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CONSPECTUS: Polycyclic aromatic hydrocarbons (PAHs) represent critical building blocks in
molecular mass growth processes to carbonaceous nanoparticles, referred to as interstellar and
circumstellar grains along with soot particles in astrophysical environments and combustion
systems, respectively. Recent advancements on elucidating elementary steps to PAHs have utilized
reactions of aromatic radicals, resonantly stabilized free radicals, and aliphatic radicals with closed
shell hydrocarbons. However, the role of radical-radical reactions (RRR) leading to PAHs has
remained largely unexplored on the molecular level due to preceding experimental challenges in
producing sufficiently high number densities of radical reactants for isomer-selective detection of
products from bimolecular and termolecular reactions. This Account offers the latest developments
in our knowledge on the mechanisms and pathways to PAHs via RRR probed in a chemical
microreactor at temperatures as high as 1,500 K. Product preservation in a molecular beam coupled
with synchrotron vacuum ultraviolet photoionization reflectron time-of-flight mass spectrometry
and photoelectron photoion coincidence spectroscopy enabled isomer-selective detection of PAHs
of up to three rings by their photoionization efficiency curves, which were fit with a linear
combination of reference curves for identification. Experiments were combined with
computational fluid dynamics modeling of the physico-chemical processes in the microreactor, as
well as high-level electronic structure calculations to reveal the reaction pathways of each system.
Six distinct reaction mechanisms were discovered in this work: Propargyl Addition —
BenzAnnulation (PABA), Methyl Addition — Ring Expansion (MARE), CycloPentadienyl
Addition — Naphthylization (CPAN), Fulvenallenyl Addition — Cyclization — Aromatization
(FACA), Benzyl Addition — Aromatization (BAA), and Phenyl Addition — Pentacyclization (PAP).
By systematically varying the number of carbon atoms in the radical reactants, molecular mass
growth processes involving reactions between radicals with odd numbers of carbon atoms access
aromatics carrying one, two, or three six-membered rings, whereas reactions between even- and
odd-carbon-numbered radicals produce aromatics combining five- and six-membered rings. Our
investigations reveal unconventional cycloadditions on excited state triplet surfaces, additions of
radicals to low spin density carbon-centered radicals, spiroaromatic and fulvene-type
intermediates, and highly strained bicyclic reaction intermediates, challenging current perceptions
of PAH molecular mass growth processes. All the listed mechanisms, except for FACA, feature

endoergic reactions or barriers which lie above the separated reactants and therefore might be

2



central to circumstellar environments of carbon-rich stars and planetary nebulae as their
descendants, but they play no role in the gas phase of cold molecular clouds where temperatures as

low as 10 K dominate. Overall, this work provides detailed reaction mechanisms of PAH growth

processes, advancing our knowledge of the chemistry of carbonaceous matter in the universe.
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1. INTRODUCTION

The first isolation of naphthalene (C,,Hy) from distillation of coal tar by Garden in 1820° led to the
discovery of polycyclic aromatic hydrocarbons (PAHs)—organic molecules carrying fused
benzene rings. Subsequently, PAHs have emerged as fundamental molecular building blocks and
precursors to carbonaceous nanostructures®’ involving bottom-up molecular mass growth
processes in high- and low-temperature environments. These nanostructures, often referred to as
soot particles in combustion settings (1,000-2,000 K),? are known as interstellar and circumstellar
grains in molecular clouds (10 K)? and carbon-rich envelopes of evolved asymptotic giant branch
(AGB)' stars with temperatures of up to a few 1,000 K, respectively. Planar PAHs such as
coronene (CH,, 1) along with two-dimensional nanostructures (graphenes, nanoflakes) require
six-membered rings as present in the benzene moiety [benzene (C¢Hs, 4)] (Figure 1). Non-planar
PAHs like corannulene (C,0H,o, 2) together with three-dimensional nanostructures (nanobowls,

nanotubes, fullerenes) necessitate five-membered cyclic building blocks [cyclopentadiene (CsHg,
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Figure 1. Prototype planar (coronene, CoH,,, 1), bent (corannulene, CyH,o, 2), and contorted (nanographene, Cs,H,,,
3) PAHs along with their molecular building blocks benzene (C¢Hg, 4), cyclopentadiene (CsHg, 5), and azulene (C,,Hy,
6).



5)] to bend their planar molecular structures out of the plane. Five-membered rings annulated to a
seven-membered cyclic moiety such as in distorted nanographenes (3) require an azulene moiety
(CioHs, 6) accessing contorted, saddle-shaped aromatic systems with both a positive and negative
curvature of the carbon backbone.

