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CHEMISTRY

Gas-phase synthesis of anthracene and phenanthrene
via radical-radical reaction induced ring expansions

Shane J. Goettl’, Andrew M. Turner’, Vladislav S. Krasnoukhov?, Valeriy N. Azyazovz,
Keisuke Kanayama3, Patrick Hemberger3*, Alexander M. Mebel**, Ralf I. Kaiser'*

Unraveling reaction mechanisms of aromatic and resonance-stabilized radicals is critical to understanding mo-
lecular mass growth processes to polycyclic aromatic hydrocarbons (PAHs) and carbonaceous nanoparticles in
distinct astrophysical environments (molecular clouds, circumstellar envelopes) and combustion systems. Using
photoelectron photoion coincidence spectroscopy (PEPICO), we explored the gas-phase reaction of the methyl
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radical (CH3’) with the aromatic and resonance-stabilized fluorenyl radical (C;3Hy’) under high-temperature condi-
tions in a chemical microreactor. Anthracene and phenanthrene were detected isomer-selectively using photo-
ionization efficiency (PIE) curves and mass-selected threshold photoelectron (ms-TPE) spectra. While phenanthrene
is produced through a radical-radical recombination of the carbon-centered radicals, anthracene may plausibly be
formed through an unconventional radical addition to a low spin-density fluorenyl carbon. These pathways result
in five-membered ring expansion—a critical mechanism crucial to PAH mass growth converting bent PAHs into

planar nanostructures.

INTRODUCTION

For the last decades, stable organic radicals have received extensive
attention in the fields of synthetic organic chemistry and materials
science for their use in molecular magnets (I), spintronics (2), bat-
teries (3), and thermo- and optoelectronics (4-6). Resonance-
stabilized free radicals (RSFRs) in particular—a class of organic
open-shell species with multiple resonance contributors featuring
an unpaired electron delocalized along the carbon backbone—are
renowned for their stability and long lifetimes in the gas phase.
Therefore, RSFRs are prevalent in interstellar and circumstellar en-
vironments (7-14) with simple RSFRs like propargyl (CsHj") ob-
served in cold molecular clouds at fractional abundances as high as
107% with respect to molecular hydrogen (7). RSFRs are also key
growth species in bottom-up molecular mass growth processes to
polycyclic aromatic hydrocarbons (PAHs) and carbonaceous nano-
materials in these astrophysical environments as well as in combus-
tion systems (15). Recent investigations suggest reaction pathways
to complex PAHs and eventually carbonaceous grains and soot
particles initiated by small RSFRs such as propargyl (CsH3"), cy-
clopentadienyl (CsHs"), benzyl (C;H;"), 1-indenyl (CoH;"), and
1-/2-methylnaphthyl (C;;Hy") (15-19). In deep space (20-23),
PAHs and their derivatives have been detected in carbonaceous
chondrites such as Allende, Murchison, and Orgueil (24-26), and
recently in asteroids, as evidenced by the return samples from the
Hayabusa2 mission to Ryugu (27). Sophisticated >C analyses of
these samples disclosed at least two distinct environments for PAH
formation including high-temperature regions, e.g., circumstellar
envelopes of carbon-rich stars and planetary nebulae, and low-
temperature regions such as cold molecular clouds. In the Taurus
Molecular Cloud (TMC-1), for example, substituted PAHs of up
to four benzene rings (28, 29), as well as those incorporating a
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five-membered ring (30-32), have recently been observed using
microwave spectroscopy with substituted aromatics likely formed
through barrierless reactions of cyano radicals (CN) with aromatic
molecules like benzene (C¢Hg) as demonstrated in crossed molecu-
lar beam experiments (33, 34) validated by modeling (35). Yet, a
critical divergence between astronomical observations and astro-
chemical models still persists, with predicted PAH lifetimes in the
interstellar medium (ISM) an order of magnitude lower than the
expected timescale of PAH injection from circumstellar envelopes
and planetary nebulae (36-38). These findings reveal that critical
molecular mass growth processes to aromatic matter in deep space
are lacking.

