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ABSTRACT: Resonantly stabilized free radicals (RSFRs) have been contemplated as
fundamental molecular building blocks and reactive intermediates in molecular mass growth
processes leading to polycyclic aromatic hydrocarbons (PAHs) and carbonaceous nano-
particles on Earth and in deep space. By combining molecular beams and computational fluid
dynamics simulations, we provide compelling evidence on the formation of benzene via the
cyclopentadienyl-methyl reaction and of naphthalene through the cyclopentadienyl self-
reaction, respectively. These systems offer benchmarks for the conversion of a five-membered
ring to the 6z-aromatic (benzene) and the generation of the simplest 107-PAH (naphthalene)
at elevated temperatures. These results uncover molecular mass growth processes from the
“bottom up” via RSFRs in high temperature circumstellar environments and combustion
systems expanding our fundamental knowledge of the organic, hydrocarbon chemistry in our
universe.
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ince the discovery of the cyclopentadienyl radical (CH;*) tionally for decades (Supporting Information Introduction—

by Thrush (1956),"” resonantly stabilized free radicals Theoretical Calculations), experimental evidence on the
(RSFRs)—organic radicals, such as propargyl (C;H;*), outcome of the elementary gas phase reactions of free
cyclopentadienyl (C;H;*), and benzyl (C,H,*), with the cyclopentadienyl radicals at high temperatures along with an
unpaired electron delocalized over multiple carbon atoms— isomer specific in situ identification of benzene (1) and
have been proposed as key reactive intermediates in molecular naphthalene (2) is lacking (Table S1). Therefore, a high-level
mass growth processes to polycyclic aromatic hydrocarbons experimental study is imperative to untangle not only the initial
(PAHs) and carbonaceous nanostructures in combustion bond-forming steps but also successive isomerization pathways
flames, along with circumstellar envelopes of carbon-rich of cyclopentadienyl radical reactions controlling the synthesis
asymptotic giant branch (AGB) stars and planetary nebulae as of benzene (1) and naphthalene (2) at elevated temperatures.
their descendants.’™"' PAHs are defined as organic molecules This approach establishes an experimental benchmark for a

fundamental understanding of the reactivity of RSFRs such as
the prototype cyclopentadienyl and changes our perception
how we contemplate pathways to aromatic structures through
reactions of RSFRs in our universe.

Here, we provide evidence on the formation and isomer
selective in situ identification of benzene (C¢Hg (1)) and
naphthalene (C,oHg (2)) through barrierless radical—radical
reactions of the cyclopentadienyl radical (CsH;*) with methyl
(CH;*) [reaction 1] and cyclopentadienyl (CsH;*) [reaction
2], respectively. These systems represent benchmarks of RSFR
reactions initiated by barrier-less carbon—carbon bond
coupling leading to S-methylcyclopenta-1,3-diene (C;H;CH,,

composed of multiple fused benzenoid rings. Whereas on
Earth, PAHs and nanometer-sized soot particles are classified
as carcinogenic byproducts liberated in incomplete combustion
processes of fossil fuel,'? in the interstellar medium, PAHs
have been implicated in the abiotic syntheses of biorelevant
molecules essential to the earliest forms of life.">~'° PAHs are
also ubiquitous in carbonaceous chondrites, such as Allende,
Murchison, and Orgueil and may account for up to 30% of the
cosmic carbon budget.w’18 Classified as an electron-deficient
transient radical with a single unpaired electron delocalized

over five chemically equivalent methylidyne (CH) moi-
19,20

eties, the cyclopentadienyl radical (CsHs*) has been
suggested as a critical precursor to the simplest 67 and 107
aromatic molecules: benzene (C¢Hg (1)) and naphthalene Received: November 14, 2021
(CioHy (2)) (Figure 1). Accepted: December 27, 2021

Although the formation pathways of benzene (1) and Published: December 30, 2021

naphthalene (2) via methylation of cyclopentadienyl (reaction
1)>*'7** and through the cyclopentadienyl radical self-reaction
25-27 .

respectively, have been explored computa-

[reaction 2],
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Figure 1. Top: Reaction pathways for the cyclopentadienyl—methyl system calculated at the CCSD(T)-F12/cc-pVTZ-f12 level theory extracted
from ref 24. Bottom: Reaction pathways for the cyclopentadienyl radical self-reaction calculated at the G3(MP2,CC)//B3LYP/6-311G(d,p) level
theory extracted from ref 26. The values on top of the arrows indicate transition state energies.