On Earth, PAHs are ubiquitous. These aromatics are largely linked to unwanted byproducts
of incomplete combustion processes of fossil fuels and biofuels in transportation and power
generation as well as naturally in emissions from forest fires and volcanoes.™ Terrestrial PAHs are
typically carcinogenic and highly toxic.'> However, in the interstellar medium, PAHs and their
alkylated, ionized, (de)hydrogenated, and protonated derivatives may account for up to 30 % of the
cosmic carbon budget'*'* as derived from the analysis of diffuse interstellar bands (DIBs)! and
unidentified infrared (UIR) emissions!® in the ultraviolet (200400 nm) and infrared (3—20 um)
regions of the electromagnetic spectrum, respectively, and reinforced through microwave
detections of cyano-substituted PAHs with sizes ranging up to cyanocoronene.” In these
environments, PAHs represent key intermediates and nucleation sites leading eventually to
circumstellar and interstellar grains!® through high- and low-temperature molecular mass growth
processes. Furthermore, the identification of PAHs as complex as chrysene (C;sH;,) and
triphenylene (CsH,,) on the carbonaceous asteroid Ryugu? shows the rich chemistry that PAHs
facilitate, leading to discrete pathways involving a classical high temperature synthesis in carbon-
rich circumstellar envelopes, but also unexpected low-temperature pathways in molecular clouds
such as TMC-1.2

Therefore, the fundamental understanding of the key processes and mechanisms in the
synthesis of PAHs along with their precursors provides insights into how complex aromatic
structures such as graphenes, fullerenes, and carbonaceous nanoparticles (soot, interstellar grains)
are formed. These studies also critically assist in elucidating the formation pathways that PAHs
afford to supramolecular chemistry and material sciences (optoelectronic devices, quantum dots)
leading to a diverse array of carbon-based materials such as carbon nanotubes (CNTs), nanohoops,
nanobelts, nanocones, cycloparaphenylenes (CPPs), polyparaphenylenes (PPPs), Maobius
macrocycles, nanographenes, graphite, nanoribbons, and nanobowls. The underlying elementary
steps and reaction mechanisms engaged in molecular mass growth processes to PAHs involving

reactions of aromatic radicals (AR), resonantly stabilized free radicals (RSFRs), and aliphatic
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radicals with closed shell hydrocarbons are captured in the Hydrogen Abstraction — C,H,
(acetylene) Addition (HACA, R1),”** Hydrogen Abstraction — Vinylacetylene Addition (HAVA,
R2),* Phenyl Addition — dehydroCyclization (PAC, R3),”* and Methylidyne Addition —
Cyclization — Aromatization (MACA, R4)® mechanisms (Figure 2). However, the role of
Radical-Radical Reactions (RRR) in the synthesis of aromatic structures on the molecular level
have been largely elusive. This lack of knowledge is associated with the absence of sophisticated
molecular beam experiments coupled with the experimental inability to prepare sufficiently high
number densities of the fragile radical reactants that allow for an isomer-selective detection of the
reaction products generated in successive bimolecular and/or termolecular reactions.

This Account presents recent advances on the gas-phase formation mechanisms of up to
three-ringed aromatic hydrocarbons synthesized via previously elusive RRR (Figure 3) involving
C1 to C13 hydrocarbon radicals (Figure 4) in a high-temperature chemical microreactor coupled
with an isomer-specific identification enabled by vacuum ultraviolet photoionization reflectron
time-of-flight mass spectrometry (ReTOF-MS) or photoelectron photoion coincidence
spectroscopy (PEPICO) at a synchrotron.”* By systematically varying the number of carbon
atoms in the radical reactants, molecular mass growth processes involving reactions between two
odd-numbered radicals access aromatics carrying one (benzene), two (naphthalene, C,Hs, 7), and
three (anthracene/phenanthrene, C,,H,,, 10/11) six-membered rings. Benzene was prepared in the
C1-C52 and C3-C33 systems, naphthalene was formed in C1-C9,22 C3-C7,# and C5-C52
reactions, and anthracene/phenanthrene were synthesized in the C1-C13,** C3—-C11,2 C5-C9,%*
and C7-C7° systems. These reactions involved the methyl (CH;, 13), propargyl (C;H;, 14),
cyclopentadienyl (CsHs, 15), fulvenallenyl (C,Hs, 17), benzyl (C,H,, 18), 1-indenyl (CoH;, 9), 1-
and 2-naphthylmethyl (C;;Hy, 19/20), and 9-fluorenyl (C;;H,, 21) radicals; resonantly stabilized
free radicals (RSFRs) are denoted in italics, whereas aromatic radicals (AR) are highlighted in bold
(Figure 4). Those experiments were expanded systematically to the formation of aromatics
carrying five- and six-membered rings [indene (CoHg, 8), 1-indenyl, fluorene (C3sH,, 12)]
synthesized in the C3—C6*’ and C7-C6* systems through reactions involving propargyl plus phenyl
(C¢Hs, 16) and benzyl plus phenyl radicals. This Account concludes with implications of our

results to the often-exotic gas-phase hydrocarbon chemistries in combustion systems and



molecular mass growth processes in deep space highlighting future research directions involving