RSFRs have been contemplated in bridging this gap between our
understanding of molecular mass growth processes to aromatics in
space in conjunction with astrochemical models and the reality of
astronomical observations (39). Nevertheless, a thorough experi-
mental investigation of the reactivity of multi-ringed, i.e., three- or
four-membered, RSFRs and their role in the gas phase formation
of aromatics is in its infancy predominantly due to previously in-
surmountable experimental difficulties in preparing clean radical
sources of heavy RSFRs. Particular attention focuses on unconven-
tional reaction mechanisms beyond a recombination of two radicals
at their classical radical centers. Here, we report on a combined ex-
perimental and computational exploration of the radical-radical re-
action of fluorenyl (C;;Hy") with methyl (CH3") in the gas phase
using a high-temperature chemical microreactor and velocity map
imaging (VMI) photoelectron photoion coincidence spectroscopy
(PEPICO). Products were preserved in a molecular beam, and pho-
toionization with synchrotron vacuum ultraviolet (VUV) light led
to isomer-selective identification of two Cy4H;o isomers phenan-
threne and anthracene using photoionization efficiency (PIE) curves
and photoion mass-selected threshold photoelectron (ms-TPE) spectra.
Two distinct reaction mechanisms were unraveled arising from
the unique resonance structures of the fluorenyl radical. While the
phenanthrene isomer is accessed through a typical radical-radical
recombination in the entrance channel from the methyl attack to the
C9 carbon-centered fluorenyl radical, the gas phase preparation of
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anthracene may plausibly commence with an unexpected backside
union between the methyl radical center and the C4a carbon atom
of fluorenyl—a pathway that is classically not allowed in reactions
between two carbon-centered radicals. Observation of this pathway
offers critical insight into the unusual reactivity of RSFRs and rein-
forces the necessity of searching for versatile reaction mechanisms
against conventional knowledge crucial to molecular mass growth
processes in extreme environments while also demonstrating the
importance of five-membered ring expansion reactions through its
methylation toward the high-temperature formation of carbona-
ceous nanoparticles, which was recently demonstrated to be an inte-
gral part of PAH growth using kinetic Monte Carlo simulations (40).

RESULTS

Mass spectra

Photoionization mass spectra were collected for the reaction of
methyl [CH3', 15 atomic mass units (amu)] with fluorenyl (C;3Hy",
165 amu) at a photon energy of 9.00 eV and reactor temperature of
1700 + 100 K (Fig. 1), where the radicals were generated from ace-
tone (CH3COCH3) and 9-bromofluorene (C;3HgBr), respectively. A
blank experiment in which the acetone/helium reactant gas mixture
was replaced by pure helium is shown in Fig. 1A, while Fig. 1B dis-
plays the data for the acetone/9-bromofluorene system. In both cases,
ion counts were observed for mass-to-charge ratios (m/z) of 165
(C13H9+), 166 (13CC12H9+, C13H10+), 244 (C13H979Br+), and 246
(C13Ho®'Br). The latter two peaks originate from the "Br and 8!Br
isotopes of the 9-bromofluorene precursors, respectively, while the
former two are due to the fluorenyl radical (165 amu) and the natu-
rally occurring *C-substituted fluorenyl radical (166 amu) account-
ing for the 1.1% natural abundance of "’C. Note that the relative
intensity of the m/z = 166 peak compared to that at m/z = 165 for
the acetone/9-bromofluorene spectrum is far greater than for the
helium/9-bromofluorene case. The larger signal is likely due to
the formation of 9H-fluorene (C;3H}o) from recombination of the
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Fig. 1. Photoionization mass spectra. Comparison of mass spectra taken ata pho-
ton energy of 9.00 eV for the helium (He)-9-bromofluorene (Cy3HyBr) (A) and ace-
tone (C3Hg0)-9-bromofluorene (Ci3HyBr) (B) systems at a reactor temperature of
1700 + 100 K. The mass peak of the newly formed Cy4H1o (m/z = 178) species is
highlighted in red.
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fluorenyl radical with a hydrogen atom (fig. S3), where the additional
hydrogen atoms could arise from the acetone reactant. The acetone/9-
bromofluorene system features additional peaks at m/z = 167
(PCC1aH10"), 176 (CiaHgh), 178 (CisHioY), 179 (PCCi3H oY), 180
(C14H12"), and 184 (C14H;6 ™), which were not observed in the blank
experiment. Signal at m/z = 167 is likely due to "*C-substituted 9H-
fluorene, m/z = 176 may come from successive dehydrogenation of
higher mass products (m/z = 178, 179), m/z = 180 could be caused
by methylfluorene isomers from radical recombination/addition of
methyl with fluorenyl (fig. S3), and m/z = 184 is possibly a product of
successive hydrogenation of lower mass products. Finally, peaks at
m/z = 178 and 179 provide evidence for the formation of Ci4H;jo
isomer(s) and their *C-substituted counterpart(s) from the reaction
of the methyl radical with the fluorenyl radical.