il) and 9,10-dihydrofulvalene (C;H;CiH;, i10 and ill)
intermediates, respectively (Figure 1). Atomic hydrogen loss
succeeded by extensive isomerization through hydrogen
migration, ring expansion, and ring contraction via exotic
bicyclic reaction intermediates eventually form benzene (1)
and naphthalene (2) under experimental conditions simulating
the high temperature conditions of combustion systems and of
carbon-rich circumstellar environments.”® Supported by
computational fluid dynamics (CFD) and kinetic simulations,
the routes of methylation (reaction [1], Figure 1 top) and self-
recombination (reaction [2], Figure 1 bottom) offer bench-
marks for the conversion of a five-membered ring to a six-
membered ring and for the synthesis of a bicyclic 10 7 PAH.
These routes bypass the “generally accepted” phenyl (C4H;")
radical mechanism via hydrogen abstraction—acetylene addi-
tion (HACA).””** Benzene (1) and naphthalene (2) along
with the phenyl (C4H;®) and 1-/2-naphthyl (C,,H,"*) radicals,
which are accessible via hydrogen abstraction as well as
photolysis of 1 and 2, respectively, participate in molecular
mass growth processes to truly complex PAHs and ultimately
carbonaceous nanoparticles” from the “bottom up”. This
understanding of RSFR reactions is also crucial to decipher the
low temperature chemistry that leads to carbon growth in
hydrocarbon-rich atmospheres of planets and their moons.
Although the initial step of each radical—radical recombination
has no entrance barrier and proceeds rapidly, the low
temperature prohibits the overall endoergic reactions. How-
ever, the low temperature and pressures of a few 100 Torr
support three-body stabilizations of the collision complexes,
which then can be photolyzed to eventually yield benzene (1)
and naphthalene (2). These processes initiate fundamental
mass growth processes, thus, providing the simplest aromatic
building blocks for a rich photochemistry on a planetary scale.

209

C,H,* + CH," - C,H,CH, — C{H,* + H"

— C¢H, + 2H° (1)
CH,* + C,H," -» C.H,C;H; - C,,H," + H*
- C,Hg + 2H® (2)

Anisole (C4H;OCH;) was used as a precursor to generate
cyclopentadienyl (CH;*) and methyl radicals (CH;") in well-
defined molar ratios in the reactor;>” the products were
identified with isomer selective synchrotron-based mass
spectrometry through photoionization. Representative mass
spectra, which provide information on the molecular formulas
of the reaction products, were collected at a photoionization
energy of 9.50 eV and temperature of 1525 + S K (Figure 2).
Control (blank) experiments of helium-seeded anisole
(C¢H;OCHj;) collected under identical experimental con-
ditions, but without heating the silicon carbide tube, verify that
the products are not contaminations from the reactants (Figure
S1). The mass spectrum in Figure 2 reveals ion counts at m/z
= 64 (CsH,Y), 65 (CsHY), 66 (*CC,H*/CHY), m/z = 78
(CeHy"), 79 (CgH,*/PCCsH"), 80 (CgHg"), 128 (CyoHy"),
and 130 (C;yH;,"). The aforementioned ions can be formally
linked to C;H;* (65 amu), a hydrogen loss product with the
molecular formula C;H, (64 amu), and the hydrogen atom
addition product C;Hg (66 amu). Ion counts with lower
intensities are magnified in the inset (Figure 2); these ion
counts are absent in the control experiments highlighting that
ions at m/z = 78, 79, 80, 128, and 130 can be associated with
the actual reaction products. Accounting for the molecular
weights of these reactants, as well as the intermediates and
products, CsHg (80 amu) and C;,H;, (130 amu) molecules
are the result of the recombination of methyl (15 amu) with
cyclopentadienyl (65 amu) (reaction 1) and of the cyclo-
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Figure 2. Photoionization mass spectrum recorded at a photon energy
0f 9.50 eV for the anisole/helium system at a temperature of 1525 + 5
K. The inserts highlight the ion signal from m/z = 74 to 84 and m/z =
124 to 134.

pentadienyl self-recombination (reaction 2), respectively.
Overall, two successive hydrogen atom losses could yield
C¢Hg (reaction 1) and C,oHg (reaction 2), the “target”
products of this work.