PEPICO 1in this field.
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Figure 2. Fundamental pathways involved in molecular mass growth processes via Hydrogen Abstraction — C,H,
(acetylene) Addition (HACA), Hydrogen Abstraction — Vinylacetylene Addition (HAVA), Phenyl Addition —
DehydroCyclization (PAC), and Methylidyne Addition — Cyclization — Aromatization (MACA). Arrows in blue
indicate barrierless pathways. Building blocks color coded in red define the moieties of the closed shell reactants. At
elevated temperatures, HACA can lead to the gas-phase synthesis of naphthalene (C,,Hs, R1a); [3+2] (R1b) and
[4+2] (R1c) bay closures result in annulations of five- and six-membered rings, respectively. The barrierless HAVA
route converts phenyl radicals to naphthalene via [4+2] ring annulation (R2). PAC provides high temperature routes
to indene and naphthalene moieties via [6+3] and [6+4] additions as exemplified in reactions R3a and R3b. MACA

converts vinyl substituted aromatics to indene moieties via barrierless [5+1] addition (R4).
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Figure 3. Pathways to aromatic hydrocarbons via gas-phase Radical-Radical Reactions (RRR).
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Figure 4. Structures of radical reactants exploited to synthesize aromatics with up to three rings in the gas-phase via

Radical-Radical Reactions (RRR).

10



2. METHODOLOGY

The experiments employed here used a chemical microreactor interfaced to a molecular beam
machine and either a ReTOF or PEPICO mass spectrometer in conjunction with vacuum ultraviolet
(VUYV) photoionization (Figure 5).2% Thermally labile reactants are seeded in helium carrier gas at
typical backing pressures of 100 to 600 Torr with precursor concentrations of less than 1 %. These
gas mixtures are introduced through a 100-200 um nozzle into a resistively heated silicon carbide
(SiC) tube with an inner diameter of 1 mm that can be heated from 20-40 mm. Temperatures of up
to 1,500 K pyrolyze the precursors, and the resulting radicals then react within the silicon carbide
tube. Short residence times and dilute radical concentrations allow molecular mass growth
processes to initiate through the in situ reaction of two radicals. The continuous supersonic beam is
skimmed and interrogated in the ionization region of the ReTOF/PEPICO spectrometer by tunable,
quasi-continuous (500 MHz) VUV synchrotron radiation at the Chemical Dynamics Beamline
(9.0.2) of the Advanced Light Source or the X04DB Beamline of the Swiss Light Source. Time-of-
flight spectra are recorded, and photoionization efficiency (PIE) curves of an ion of a well-defined
mass-to-charge ratio (m/z) can be obtained by plotting the integrated ion signal at that m/z versus
the photon energy, while mass-selected threshold photoelectron (ms-TPES) spectra are collected
while selecting only the photoelectrons with kinetic energy less than 10 meV in coincidence with
photoions at the desired m/z. These PIE curves and ms-TPE spectra are central for the identification

of structural isomers via fitting with a linear combination of known reference curve(s).
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Figure 5. (a) Schematics of the experimental setup, (b) typical single photoionization mass spectrum, and (c)

corresponding photoionization efficiency curves (PIE). In panel (a), the mass spectrometer is reproduced from ref 66
with permission from the PCCP Owner Societies, while the remainder is reproduced from ref 67, copyright 2024

American Chemical Society. The spectra in panels (b) and (c) are reproduced from ref 4 with permission from Wiley.

Describing the physico-chemical processes in the microreactor requires combining
computational fluid dynamics (CFD) simulations with chemical kinetics modeling.**** The
simulations begin with solving the electric current and heat transfer equations where the current
resistively heats the microtubular SiC reactor. The released heat is transferred to the stainless steel
housing and is also radiatively emitted through the outer surface of the setup, whereas the hot inner
surface of the reactor heats the gas flow. Next, the Navier-Stokes equation is solved to describe gas
motion in the reactor, and mass transfer equations are solved for strongly diluted components in the
carrier gas. While the gas flow moves through the reactor, the mass transfer equations are coupled
with chemical kinetics equations describing rates of production and consumption of the reactants,

intermediates, and products involved in the reaction mechanism. The gas dynamic parameters
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exhibit strong axial gradients and the CFD/chemical kinetics simulations provide the profiles of the
axial gas temperature, velocity, pressure, concentrations of the species of interest and reaction
rates, the gas residence time in the reactor, and the products’ mole fractions on the exit from the
reactor. The gas residence time in the reactor is typically in the range of 50-200 us depending on
the nature of the carrier gas and the gas flow rate. The residence time rapidly decreases with the gas
flow rate when it is below 100 sccm and then drops only mildly with the flow rate in the 200 to 400
sccm range. The CFD modeling showed that using He as a carrier gas is preferable, as this allows
one to achieve lowest residence times.>

Development of the chemical reaction mechanism inside the reactor requires a balance
between high accuracy and computational demands to select an appropriate method for the
electronic structure ab initio molecular orbital or density functional theory (DFT) calculations of a
potential energy surface (PES). This balance is normally achieved by the use of dual-level
calculations where geometries of reaction intermediates and transition states are optimized using
DFT methods, such as ®B97XD**#! and B2PLYPD?3,*? and single-point energies are refined at the
explicitly correlated CCSD(T)-F12** level with Dunning’s correlation-consistent basis sets*“° or
utilizing G3-type model chemistries (for larger systems).* The necessity of the use of
multireference methods is monitored by the T1 diagnostic in CCSD, and the structures with
multireference wavefunctions are treated using multireference perturbation theory CASPT2°® and

the spin-splitting method.*"+

The electronic structure calculations deliver energetic and molecular
parameters for all species involved in the reaction which are further utilized in multichannel-
multiwell Rice-Ramsperger—Kassel-Marcus Master Equation (RRKM-ME) computations®*** to
predict temperature- and pressure-dependent rate constants. For barrierless reaction entrance
channels, the variable reaction coordinate — transition state theory (VRC-TST)*>2¢ is utilized with
energy evaluation at the CASPT2 level of theory. In cases where VRC-TST calculations are
impractical, phase space theory” is employed where the potential power exponents and prefactors
are fit to match the high-pressure limit rate constants to those of the closest analogous prototype

reactions for which the rate constants are available.

