H products, 9 kJmol-1 lower in 
energy than C60H17 i1. Following this stage, the bowl and the lid are 
linked via a six-membered ring bridge.

Moving further, hydrogen atom abstraction takes place from a car
bon atom in the lid close to the six-membered bridge linking the C40 and 

C20 units, producing C60H15 i1. In the latter, a five-membered ring can 
close between the edges of the units via C60H15 ts1 (Fig. 2) leading to i2 
and the latter loses an H atom forming C60H14 p1 with an indene-like 
bridge between the bowl and the lid. The C60H15 i1 → C60H14 p1 + H 
reaction stage is more energetically demanding as it involves two tran
sition states located 97 and 116 kJmol-1 above the reactants and is 106 
kJmol-1 endothermic overall.

The alternating hydrogen atom abstraction and cyclo
dehydrogenation steps continue until all hydrogens are removed and the 
edge between the C40 and C20 units are fully zipped forming the C60 
ball. Among the cyclodehydrogenation steps, six-membered ring clo
sures take turns with five-membered ring closures (Fig. 1). The steps 
involving six-membered ring closures (C60Hx-1 → C60Hx-2 + H with x =
14, 10, and 6) have relatively low reaction endothermicities of 45–66 
kJmol-1 and critical barriers for the final hydrogen atom elimination step 
of 62–82 kJmol-1 relative to the decomposing C60Hx-1 i1 reactant. The 
steps with five-membered ring closures (x = 12 and 8) require higher 

Fig. 1. Potential energy diagrams for cyclodehydrogenation reactions eventually leading from C40H9 + C20H10 to C60. Relative energies for each diagram are shown 
in kJmol-1 with respect to the initial reactant(s) for each stage and are computed at the DLPNO–CCSD(T)/cc-pVDZ//B3LYP/6–31G(d) + ZPE(B3LYP/6–31G(d)) level 
of theory.
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energy input, with endothermicities of 98 and 90 kJmol-1, respectively, 
and the hydrogen atom loss barrier of 108 kJmol-1 for both. The ener
getics of the last stages of C60 formation are peculiar. The C60H3 → C60H2 
+ H reaction is highly exothermic because it involves simultaneous 
closures of two rings and thus, the formation of a fully closed carbon 
ball. The hydrogen atom abstraction from C60H2 is also highly favorable 
(95.1 kJmol-1 exothermic, see Table 1) and the final C60H → C60 + H step 
is 163 kJmol-1 endothermic via a barrier of 172 kJmol-1 reflecting a 
rather week C-H bond.

3.2. Reaction kinetics and equilibria

The overall C40H10 + C20H10 → C60 + 10H2 reaction is highly 
endothermic but becomes exoergic above 700 K and its thermodynamic 
favorability keeps increasing with temperature due to the high entropic 
preference for the production of ten H2 molecules. The series of reactions 
proposed here, hydrogen atom abstraction from C40H10, recombination 
of C40H9 and C20H10, and alternating hydrogen atom abstraction and 
cyclodehydrogenation steps involving C60Hx (x = 19 – 0) present a 
kinetically feasible path for the thermodynamically favorable process. 
The hydrogen atom abstraction reactions by hydrogen atom from aro
matics are fast [26]. For example, the recommended generic per site rate 
constants for hydrogen atom abstraction from a zigzag edge of a PAH at 
1500 K are 2.4 × 10–13 and 1.4 × 10–12 cm3 molecule-1 s-1 in the forward 
and reverse directions, respectively. The equilibrium is related to the 

reaction energies, which, with exception of C60H18, are lower than 
30–35 kJmol-1 typical for planar PAHs [26]. The equilibrium constants 
for hydrogen atom abstractions at 1500 K are usually in the range of 
1.4–5.5, excluding a relatively low value for C60H18 (0.4) and a very 
high one for the strongly exothermic C60H2 + H → C60H + H reaction.