It is the goal of the present work to identify not only the
molecular formulas, but also the structural isomers formed in
the cyclopentadienyl radical reactions 1 and 2. To accomplish
this objective, we exploit photoionization efficiency curves
(PIE), which report the intensity of a well-defined ion of a
specific m/z ratio as a function of photon energy from 8.0 to
10.0 eV in steps of 0.05 eV (Figures 3 and S2). Each PIE graph
can be fit with a (linear combination of) reference curves of
distinct structural isomers, which serve as base functions. First,
the PIE curve at m/z = 78, can be replicated by the sum of
three C¢Hg isomers: benzene (1), fulvene (3), and 1,5-
hexadiyne (4) (Figure 3, Supporting Information). The onset
of the ion counts at 8.40 + 0.05 eV correlates nicely with the
adiabatic ionization energy (IE) of fulvene (3) of 8.36 + 0.02
eV.*® The contribution of fulvene to the ion counts up to 9.2
eV is critical. From 9.2 to 9.9 eV, the incorporation of benzene
is necessary to replicate the experimental data. The second
onset of 9.2 eV agrees well with the adiabatic IE of benzene
(1) of 925 + 0.05 eV.** A contribution of 1,5-hexadiyne (4)
with an adiabatic IE of 9.95 + 0.05 eV is required to replicate

the section from 9.9 to 10.0 eV of the PIE curve of m/z = 78.
Second, the PIE curve at m/z = 79 essentially overlaps with the
PIE curve of m/z = 78 after scaling indicating that m/z = 79
represents the '*C analogues of m/z = 78. Finally, the PIE
curve at m/z 128 can be reproduced with a single
contribution from naphthalene (2). The onset of the ion
counts at 8.1 eV agrees well with the adiabatic IE of
naphthalene of 8.144 + 0.001 eV.>> Azulene, the structural
isomer of naphthalene, is not formed; this isomer has an
adiabatic IE of 7.42 + 0.05 eV, but no ion counts are observed
below 8.1 eV. The ion counts at m/z = 128 are weaker by a
factor of about five compared to m/z = 78. Hence, due to the
limited signal-to-noise, no reliable PIE curve for m/z = 129
(BCCyH;") could be extracted.

This present examination provides direct evidence on the
first gas phase preparation and in situ detection of the simplest
monocyclic and bicyclic aromatics—benzene (1) and naph-
thalene (2)—through the reactions of the cyclopentadienyl
with the methyl radical (reaction 1) and via the cyclo-
pentadienyl radical self-reaction (reaction 2). The findings
hold critical consequences to the chemistry of a key class of
organic radicals, namely, RSFRs, and of aromatic systems in
general in high temperature combustion flames and carbon-
rich circumstellar envelopes of AGB stars. These complex
chemical systems are driven by a series of bimolecular and
termolecular reactions yielding eventually PAHs and carbona-
ceous nanoparticles (soot, interstellar grains). Barrierless
bimolecular reactions 1 and 2 lead to S-methylcyclopenta-
1,3-diene (C4Hg, il) and cis/trans-9,10-dihydrofulvalene (cis/
trans C,oH;,, 110/i11) via recombination of the reactants with
their radical centers resulting in the formation of a carbon—
carbon single bond (Figure 1). In the cyclopentadienyl-methyl
system, to form benzene (1), adduct il has to eventually emit a
hydrogen atom yielding i4 or has to isomerize to i2 and i3
prior to ejecting a hydrogen atom to i8 and i9, respectively
(Figure 1). For the cyclopentadienyl self-reaction, in order to
access naphthalene (2), an atomic hydrogen elimination
leading to il2 represents a critical prerequisite, too. These
pathways to the hydrogen loss doublet radicals (i4, i8, i9, i12)
are overall endoergic by 6 to 98 kJ mol™'; the endoergicities
can be compensated by the high temperatures of combustion
and circumstellar environments of a few 1000 K. Further, in
combustion flames, the high-density conditions support three-
body collisions and can also lead to a stabilization of the
reaction intermediates (il-i3, i10-il1). Krasnoukhov et al.

= fulvene
1,5-hexadiyne

o fit

— it

Intensity

A e 0 s A A
experiment experiment = experiment
benzene benzene ("°C) naphthalene

fulvene ("°C)
1,5-hexadiyne (°C)

L L S S B B S e B e

— —— T
8.0 8.5 9.0 9.5 8.0 8.5

T
9.0

LI S S B S B e e e

T
9.5 8.0 8.5 9.0 9.5 10.0

Photon Energy (eV)

Figure 3. Photoionization efficiency (PIE) curves for products of interest in the reaction of the cyclopentadienyl radical with methyl (a and b) and
the cyclopentadienyl radical self-recombination (c) at a reactor temperature of 1525 + S K. Black: experimental PIE curves; blue/green/red:
reference PIE curves; the red line resembles the overall fit. The error bars consist of two parts: +10% based on the accuracy of the photodiode and

a 1 o error of the PIE curve averaged over the individual scans.