A kinetics data gap still exists for the reactions described in the present Account. The experimental
data overviewed here provide relatively little kinetic information and the kinetic data are generally lacking

in the literature. The void can be filled by theoretical studies but accurate theoretical kinetics calculations of
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reaction rate constants, relative pathway contributions, and product branching fractions in barrierless
multichannel/multiwell radical-radical reactions is an extremely challenging and time-consuming task.
Among the systems overviewed in the present Account, this task was accomplished so far only for the
methyl-cyclopentadienyl,® cyclopentadienyl-cyclopentadienyl,” and propargyl-benzyl' reactions and,
very recently, for propargyl-fulvenallenyl.”® Future theoretical calculations providing quantitative
assessment of total reaction rate constants and relative pathway contributions under standardized conditions
which would provide valuable mechanistic insight are strongly appealed for.

Overall, this approach provides a directed synthesis of aromatics through radical-radical
reactions under well-defined temperature and pressure profiles with radicals generated
pyrolytically from thermally labile precursors. Residence times within the reactor can be tuned
through the variation of the length of the pyrolysis tube, the backing pressure, and the selection of
the noble gas with shortest residence times of a few tens of microseconds. The isomer-selective
identification of aromatics along with their branching ratios represents an unprecedented advantage
compared to hard electron impact (EI) ionization, which not only leads to fragmentation of the
parent, but also excludes identification of distinct structural isomers. The relative yields of different
products measured experimentally can then be compared with the yield obtained in the

CFD/kinetic modeling.

3. RESULTS AND DISCUSSION

The radical-radical reactions involving C1 to C13 hydrocarbon radicals act as fundamental
benchmarks for the gas-phase synthesis of small aromatics carrying up to three rings (Figures 3—4).
Through the combination of molecular beam experiments with electronic structure calculations,
six versatile mechanisms are revealed, which allow for the preparation of truly complex PAHs
beyond anthracene and phenanthrene in the gas phase: Propargyl Addition — BenzAnnulation
(PABA), Methyl Addition — Ring Expansion (MARE), CycloPentadienyl Addition —
Naphthylization (CPAN), Fulvenallenyl Addition — Cyclization — Aromatization (FACA), Benzyl
Addition — Aromatization (BAA), and Phenyl Addition — Pentacyclization (PAP).

3.1. Propargyl Addition — BenzAnnulation (PABA)
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The propargyl-benzyl system leading to naphthalene via annulation of a six-membered ring
represents a prototype reaction of the PABA mechanism coupled with a hydrogen-atom-assisted
isomerization (Figure 6b)." This reaction is initiated by the rapid, barrierless recombination of the
open-shell reactants at their radical centers, with the resonance stabilization of the propargyl
radical resulting in additions to the C1 (head) and C3 (tail) carbon atoms. These reaction
intermediates undergo multiple isomerization steps via, e.g., ring closure and hydrogen migration
with the reaction sequence eventually leading to atomic hydrogen loss accompanied by formation
of methylene-indanyl radicals (C,oHy). Their fast secondary isomerization through, e.g., hydrogen
shifts, ring openings, and ring closures followed by another atomic hydrogen loss forms
predominantly benzofulvene and naphthalene. Kinetic modeling suggests that the majority of
naphthalene is generated via a hydrogen-assisted isomerization of benzofulvene. Although the
reaction commences with a barrierless radical-radical recombination, the overall formation of
naphthalene plus two hydrogen atoms is endoergic by 10 kJ mol™ with isomerization barriers
and/or exit transition states ranging at least 35 kJ mol™' above the separated reactants.
Consequently, this pathway solely operates in high temperature environments. This concept was
expanded via the propargyl — 1-/2-naphthylmethyl system by preparing anthracene and
phenanthrene (Figure 6¢).*> Since the PABA mechanism involves two reactive C3 moieties—one
reactive moiety at each radical—technically, the propargyl-propargyl self-reaction® (Figure 6a)
can be considered as the simplest reaction forming a six-membered ring from two reactive C3
units. Our investigation exposed three entrance channels through recombination of the radical
centers: C1 (head) plus C3 (tail), C1 (head) plus C1 (head), and C3 (tail) plus C3 (tail) leading to
acyclic C¢Hy intermediates (1,5-hexadiyne, 1,2,3,4-hexatetraene, 1,2-hexadiene-5-yne), which
eventually isomerize to fulvene (C¢Hs). This intermediate then undergoes ring expansion followed
by a rapid hydrogen migration to benzene, which can be stabilized by a third body collider.
Overall, PABA signifies a ring-annulation to an existing six-membered aromatic ring
through the reaction of the propargyl radical with a benzyl moiety of a PAH via hydrogen-assisted
isomerization of fulvenes (Figure 6). PABA provides a template for the formation of more
complex PAHs such as CsH;, isomers carrying four six-membered rings in the C3+C14 system
via the reaction of propargyl with ylomethyl (—CH,®) substituted anthracene and phenanthrene