All cyclodehydrogenation reactions are predicted to be fast and 
thermodynamically favorable at high temperatures (see Fig. 3a and b 
and Tables 1 and 2). Consider, for example, C60H15 → C60H14 +H, which 
has the highest barriers and endothermicity. At 1 atm, the decomposi
tion rate constant evaluated including contributions from the well- 
skipping channel and collisional stabilization of i2 followed by its 
thermal decomposition exceeds 106 s-1 at T ≥ 1000 K indicating that 
C60H15 would have a lifetime on a sub microsecond scale (Fig. 3b). At 
the high-pressure limit and in steady-state conditions, most of the C60Hx- 

1 radicals would dissociate faster than in 1 ns (Fig. 3a). Also, the RRKM- 
ME calculations at 1 atm show that C60Hx-1 i1 no longer exists as a 
distinct chemical species and equilibrates with i2 at temperatures above 
500 K (C60H13, C60H9, C60H5), 700 K (C60H17, C60H7, C60H3), 800 K 
(C60H11), and 1400 K (C60H15); C60H equilibrates with C60 + H above 
1500 K. While their i2 isomers formed after the ring closure can typically 
survive up to T = 1500–2500 K at 1 atm, the hydrogen atom loss rate 
constants from i2 normally exceed 105–106 s-1 above 1000 K. Consid
ering the fast rate of equilibration in the C60Hx-1 → C60Hx-2 + H re
actions, it is informative to consider equilibrium concentration ratios 
[C60Hx-2]/[C60Hx-1] (Table 2). Their values greatly exceed unity even at 
500 K for x = 18, 14, 10, and 4 and at 1000 K and above for x = 16, 12, 8, 
and 6. For the hydrogen atom loss from C60H, the equilibrium [C60H]/ 
[C60] ratio becomes larger than 1 at 1300 and 1600 K with hydrogen 
atom mole fractions of 0.0004 and 0.01 [27], respectively. We have also 
repeated these calculations for the constant concentration of H atoms, 
[H] = 5 × 1015 molecule cm-3 [28], and the results appeared to be 
similar to those with xH = 0.0004 (Table S2 in SM); with this value of 
[H] the [C60H]/[C60] ratio exceeds unity above 1300 K. Summarizing, 
the C60Hx-1 → C60Hx-2 + H cyclodehydrogenation reactions are antici
pated to be highly favorable in the forward direction under typical 
combustion and pyrolysis conditions.

It appears that the kinetic bottleneck for the overall C40H10 + C20H10 
→ C60 + 10H2 sequence at high temperatures is the initial C40H9 +

C20H10 → C60H18 + H association step. As seen in Fig. 3c, the computed 
rate constant at 1 atm in the forward direction (including both the well- 
skipping mechanism and collisional stabilization/dissociation of the 
C60H19 intermediate) falls with temperature from 1.3 × 10–13 at 500 K to 
1.6 × 10–14 and 1.6 × 10–16 cm3 molecule-1 s-1 at 1000 and 1500 K, 
respectively. The stabilization-dissociation mechanism clearly domi
nates over well-skipping. While this reaction is exoergic below 700 K, its 
equilibrium constant decreases below unity at higher temperatures, 

Fig. 2. Structures of transition states for six- and five-membered ring closures.

Fig. 3. Calculated rate constants for the C60H x-1 (i1) → C60H x-2 + H reactions: (a) at the high-pressure limit using the steady-state approximation for i2, (b) at 1 atm 
including both the well-skipping channel and stabilization/dissociation of i2 (within the steady-state approximation); (c) for the C40H9 + C20H10 → C60H18 + H 
reaction in forward and reverse directions.
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being as low as 0.17 and 0.06 at 1000 and 1500 K, respectively (Table 2).