210

https://doi.org/10.1021/acs.jpclett.1c03733
J. Phys. Chem. Lett. 2022, 13, 208-213


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c03733/suppl_file/jz1c03733_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c03733/suppl_file/jz1c03733_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03733?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

revealed that at 760 Torr, nearly all collision complexes can be
stabilized via third-body collisions.”* The doublet radicals (i4,
i8, 19, i12) are also accessible through hydrogen abstraction by,
for example, atomic hydrogen, which represents a ubiquitous
reactant in combustion systems. Further rearrangements of the
radicals eventually lead to benzene (1) along with fulvene (3)
(reaction 1 and naphthalene (2) (reaction 2). It is important
to highlight that the branching ratio of benzene (1) versus
fulvene (3) strongly depends on the pressure and the
temperature. For example, at 1100 K and 7.6 Torr, branching
ratios of 73% (1) and 27% (2) were predicted to be formed; as
the pressure rises, the branching ratio of 1 versus 2 decreases.
Similarly, when the temperature increases to 2000 K at 7.6
Torr, the predicted branching ratio of 1 drops to 61%, with
that of 2 rising to 39%. At 1 atm, the 1 versus 2 branching ratio
decreases from 70% to 30% at 1100 K to 42% to 58% at 2000
K.** We do acknowledge that Yuan et al. identified benzene
and naphthalene during the pyrolysis of 1% anisole in 99%
argon buffer gas at temperatures up to 1160 K in a flow
reactor.”® However, the present study was conducted under
dilute reactant conditions of about 0.02% anisole providing
methyl and cyclopentadienyl reactants at identical concen-
trations in helium. This low concentration along with a
residence time of the reactants in our reactor of only a few tens
of microseconds compared to hundreds of milliseconds in
Yuan et al’s flow reactor support an identification of initial
products and eliminates molecular mass growth processes
beyond naphthalene in the present study. Supported by fluid
dynamics simulations, these dilute conditions are critical to
extract information on the nascent, initial reaction pathways to
benzene and naphthalene.*®

The trends of our high temperature experimental studies are
fully supported by computational fluid dynamics (CFD) and
kinetic simulations of the micro reactor (Supporting
Information). These simulations model the temperature and
pressure profiles (Figure S3) within the reactor and also
incorporate a kinetic reaction model to rationalize the
experimentally derived branching ratios of the reaction
products (Figure 4, Tables S2 and S3). The legitimacy of
this approach has been validated earlier by benchmarking the
formation of naphthalene (C;yHg) and [4]-helicene
(CyHy,).*%*” These simulations incorporate the key reaction

T T T
—— 1-fulvene*10
2.0x10° 4—— 2-naphtalene*10 3 -2.0x10°¢
—— 3-benzene via reaction CgHg+CH, )
—— 4-benzene via reaction C;H,+C;H;*100
S 1.5x10° 1.5x10°®
©
S
&
2
£ 1.0x10° 1 1.0x10°®
©
5.0x107 4 5.0x107
0.0 T T T 0.0
0 1 2 3

Distance, cm

Figure 4. Growth of fulvene, naphthalene, and benzene along the
distance within the pyrolytic reactor: (1) fulvene, (2) naphthalene,
and (3) benzene via reaction 1; 4-benzene via propargyl radical self—
reaction, involving reactions 6—21 (Table S2).
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pathways predicted computationally by Krasnoukhov et al.
(Figure 1 top)*® and the detailed cyclopentadienyl radical self-
reaction by Green and co-workers (Figure 1 bottom)” by
focusing on reactions, which can actually produce benzene and
their isomers, or naphthalene. More specifically, the reaction of
cyclopentadienyl (C;H;) with methyl forming C¢Hj inter-
mediates was in fact implicitly included as the source of the
rate constants;”* this framework treated all pertinent reactions
on the C¢Hg and C¢H;, surfaces including rate constants for the
formation of benzene and fulvene. Further, the cyclo-
pentadienyl (CsH;) self-reaction leading to C,oH,, intermedi-
ates, which react via C;H, to naphthalene (C;;H;) was
incorporated.”® The CiHy + C,H,, CH; + CH,; C¢H,O +
C¢H;O reactions produce neither benzene nor naphthalene
and were not included. Our simulations yield five key findings.
First, these simulations replicate the higher yield of benzene
(1) versus fulvene (3). Second, they reveal a strong preference
of benzene (1) over naphthalene (2) (Figure 4). Third, the
simulations reveal that 99% of benzene (1) is formed via
reaction 1, whereas only 1% is formed via the propargyl radical
self-reaction.”” This can be rationalized considering that the
formation of benzene (1) via the propargyl radical self-reaction
is a “higher order” reaction since it requires the decomposition
of the cyclopentadienyl radical to propargyl plus acetylene.
This small fraction is also in line with the low ion counts of
1,5-hexadiyne (HCCCH,CH,CCH, 4) formed via the
recombination of two propargyl radicals at their CH,
moieties.”” Overall, we can conclude that the propargyl radical
self-reaction only contributes to a minor amount of the overall
benzene signal. Fourth, the C;H, + C,H, reaction is irrelevant
since C4H, is unstable under the micro reactor conditions
rapidly equilibrating with C¢Hyg isomers plus atomic hydrogen.
Fifth, the HACA growth from benzene to naphthalene was also
eliminated by the modeling, since the addition of the HACA
reactions in the model did not affect the yield of naphthalene.