molecules leading to the gas phase formation of helicenes, acenes, and phenacenes along with their
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fulvene-type intermediates. Therefore, this versatile mechanism can lead to multi-benzene-ringed
aromatics through benzannulation in high temperature combustion flames as well as in

circumstellar envelopes of carbon rich stars and planetary nebulae.
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3.2. Methyl Addition — Ring Expansion (MARE)

The methyl-cyclopentadienyl system leading to benzene signifies the simplest representative of
the MARE mechanism which effectively converts a five-membered ring to a six-membered
benzene ring (C1+C5) (Figure 7). This concept of expanding a five-membered ring to a benzene
moiety is versatile and can be systematically expanded from methyl-cyclopentadienyl (C1+CS5) to
methyl — 1-indenyl (C1+C9)** and methyl-fluorenyl (C1+C13)** synthesizing naphthalene and
anthracene/phenanthrene, respectively. The prototype methyl-cyclopentadienyl system (Figure
7a) is initiated by a barrierless radical-radical reaction resulting in a carbon—carbon bond coupling.
Two competing reaction sequences form fulvene and benzene with the actual branching ratios
determined by the reactor temperature and pressure. The pathway to benzene involves atomic
hydrogen loss of the addition intermediate followed by extensive isomerization (hydrogen shift,
cyclization, ring opening) terminated by a hydrogen atom loss. The reaction sequence to fulvene
involves first two successive hydrogen shifts and only then two stepwise hydrogen atom losses. In
strong analogy to PABA, the fulvene moiety can be converted to a benzene ring through hydrogen
assisted isomerization. Note that although the initial radical-radical recombination has no entrance
barrier, the overall endoergicity of the reaction (+ 103 kJ mol™) and the fact that multiple transition
states are located above the energy of the separated reactants blocks this reaction from operating at
lower temperatures of cold molecular clouds; high-temperature environments are required.

The mechanism to formation of naphthalene in the methyl — 1-indenyl (C1+C9) reaction
(Figure 7b) mirrors the elementary steps in the methyl-cyclopentadienyl (C1+CS) system, with
barrierless addition of the methyl radical to the radical center of 1-indenyl at the C1/C3 atom
followed by hydrogen loss, intermediate isomerizations, and hydrogen atom loss to the benzene
moiety. However, whereas in the C1+CS system all five carbon atoms of the cyclopentadienyl
radical are chemically equivalent, the C1/C3 and C2 carbon atoms are distinct in the
cyclopentadienyl moiety of the 1-indenyl radical. Here, a second pathway involves the addition of
methyl to the C2 carbon atom (Figure 7¢) which has a lower spin density (0.20) compared to C1/C3
(0.50). This addition is followed by an equivalent multi-step route to naphthalene as in the C1/C3
addition case. Considering the distinct spin densities and the statistical factor, addition to C1/C3 is

favored by a factor of 4 compared to C2. Note that an isomer of naphthalene, benzofulvene, can

18



also be produced, which can be converted by a hydrogen-assisted isomerization to naphthalene as

operating in the PABA pathway.
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Figure 7. Major reaction pathways to aromatics via Methyl Addition — Ring Expansion (MARE). The combination

centers of each reactant are represented by red and blue circles.
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Finally, the methyl-fluorenyl (C14+C13) reaction synthesizing at least anthracene and
phenanthrene reflects the methyl — 1-indenyl system where radical addition may occur in different
positions. The formation of phenanthrene is initiated through barrierless radical-radical
recombination between methyl and the highest spin density (0.62) C9 carbon of fluorenyl (Figure
7d). The remaining reaction pathway is parallel to the methyl — 1-indenyl system involving
hydrogen loss, hydrogen migration, three-membered ring cyclization, ring opening, and finally
another atomic hydrogen loss to phenanthrene. Dibenzofulvene can also be formed and converted
to phenanthrene through hydrogen assisted isomerization. It was found that the methyl radical can
also add to the C4a carbon of fluorenyl (Figure 7e), which has a low spin density of only 0.13,
eventually leading to anthracene via hydrogen loss, three-membered ring cyclization, ring opening,
and hydrogen atom ejection.

Overall, MARE effectively converts a cyclopentadienyl moiety through reaction with
methyl to a benzene moiety at high temperatures. This versatile ring expansion holds common
features in all reactions investigated: a barrierless addition of the methyl radical to the unpaired
electron of the cyclopentadienyl moiety, hydrogen losses, isomerization via hydrogen shift, ring
formation to unusual bicyclic reaction intermediates carrying a five- and three-membered ring, ring
opening, and—as an indirect route—the hydrogen-assisted isomerization of fulvene-type

intermediates (Figure 7).