3.3. Analysis of uncertainties

In addition to the anticipated error bars in the calculated reaction 
energies, ±10 kJmol-1, the computed values of Gibbs free energies have 
uncertainties caused by the use of the harmonic oscillator (HO) 
approximation for evaluation of vibrational partition functions. Some of 
the molecules considered here have a large number of low frequencies 
below 100 cm-1; for example, C60H19 i1 has five frequencies in the range 
of 15–80 cm-1. The use of HO for such modes is inaccurate. Noteworthy, 
none of these low frequency modes can be characterized as internal 
rotations and hence described as a hindered rotor; the barrier for the 
rotation around the single C-C bond connecting the C40 and C20 moi
eties in C60H19 i1 was found to be as high as 88 kJmol-1 due to the steric 
hindrance between edge hydrogen atoms. The number of low fre
quencies rapidly reduces with the cyclodehydrogenation reactions pro
ceeding and falls to one to two for x = 12–8 and to zero for the molecules 
with six or less hydrogens. To assess and partially remove the possible 
error in treating the low-frequency modes as HOs, Truhlar and his group 
proposed to raise all low frequencies under 100 cm-1 to 100 cm-1 and 
called this approach ‘quasiharmonic’ or ‘anharmonic’ calculation [29]. 
We utilized this quasiharmonic calculation here. Table S1 in SM com
pares reaction Gibbs free energies computed using the HO and quasi
harmonic approximations. The deviations between the results of two 
calculations are minimal, within few kJmol-1, for all H abstractions and 
the overall reaction but is more significant for cyclodehydrogenation 
reactions, especially when the number of H atoms is still high. Not 
surprisingly, the largest discrepancies are found for the C40H9 + C20H10 
→ C60H18 + H reaction, for which the quasiharmonic ΔG value is 20 
kJmol-1 higher than the harmonic value even at 500 K, and the differ
ence increases to 85 kJmol-1 at 2000 K. For C60H17 → C60H16 + H, the 
quasihamonic ΔG values are lower than the harmonic ones from 9 
kJmol-1 at 500 K to 39 kJmol-1 at 2000 K. The deviations decrease for 
C60H15 → C60H14 + H, with the maximal value of 13 kJmol-1 at 2000 K, 
and become insignificant for the further cyclodehydrogenation 
reactions.

Turning to the reaction rate constants, the use of the quasiharmonic 
calculation increases the rate constant for the C60H17 → C60H16 + H 
reaction by factors of 3.7–4.2 in the 500–2000 K temperature range, 
whereas the increase is much lower for the other cyclo
dehydrogenations, by factors of 2.1–1.7, 2.6–2.3, 1.5, 1.9–2.0, and 
1.15–1.16 for C60H15, C60H13, C60H11, C60H9, and C60H7, respectively, 
with no changes afterwards. The largest discrepancy is observed for 
C40H9 + C20H10 → C60H18 + H (Fig. S1), where the overall rate constants 
in the forward and reverse directions fall by factors 250–290 and 
2.0–1.7, respectively. Summarizing, the uncertainties due to anharmo
nicity do not affect the main qualitative results of this work. The use of 
the quasiharmonic approach reduces the thermodynamic and kinetic 
favorability of the C40H9 + C20H10 → C60H18 + H reaction but makes the 

cyclodehydrogenations more favorable.

4. Astrophysical implications

Buckminsterfullerene (C60) was first conclusively detected in plan
etary nebulae – descendants of carbon rich Asymptotic Giant Branch 
(AGB) Stars - in 2010 using the infrared capabilities of the Spitzer Space 
Telescope. The first confirmed identification occurred in the planetary 
nebula Tc 1 [30]. The presence of C60 was established through its 
characteristic infrared vibrational emission bands at approximately 7.0, 
8.5, 17.4, and 18.9 μm, which correspond to its fundamental molecular 
modes. Since these initial discoveries, additional planetary nebulae like 
M 1–20, M 1–12, and K 3–54 have been shown to host fullerenes [31].