The low temperature chemistry in the hydrocarbon-rich
atmospheres of planets and their moons, such as Titan (80—
150 K), represents a particular challenge for radical—radical
reactions. Although the initial radical—radical recombination to
S-methylcyclopenta-1,3-diene (C¢Hg, il) and cis/trans-9,10-
dihydrofulvalene (cis/trans-C,oH,o, i10/i11) have no entrance
barrier and hence proceeds rapidly, the low temperature
prohibits the overall endoergic unimolecular decomposition via
atomic hydrogen loss or hydrogen abstraction generating the
doublet radicals (i4, i8, i9, i12). However, the low temperature
and pressures of a few 100 Torr support three-body
stabilizations of the collision complexes by, for example, the
nitrogen molecules in Titan’s atmosphere.”” The stabilized
collision complexes can then be photolyzed by photons of
sufficient energy to eventually yield not only the required
doublet radicals (i4, i8, i9, i12), but also eventually benzene
(1), along with fulvene (3) and naphthalene (2). Commencing
with il and i10/ill, the transition states of highest energy
reside at 543 and 318 kJ mol™', respectively, which requires
photons of at least 5.63 (220 nm) and 3.30 eV (376 nm),
respectively; these are readily available from the solar photon
field interacting with Titan’s atmosphere. Once formed,
benzene (1) and naphthalene (2) can be photolyzed to the
phenyl (C¢H;®) and 1-/2-naphthyl radicals (C;,H,*). These
radicals drive fundamental mass growth processes to
anthracene (C;,H;;) and phenanthrene (C;,H;,)*" and
beyond®' via low-temperature ring annulation upon reaction
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with vinylacetylene (C,H,) thus providing the feedstock for a
rich photochemistry on a planetary scale.

To conclude, the in situ identification of benzene (CyHg
(1)) and naphthalene (C;;Hg (2)) showcases the critical
importance of radical—radical reactions involving resonantly
stabilized cyclopentadienyl radicals in the formation of the
simplest 67 and 107 aromatic hydrocarbons under high
temperature conditions mimicking combustion systems and
circumstellar envelopes of carbon rich AGB stars like IRC
+10216 alon§ with planetary nebulae, such as CRL618 as their
descendants.”” "> These processes facilitate molecular mass
growth processes via methyl-radical induced ring expansion
through the conversion of a five-membered ring to a six-
membered ring molecule benzene (C4Hg (1)) and essentially
bypass the high temperature HACA mechanism through
cyclopentadienyl radical self-reaction to naphthalene (C,,H;
(2)) thus providing unusual but experimentally substantiated
pathways to PAH formation in high temperature environ-
ments. The reaction of the methyl radical with any cyclo-
pentadienyl radical moiety incorporated into larger PAH
structures is expected to eventually yield via ring expansion a
six-membered ring; likewise, the reaction of the cyclo-
pentadienyl radical with any cyclopentadienyl moiety of an
aromatic substructure eventually transforms into a naphthalene
structure incorporated within an existing aromatic molecule.
Both processes essentially drive the formation of graphitic
nanostructures and may provide a rationale of the synthesis
and detection of graphite in carbonaceous meteorites,""***”
such as the L3 chondrite Khohar*® and Murchison.*
Therefore, the fundamental mechanistic pathways presented
here will be crucial in rationalizing elementary reactions in
complex chemical systems at high temperatures such as
combustion and circumstellar environments one reaction at a
time eventually enriching our knowledge of the formation and
evolution of carbonaceous matter in the galaxy.
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