3.3. CycloPentadienyl Addition — Naphthylization (CPAN)

The cyclopentadienyl self-reaction (C5+C5) forming naphthalene embodies the prototype of the
CPAN mechanism (Figure 8).? This mechanism de facto transforms spiroaromatic reaction
intermediates accessed by a barrierless recombination of two cyclopentadienyl moieties to a
naphthalene moiety. This versatile concept can be systematically expanded from C5+CS to the
cyclopentadienyl — 1-indenyl (C5+C9) system accessing anthracene and phenanthrene thus
converting any five-membered ring to a 10rr aromatic naphthalene building block.?® In detail, the
cyclopentadienyl self-reaction commences with the formation of cis/trans-9,10-dihydrofulvalene
(CioH)0) via recombination of the reactants with their radical centers resulting in the formation of a
carbon—carbon single bond. This intermediate loses a hydrogen atom from the newly formed

bridge which then isomerizes to a highly strained tricyclic intermediate with connected five-,
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three-, and five-membered rings (5-3-5) (Figure 8a), in which one five-membered and one three-
membered ring are fused via a spiro carbon atom (5-3). This structure then rearranges via ring
opening to a spiroaromatic intermediate, which fuses a five- and six-membered ring (5-6). The
latter isomerized then to a bicyclic C;oH;; intermediate which carries the naphthalene moiety prior
to losing a hydrogen atom from the bridging carbon atom leading to aromatization and formation of
naphthalene.

The versatility of the aforementioned mechanism is reflected in the cyclopentadienyl — 1-
indenyl (C5+C9) system. Classically, recombination of both radical reactants with the radical
centers located at the C1 carbon atoms leads to the 1-(cyclopenta-2,4-dien-1-yl)-1H-indene
intermediate (C,4H,,) via carbon—carbon single bond coupling (Figure 8b). The latter undergoes
ring closure to a tetracyclic (6-5-3-5) spirane intermediate, which isomerizes through ring opening
to a tricyclic spirane structure (6-6-5); the numbers in bold represent the equivalent spirane
substructures in the cyclopentadienyl self-reaction (C5+CS). Eventually, this spirane doublet
radical undergoes ring contraction followed by isomerization to a singly hydrogenated
phenanthrene radical intermediate (C,;H;;) which then emits a hydrogen atom from the bridging
carbon atom to form phenanthrene. However, our discovery of anthracene reveals an unusual
reaction pathway that involves a barrierless combination of cyclopentadienyl with the 1-indenyl
radical at the C2 carbon atom adjacent to the traditional C1 radical center with a lower spin density
(0.38) (Figure 8c). This pathway to 2-(cyclopenta-2,4-dien-1-yl)-2H-indene (C;;H;,) follows
addition to the carbon atom with the lower spin density in analogy to the cyclopentadienyl self-
reaction (C5+CS5) as outlined above. This intermediate can eject a hydrogen atom followed by
isomerization to a spirane radical succeeded by ring opening to yet another spirane radical, which
then ring opens to a singly hydrogenated anthracene species. The latter loses a hydrogen atom to
form the anthracene molecule.

Overall, the recombination of two cyclopentadienyl moieties within the framework of the
CPAN mechanism as demonstrated for the C5+CS and C5+C9 systems leads via exotic
spiroaromatic intermediates to a naphthalene backbone with pathways following the classical route
through recombination of the carbon-centered radicals at the carbon atoms of the highest spin
densities, but also through a non-classical path via addition to the carbon atom holding the lower

spin density. Once again, although the initial radical-radical recombinations are barrierless, the
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endoergicity of these reactions from 38 to 87 kJ mol™' suggests that CPAN only operates at high

temperatures.
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Figure 8. Major reaction pathways to aromatics via CycloPentadienyl Addition — Naphthylization (CPAN). The red
and blue colors indicate which portions of the products are due to each reactant, and the combination centers of each

reactant are represented by red and blue circles.



3.4. Fulvenallenyl Addition — Cyclization — Aromatization (FACA)

The FACA mechanism (C3+C7) facilitates molecular mass growth processes through the reaction
of two RSFRs—propargyl and fulvenallenyl—accessing naphthalene as well as its azulene isomer
(Figure 9a).** The complex reactivity of fulvenallenyl with propargyl is driven by eight distinct
entrance channels along with 5-methylene-5H-indene (C,,H;) and fulvalene (C,,Hs) intermediates
which can be converted to naphthalene as well as its azulene isomer via hydrogen-assisted
isomerization. The elucidated reaction mechanism affords a versatile concept introducing an
azulene moiety, i.e. a seven-membered ring adjacent to a five-membered ring, into polycyclic
aromatic systems via molecular mass growth processes. Note that the fulvenallenyl radical self-
reaction,”” while similar to FACA, does not lead to formation of a seven-membered ring.
Commencing with the bimolecular reaction of a PAH-embedded benzene ring with a methylidyne
radical (CH), a six-membered ring can be effectively converted into a fulvenallene moiety as long
as the embedded benzene ring has three adjacent hydrogen atoms demonstrated in the crossed
molecular beam reaction of benzene with methylidyne (CH).** A hydrogen atom loss from the
exocyclic allenic functional group leads to the PAH-embedded fulvenallenyl unit, which can then
react with a propargyl radical to the azulene moiety incorporated in an aromatic system. These
seven-membered rings are a critical prerequisite of exotic saddle-shaped aromatic systems with