The environments in which C60 is observed are characterized by 
strong ultraviolet radiation fields generated by hot central stars. These 
stars typically have effective temperatures between some 30,000 K and 
>100,000 K. These stars emit photons spanning from about 1 eV in the 
optical/near-infrared up to and beyond 13.6 eV in the ultraviolet, with 
some emission extending into the extreme UV. For central stars near 
30,000 K, the maximum of the photon energy distribution lies in the far- 
ultraviolet at energies of approximately 6–8 eV, while for hotter stars 
approaching 100,000 K the peak shifts toward higher energies, poten
tially above 20 eV [32]. In practice, much of the highest-energy radia
tion is absorbed by the surrounding nebular gas, but a strong far-UV field 
remains, providing the energetic photons necessary for photochemical 
processing of carbonaceous material. Therefore, in these environments, 
energetic photons can photodissociate hydrogenated C60Hx in
termediates breaking the weakest C-H bonds and producing C60Hx-1 
radicals and leading to rapid formation of C60.

In contrast, C60 is generally not observed in ordinary carbon stars, 
even though these asymptotic giant branch (AGB) stars are the evolu
tionary progenitors of planetary nebulae. Carbon stars have much cooler 
photospheres, typically around 2500–3500 K, and their radiation fields 
peak in the near-infrared at photon energies near 1 eV [33]. They emit 
negligible ultraviolet radiation compared to planetary nebula central 
stars. This difference in radiation environment appears to be crucial, and 
hence strong photon fields in planetary nebulae can in principle drive 
formation of fullerenes via successive dehydrogenation along with the 
aforementioned zipper-type mechanism.

Thus, while the raw carbon-rich precursors to fullerenes are syn
thesized and ejected during the carbon-star (AGB) phase, the trans
formation into detectable fullerenes appears to occur primarily in the 
planetary nebula stage. The observation of C60 in planetary nebulae, but 
not commonly in their carbon-star progenitors therefore reflects the 
critical role of strong ultraviolet radiation fields in driving the chemistry 
that leads to fullerene formation, potentially via the radical induced 
‘zipper line’ pathway described in the present work.

Table 2 
Equilibrium concentration ratios [C60Hx-2]/[C60H x-1] in the C60H x-1 → C60H x-2 + H reactions at typical flame mole fractions of H atoms xH [27] and equilibrium 
constants for the C40H9 + C20H10 → C60H18 + H reaction at various temperatures.

T, K 500 1000 1500 2000

xH 0.0004 0.01 0.0004 0.01 0.0004 0.01 0.0004 0.01
x = 18 5.16E+07 2.06E+06 3.09E+07 1.23E+06 2.74E+07 1.10E+06 2.60E+07 1.04E+06
x = 16 1.38E-04 5.51E-06 9.25E+01 3.70E+00 8.72E+03 3.49E+02 8.60E+04 3.44E+03
x = 14 2.68E+02 1.07E+01 1.03E+05 4.10E+03 7.90E+05 3.16E+04 2.20E+06 8.79E+04
x = 12 1.62E-03 6.49E-05 4.43E+02 1.77E+01 3.09E+04 1.23E+03 2.60E+05 1.04E+04
x = 10 3.57E+02 1.43E+01 1.51E+05 6.04E+03 1.20E+06 4.81E+04 3.42E+06 1.37E+05
x = 8 1.61E-02 6.44E-04 1.73E+03 6.93E+01 8.82E+04 3.53E+03 6.34E+05 2.54E+04
x = 6 5.44E+00 2.18E-01 2.72E+04 1.09E+03 4.94E+05 1.98E+04 2.13E+06 8.53E+04
x = 4 6.79E+19 2.72E+18 4.39E+13 1.76E+12 3.85E+11 1.54E+10 3.63E+10 1.45E+09
x = 2 1.98E-11 7.91E-13 1.92E-02 7.68E-04 2.08E+01 8.32E-01 6.86E+02 2.74E+01
C40H9 + C20H10 → C60H18 + H
Keq 9.68E+00 1.68E-01 6.44E-02 4.76E-02
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5. Conclusions