PIE curves

With the detection of C;4H;o isomer(s) from the methyl-fluorenyl
reaction, additional analytical techniques are required to obtain
isomer-specific structural information on the formed products.
Here, PIE curves and ms-TPE spectra were used to identify the
specific species observed. PIE curves depict the ion counts versus
the photon energy at a specific m/z, whereas ms-TPE spectra se-
lect only photoions at the desired m/z in coincidence with the
threshold photoelectrons having kinetic energy less than 10 meV. First,
PIE curves were collected at m/z = 178 (C14H;o") in a photon en-
ergy range of 7.00 to 9.00 eV in 0.02-eV steps (Fig. 2A). The experi-
mentally derived PIE curve features an ionization onset of 7.40 +
0.05 eV, which is well matched by a reference PIE onset for an-
thracene of 7.38 & 0.01 (41). However, at photon energies above
7.70 eV, the anthracene spectrum alone cannot account for the inten-
sity observed in the experiment; therefore, additional contribution(s)
are needed. Incorporating the reference PIE curve for phenanthrene
(42) provides an excellent match for the higher photon energy por-
tion of the experimental PIE such that a linear combination of
both anthracene and phenanthrene offers a reasonable fit of the
whole experimental spectrum. Note that the phenanthrene PIE ex-
hibits an ionization onset of 7.85 + 0.01 eV and therefore cannot
replicate the experimental PIE alone. Using the absolute ion counts
and photoionization cross sections of 16.7 + 0.9 and 17.2 + 0.9 Mb
for anthracene and phenanthrene at 9.00 eV (43), the branching
ratio between the two can be calculated, giving values of 17 + 5%
and 83 + 5%, respectively.

ms-TPE spectra

Additional insight on the reaction products can be obtained through
analysis of the ms-TPE spectra (Fig. 2B), which were also collected
with the same parameters as the PIE curves. The experimental ms-
TPE spectra feature distinct peaks at 7.42, 7.60 (with a shoulder at
7.64), and 7.76 + 0.02 eV. The positioning of these features coin-
cide with the origin (0), C-C trans-annular stretching (3}), C-C
in-plane symmetric stretching (1} ), and overtone (32) vibronic tran-
sitions, respectively, of anthracene (41, 44). However, relative intensi-
ties of these peaks do not fully support this assignment, as the 7.42-,
7.60-, and 7.76-eV peaks all feature similar intensities. This is also
contrary to the computed Franck-Condon (FC) factors for the 3(1], 1 é,
and 3¢ vibronic transitions for anthracene, which are more than an
order of magnitude lower than that for the origin, which speaks for
the contribution of another isomer. Thus, we searched for C;4Hig
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Fig. 2. PIE curves and ms-TPE spectra. PIE curves (A) and ms-TPE spectra (B) taken at m/z = 178 (Cy4H10) at a reactor temperature of 1700 + 100 K. Black, acetone
(C3Hg0)-9-bromofluorene (C13HyBr) experimental spectra; blue, phenanthrene reference spectra from Rouillé et al. (42); green, anthracene reference spectra from Mayer
et al. (41); cyan, trans-1-vinylacenaphthylene calculated spectra; magenta, dibenzofulvene calculated spectra; red, total fit obtained by summing the individual curves in
each frame. Vibronic transitions for anthracene and phenanthrene were obtained from Sattasathuchana et al. (44), and the remaining were calculated in this work. The
overall error bars (gray area) consist of two parts: 1o error of the PIE curve averaged over the individual scans and +10% based on the accuracy of the photodiode.