both positive and negative curvature of the carbon backbone.*

3.5. Benzyl Addition — Aromatization (BAA)

The traditional viewpoint of the benzyl radical self-reaction (C7+C7) (Figure 9b) suggests a
recombination on the ground state singlet potential energy surface with their radical centers at the
ylomethyl moieties leading to 1,2-diphenylethane (CsHsCH,CH,CsHs), which can Ilose
successively two hydrogen atoms from the bridging group forming trans-stilbene
(C¢HsCHCHC¢Hs).2 The acyclic C6 moiety comprising the olefinic -CH=CH- group and the
adjacent carbon atom of the phenyl rings are the backbone of the successive cyclization process.
Here, a hydrogen loss from one of the ortho carbon atoms of the phenyl group leads to the trans-
stilbenyl (CcH,CHCHC¢Hs, C;H,;) radical, which then undergoes ring closure and finally
hydrogen atom loss resulting in aromatization and an isomer-selective synthesis of phenanthrene

on the singlet surface.
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Figure 9. Major reaction pathways to aromatics via (a) Fulvenallenyl Addition — Cyclization — Aromatization
(FACA), (b) Benzyl Addition — Aromatization (BAA), and (c) Phenyl Addition — Pentacyclization (PAP). The red and
blue colors indicate which portions of the products are due to each reactant, and the combination centers of each

reactant are represented by red and blue circles.
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However, the aforementioned mechanism failed to account for the experimentally
observed anthracene isomer. Electronic structure calculations revealed that both benzyl radicals
can also recombine on the triplet surface (a’A) via [3+3] cycloaddition leading to triplet 4a,8a,9,10-
tetrahydroanthracene (C;H,,). This intermediate, which does not exist on the singlet surface, is
formed via a single collision between two benzyl radicals via cycloaddition and involves a
significant reorganization of the o- and m-electron densities. Three successive atomic hydrogen
losses commencing with triplet 4a,8a,9,10-tetrahydroanthracene yield anthracene. The overall
reactivity is influenced by the cone-of-acceptance of the benzyl radical leading to the initial
collision complexes forming eventually phenanthrene versus anthracene on the singlet and triplet
surface, respectively. While the cycloaddition is geometrically constrained and governed by low
impact parameters, the preferred synthesis of phenanthrene over anthracene is driven by facile
recombination and carbon-carbon bond coupling of the benzyl radicals at their ylomethyl moieties.

Overall, the BAA mechanism effectively operates via reactive C3+C3 centers as does the
PABA mechanism. However, whereas PABA solely proceeds on the ground state singlet surface,
excited state dynamics via [3+3] cycloaddition also operate for BAA. These excited state dynamics
on the triplet surface producing eventually anthracene defy conventional wisdom that PAH
formation via radical-radical reactions solely operate on electronic ground state surfaces through
recombination of the doublet reactants at their radical centers. The versatility of BAA suggests that
any aromatic radical carrying a benzyl moiety may react with a benzyl structure in a second
aromatic radical synthesizing new multi-ringed structures such as three-ring carbon skeletons from
mono-ringed radical moieties at high-temperature conditions. While the triplet state mechanism is
essential in the BAA mechanism, it does not appear to be competitive for the other reactions, e.g.,

benzyl + propargyl.!

3.6. Phenyl Addition — Pentacyclization (PAP)

The propargyl-phenyl*’ and benzyl-phenyl* systems signify the two simplest representatives of the
Phenyl Addition — Pentacyclization (PAP) mechanism (Figure 9c). These C3+C6 and C7+C6
systems are distinct from the reaction mechanisms discussed above since they involve the reaction
of an odd-carbon-numbered radical with an even-carbon-numbered radical. Hence, this

mechanism does not lead to the preparation of a six-membered ring, but rather a five-membered
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ring annulated by one (C3+C6) and two (C7+C6) six-membered rings via molecular mass growth
processes involving reactive C2 (phenyl) and C3 (propargyl; benzyl) units. The C3+C6 reaction to
indene can be initiated via a classical recombination of the phenyl radical center with that of the
propargyl radical at the Cl1 or C3 carbon atom leading to 3-phenyl-1-propyne (CoHg) and
phenylallene (CyHg), respectively. Isomerization via hydrogen migration and cyclization leads to
indene, which can either be stabilized by a third body reaction or lose a hydrogen atom forming the
indenyl radical. Overall, this reaction is barrierless, exoergic, and all transition states involved
reside below the energy of the separated reactants, i.e. the critical prerequisites to operate in low
temperature environments such as in cold molecular clouds or hydrocarbon rich atmospheres of
planets and their moons.