The present study reveals a thermodynamically favorable and 
kinetically feasible pathway for the gas-phase synthesis of buckmin
sterfullerene C60 via the association of C40H10 (the C40 nano bowl) with 
corannulene C20H10 (a nano lid) in high-temperature environments. The 
initial reaction steps essentially represent a PAC mechanism where the 
phenyl moiety is surrounded by a carbon skeleton in the C40H9 (or 
C20H9) radical. Then, the reaction proceeds via a series of alternating 
hydrogen atom abstraction by hydrogen atoms and cyclo
dehydrogenation steps. The hydrogen atom abstraction steps activate 
closed-shell reactants and intermediates to form reactive radicals, 
whereas the cyclodehydrogenation reactions eventually zip the edges of 
the reacting C40 and C20 units by consecutively closing six- and five- 
membered rings between them. The rate-determining step in the over
all C40H10 + C20H10 → C60 + 10H2 process, which is thermodynamically 
driven by the entropic preference to produce ten hydrogen molecules, is 
the initial C40H9 + C20H10 → C60H18 + H association. This reaction step 
is only preferable at low temperatures, whereas the equilibrium at high 
temperatures is shifted toward the reactants. Considering that cor
annulene can be formed from benzene and naphthalene through a series 
of PAC and HACA steps and the C40 nano bowl is produced from C20H10 
through HAVA and cyclodehydrogenations, we have now fully unrav
eled a potential C60 formation mechanism consisting of elementary re
actions typical for the PAH growth.

The reaction sequence of the bowl closing with the lid explored here 
represents only one of multiple possible mechanisms, as hydrogen atom 
abstractions from the edge of the C20 unit occur in a particular order, 
each time next to the newly closed ring. In fact, the hydrogen atom 
abstraction step can happen randomly from different edge carbon atoms 
of either C40 or C20 units. In the future, it would be interesting to study 
whether such random hydrogen atom abstractions can lead to full 
closure ultimately resulting in C60. One interesting case could be when 
hydrogen atom abstraction in C60H18 occurs on the opposite side of the 
nano bowl (or lid) followed by the formation of the second C-C bond 
between C40 and C20 without any ring closures. In this case, the nano 
lid may stay ajar for a prolonged period allowing atoms or small mole
cules, from noble gases to H2, HF, N2, CO, H2O, and even larger CH4 and 
CH3OH (see, e.g. [34]) to enter the nano bowl and eventually to get 
trapped inside, while the closing process completes, thus providing a 
path toward endohedral fullerenes.

The question on how the C40 nano bowl can be efficiently synthe
sized remains open, although our previous work [13] has shown a 
plausible route via a series of cyclodehydrogenation reactions 
commencing with pentabenzocorannulene C40H20 [35] formed via the 
HAVA mechanism from corannulene, operational at high temperatures, 
e.g., under the flash vacuum pyrolysis (FVP) conditions. For instance, 
FVP was successfully utilized to synthesize the [5,5] carbon nanotube 
C50H10, a larger analog of C40H10, from its precursor – corannulene 
substituted with five dichlorobenzenes [36]. Although the present cal
culations identify a thermodynamically favorable and kinetically 
feasible pathway toward C60, this work alone cannot fully unravel the 
conditions at which the synthesis of C60 would be the dominantly 
preferable outcome of chemical processes. Instead, our goal here was to 
discover mechanistic details of one of the possible formation mecha
nisms of C60 and to determine physically justified thermodynamic pa
rameters and rate constants for chemical reactions involved in this 
mechanism. Although zipper-like mechanisms toward fullerenes were 
speculated in the past [37,38], the present work is the very first to 
provide their mechanistic, thermodynamic, and kinetic parameters. 
Thus, the work contributes to the development of robust and reliable 
kinetic models for the formation of fullerenes and soot with predictive 
power. Such kinetic models can eventually answer the question at what 
conditions the formation of fullerenes is preferable, which particular 
mechanisms provide significant inputs in their formation, and how the 
reaction conditions need to be adjusted to achieve maximal yields of the 

desired products.
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