isomers and found that the shouldered 7.60- and 7.78-eV transitions
might be described by trans-1-vinylacenaphthylene (Fig. 2B) with 6;
and 14; vibrational transitions, assigned to a C-C-C bending mode
at the vinyl moiety and a ring breathing mode of the five-membered
ring, respectively. The band at around 7.78 eV is mostly associated
with an excitation of the 50; mode, another five-ring deformation
vibration. The CBS-QB3 calculated adiabatic ionization energy (AIE)
of 7.61 eV fits exactly with the position of the 0-0 transition around
7.60 eV, while trans-1-vinylacenaphthylene is around 116 kJ mol™"
(CBS-QB3) less stable than phenanthrene (vide infra). The band at
7.60 eV may also be associated with cis-1-vinylacenaphthylene [AIE
calculated with CBS-QB3 (AIEcgs.qp3) = 7.68 eV] and the three
fulvenylnaphthalene isomers, which have calculated AIEs in the
7.55- to 7.61-eV energy range and very similar FC simulated spec-
tra (fig. S5), reproducing both bands at 7.60 and 7.78 eV well. All iso-
mers are around 1.2 eV less stable than phenanthrene, making them
all viable candidates for a spectral assignment (vide infra).

Additionally, the experimental ms-TPE spectra have a high-
intensity broad feature spanning from about 7.8 to 9.0 eV, which
cannot be accounted for by the previously discussed isomers. Using
the reference ms-TPE spectra of phenanthrene (42), the experimen-
tal peaks at 7.88 + 0.02 and 8.06 + 0.02 eV are matched very well
with the origin (0)) and C-C stretching (6}) transitions of phenan-
threne (44) while also agreeing with the spectral trend onward to
9.0 eV. Note that the C;4H;( isomer dibenzofulvene may also con-
tribute to the experimental spectrum in the 7.9 to 8.2 eV range as
shown by the calculated FC spectrum of dibenzofulvene, where the
origin band of dibenzofulvene matches the experimental shoulder
at 7.94 + 0.02 eV (Fig. 2B). Overall, the PIE curves and ms-TPE
spectra provide convincing evidence for the production of at least
anthracene and phenanthrene—and possibly dibenzofulvene and a
combination of cis-/trans-1-vinylacenaphthylene, 1-/3-fulvenyl[a]
naphthalene, and 1-fulvenyl[b]naphthalene (fig. S5)—from the re-
action of the methyl radical with the fluorenyl radical. PIE curves
and ms-TPE spectra of detected species at other mass channels are
shown in figs. S1 to S3.
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Potential energy surface

To elucidate the formation mechanisms of the observed products
from the methyl-fluorenyl radical-radical reaction, we complement
the experimental results with electronic structure calculations
(Figs. 3 and 4). While the fluorenyl radical features multiple reso-
nance contributors (45), the majority of the spin density is located on
the C9 carbon, i.e., the point of the five-membered ring not included
in the six-membered rings (Fig. 5); therefore, the C9 carbon can be
considered the classical fluorenyl radical center. As expected, based
on textbook radical-radical reactions, the reaction is initiated by the
barrierless recombination of the radical sites in the methyl and fluo-
renyl radicals through carbon-carbon single bond coupling, forming
the 9-methylfluorenyl molecule (i1) stabilized by 298 kJ mol™" with
respect to the separated reactants. The barrierless formation of il
from the reactants is verified by the potential energy scan along the
minimal energy path (MEP) illustrated in fig. S6A. From here, il
undergoes atomic hydrogen loss to the 9-methyl-9-fluorenyl radical
(i2) without barrier, followed by [1,2]-H shift from the methyl group
to the five-membered ring over a large 212 kJ mol™" barrier to i3.
Both i2 and i3 can lose a hydrogen through unimolecular decompo-
sition to dibenzofulvene (p3) through rather loose exit transition
states of 4 and 26 kJ mol™! above p3, respectively, in overall endoer-
gic reactions. Alternatively, isomerization processes may continue
from i3, starting with three-membered ring closure (i3 — i4) fol-
lowed by the five-membered ring opening up to a six-membered ring
(i4 — i5) before eventual hydrogen atom loss forming phenanthrene
(p1). Comparing the branching point from i2, the barriers from
i2 — p3 versus i2 — i3 are similar; therefore, both phenanthrene
and dibenzofulvene are expected to form, whereas the entropic fac-
tor favors the formation of the latter. Dibenzofulvene can be rapidly
converted to the thermodynamically more stable phenanthrene via
hydrogen atom-assisted isomerization featuring a rather low barrier
of 9 to 26 k] mol™". As inclusion of the dibenzofulvene ms-TPE spec-
tra causes a better fit of the experimental spectrum, we conclude that
dibenzofulvene is likely forming and at least some of this isomer re-
mains after any decomposition or isomerization pathways.
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Fig. 3. Potential energy diagram of reaction pathways to p1 to p3. Schematic potential energy diagram for the reaction of the methyl radical (CHs) with the fluorenyl
radical (Cy3Ho) calculated at the G3(MP2,CC)//0wB97XD/6-311G** level of theory. Reactants are shown in blue, intermediates are black, products are red, and relative ener-
gies are in kJ mol™". The full scheme is shown in fig. S4.