The formation of 9H-fluorene is driven by an unconventional mechanism via addition of
the phenyl radical to the ortho position of the benzyl radical, but not by a classical radical-radical
recombination at the radical centers, which produces diphenylmethane (CsHsCH,C¢Hs) via third
body stabilization. This pathway produces a 1-(6-methylenecyclohexa-2,4-dienyl)benzene
intermediate through a barrierless recombination of an RSFR with an AR at the carbon atom
adjacent to the traditional C1 radical center followed by two sequential atomic hydrogen losses via
a 9a,9-dihydrofluorenyl radical to 9H-fluorene. Although the reaction proceeds barrierlessly and is
exoergic, the transition state of the final hydrogen loss resides above the energy of the separated
reactants; hence, this reaction only operates at high-temperature environments.

Overall, the PAP mechanism effectively proceeds via annulation of a five-membered ring
to an existing phenyl radical and affords a potential route to add five-membered rings to any aryl
radical with a hydrogen atom on the ortho position of the radical center on the six-membered ring.
The C7+C6 system provides evidence that the reaction of two radicals does not necessarily
proceed via recombination of their classical radical centers with the highest spin density as

revealed for the MARE and CPAN mechanisms as well.

4. SUMMARY AND OUTLOOK
Radical-radical reactions of RSFRs and/or ARs described in this Account established a
fundamental mechanism to molecular mass growth processes to PAHs carrying up to three rings.

ReTOF-MS and PEPICO coupled with tunable vacuum ultraviolet single photon ionization and
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electronic structure calculations provided a versatile, isomer-selective approach to identify the

reaction products in a molecular beam and to classify these reactions into six reaction mechanisms

(Table 1):

Table 1. Schematic mechanisms and summary of the reactions discussed within this Account.

Name Reaction | Rings Mechanistic Notes Schematics
3+3 1 Propargyl head or tail o
2
.. addition + C3H,
P 1 Addit
PABA ropargy 1 on 3+7 2 -2H
BenzAnnulation
Fulvene
3+11 3 intermediates O
1+5 1 Fulvene
int diat
Methyl Addition permeciates + CHy
MARE . . 149 2
Ring Expansion . -2H
Three-membered ring
1+13 3 intermediates
Low or high spin
CycloPentadienyl 5+5 2 density addition
CPAN Addition ﬁ + Q T
Naphthylization 5+9 3 Spiroaromatic ‘
Intermediates O
Propargyl tail l | OO
Fulvenallenyl Addition addition o
+
FACA Cyclization 347 2 v 2 TVI
VR
Aromatization Methyleneindene
intermediates C
Singlet surface *CH,
. recombination ‘CH,
BAA Benzyl A.ddl.tlon . 5 ;ﬂ/ . —
Aromatization , 4H
Triplet surface
cycloaddition OO

28




6+3 2

PAP Phenyl Addition Low spin density :B/CHZ + _— QQ

Pentacyclization 647 3 addition -2H

1. Propargyl Addition — BenzAnnulation (PABA)

2. Methyl Addition — Ring Expansion (MARE)

3. CycloPentadienyl Addition — Naphthylization (CPAN)

4. Fulvenallenyl Addition — Cyclization — Aromatization (FACA)
5. Benzyl Addition — Aromatization (BAA)

6. Phenyl Addition — Pentacyclization (PAP)

These reaction mechanisms explore molecular mass growth of aromatic molecules by
systematically increasing the molecular weight of the reactants in steps of C2 and C4 units to
reveal unconventional concepts beyond the classical perception that radical-radical reactions are
initiated through formation of a carbon—carbon single bond when the carbon-centered radicals with
their highest spin density recombine. Unconventional cycloadditions on excited state triplet
surfaces, additions of radicals to carbon-centered radicals with low spin densities, spiroaromatic
and fulvene-type intermediates, and highly strained bicyclic reaction intermediates challenge
traditional paradigms. Finally, it should be highlighted that apart from FACA, the remaining
reaction mechanisms only operate at high temperatures due to high barriers or overall highly
endoergic reactions. Therefore, these molecular mass growth pathways might be central to
circumstellar environments of carbon-rich stars and planetary nebulae, but they play no role in the
gas phase of cold molecular clouds where temperatures as low as 10 K dominate.®

With reaction pathways via radical-radical reactions to simple aromatic systems now
understood (Figures 6-9), future experiments are aimed to more complex systems synthesizing and
identifying aromatics beyond three rings. As the number of aromatic rings increases, so does the
number of structural isomers which can be formed in these reactions. However, as the number of
structural isomers increases, the adiabatic ionization energies of the PAHs and the shapes of the
PIEs, which are distinct for smaller PAHs, can be very similar and even identical in the most

unfavorable case. Therefore, alternative detection schemes to probe PAHs formed in a chemical
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microreactor, offering higher structural sensitivity, are required. PEPICO represents such an
alternative. The gas-phase preparation of anthracene and phenanthrene via MARE from the
methyl-fluorenyl system* demonstrates the unique potential of an isomer-selective PAH detection
exploiting fragment-free photoionization coupled with PIE curves and ms-TPE spectra, which
should be applicable to more complex radical-radical reactions. It further delivers a strategy to
explore chemical reactions of ARs and RSFRs under high-temperature environments of relevance
to synthetic and materials chemistry and astrophysical processes leading eventually to
carbonaceous nanostructures like fullerenes, nanocages, and nanotubes thus deciphering the

aromatic universe we live in.
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