N H
. H*\
c “)Y BOHR DE
—
T = 0 “-gy
i17 i18 i19 i20 H i21 |23 H
128 112 45 46 114
f 133 l 130 l 240
* @, T 3 ~ cCor
Hpy
i16 cis-1 Vlnylacenaphthylene (p7) Anthracene (p2) i22 i24
-103 116 trans-1-Vinylacenaphthylene (p7°) 23 -99 106
-H t 141,/ -H 1z | 198
+H |24 H &
H = H N
H ‘, H
9 10 —“‘C H :'
8 BaOa 1 H N
SR o OO0 5 OO
GE L 161 210 240 221
Phenanthrene (p1) i29 i28 i27 |26 I25
0 24 75 116 111
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Fig. 5. Fluorenyl radical structure. Singly occupied highest occupied molecular orbital (HOMO) (A) and electron spin density distribution (B) calculated for the fluorenyl

radical (Cq3Ho).

While phenanthrene constitutes the major product contribution
from the methyl-fluorenyl system, the experiments also identify an-
thracene (p2). The conventional radical center recombination be-
tween the methyl radical and C9 carbon of fluorenyl cannot lead to
P2, so there must be alternate reaction route(s). Other carbon at-
oms in the fluorenyl radical feature spin densities with absolute val-
ues ranging from 0.055 to 0.180 e, in the best case over three times
lower than the C9 spin density of 0.619 e (Fig. 5). Further, methyl
addition to the C1 or C3 carbons of fluorenyl—those with the high-
est spin densities aside from C9—would not lead to anthracene,
likely producing benz[a]azulene (p4, AlEcps.qes = 7.07 eV) or
1-/3-methylidenefluorene (p5, AIEcgs.qps = 7.35 eV/p6, AlEcgs.
QB3 = 6.96 eV) instead. These isomers were not observed experi-
mentally and are not energetically favorable, the pathways to each
displaying barriers of over 300 k] mol™" with respect to reactants
(fig. S4). A pathway that can produce anthracene is initiated by bar-
rierless methyl radical addition to the C4a carbon of fluorenyl
(Fig. 3), which has a spin density of only 0.128 e (Fig. 5). Neverthe-
less, considering the spin density distribution and resonance struc-
tures of the fluorenyl radical, this interaction constitutes a unique
entrance channel featuring radical-radical recombination of the
methyl radical with the C4a carbon of fluorenyl forming 4a-
methylfluorene (i6) at 169 kJ mol™" below the separated reactants.
Again, the barrierless character of the CH;" + C;3Hg" — i6 pathway
has been confirmed by the computed MEP (fig. S6B). This reaction
route continues with atomic hydrogen loss from the methyl group
(i6 — i7), three-membered ring closure (i7 — i8), five-membered
ring opening up to a six-membered ring (i8 — i9), and finally uni-
molecular decomposition via hydrogen atom loss to anthracene
(p2). Considering the highest barrier in the phenanthrene forma-
tion route of 235 kJ mol™" with respect to the separated reactants
(i2 — i3), the reaction sequence to anthracene is less favorable not
only with regard to the radical-radical recombination site (C9 versus
C4a) but also from an energetics standpoint, as the rate-controlling
transition state (i7 —> i8) is about 50 kJ mol ™" higher than is the case
for the phenanthrene pathway. As such, the low experimental branch-
ing ratio of anthracene compared to phenanthrene is expected.

An alternative source of anthracene, along with 1-vinylacenaph-
thylene (p7/p7’), could be hydrogen-assisted isomerization of
phenanthrene [Fig. 4, note that a part of this potential energy
surface (PES) was explored in a previous work on the reactions of
naphthyl radicals with vinylacetylene (46)]. Along the path to an-
thracene, one of the six-membered rings of phenanthrene opens
after an H atom addition (pl — i16 — i17), which is followed
by rotations of the C4H,4_5 side chain and facile hydrogen atom

Goettl et al., Sci. Adv. 11, eadv0692 (2025) 6 June 2025

migrations to and from this side chain and the neighboring ring
(i17 — i18 — i19 — i20 — i21), and finally ring re-closure and
elimination of the extra hydrogen atom (i21 — i22 — p2). The
highest energy transition state along this pathway lies 149 kJ mol ™
above the phenanthrene plus atomic hydrogen reactants and corre-
sponds to a hydrogen migration step (i18 — i19). An alternative
route from i21 involves a four-membered ring opening and closure,
resulting in a cis-trans isomerization of the C4Hs side chain fol-
lowed by rotations and H shifts eventually leading to i28. The latter
then undergoes a five-membered ring closure to i29 and atomic hy-
drogen elimination producing 1-vinylacenaphthylene (p7/p7’). Al-
though the pathway from p1 to p7 is mechanistically feasible, it
features the highest barrier of 257 k] mol ™" relative to p1 + H for the
i21 — i23 step and, hence, is expected to be less competitive than
the secondary pathway to anthracene. Overall, branching ratios of
various Cy4H;o isomers produced through the primary and second-
ary reaction under the experimental conditions can be theoretically
evaluated in a future work through kinetic modeling combined
with computational fluid dynamics simulations of the gas flow in
the reactor as outlined in a kinetic section in the Supplementary
Materials, which also provides calculated rate constants for the pre-
vailing reaction channels.

DISCUSSION

In summary, our combined experimental and computational inves-
tigation reveals the formation of phenanthrene and anthracene
through distinct five-membered ring expansion mechanisms from the
gas-phase radical-radical reaction of methyl (CH3") with resonance-
stabilized fluorenyl (C;;Hy"), where products were detected isomer-
selectively with the PEPICO technique using PIE curves and ms-TPE
spectra. While the radical-radical recombination route to phenan-
threne is expected, the pathway to anthracene via methyl attack on the
opposing, low-spin-density side of fluorenyl should be negligible ac-
cording to classical textbook knowledge. However, branching ratios to
anthracene of over 10% even with the inclusion of additional isomers
suggest that this mechanism may play a greater role in the PAH growth
network present in extreme, high-temperature environments than
anticipated, although the formation of anthracene may, in part, be
attributed to the H-assisted isomerization of phenanthrene. Both
phenanthrene and anthracene have been detected in carbonaceous
chondrites such as Murchison (25) and Kolang (47) and were recently
found in samples returned from the asteroid Ryugu (27), highlight-
ing the interest in discovering alternate formation mechanisms for
these PAHs from astrophysically relevant precursors. While the
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methyl radical was first detected in the ISM more than 20 years ago
(48), fluorenyl has no explicit observation. However, as demonstrated
in laminar flow combustion experiments—approximating conditions
in circumstellar envelopes of carbon stars and planetary nebulae as
their descendants—the fluorenyl radical can be produced at high
temperatures from, e.g., ethylene and indene (18, 49), both of which
are prevalent in deep space (30, 31, 50), thus vouching for the feasibility
of the title reaction in extraterrestrial environments.

Additionally, radical-radical reactions encompass a noteworthy
role in the processes found in combustion systems (39). Specifically,
conversion of five-membered to six-membered rings via ring expan-
sion has previously been explored theoretically (51-53) and investi-
gated with pyrolysis experiments (54-58). Our current study offers
insight into bottom-up molecular mass growth processes of PAHs—
which eventually lead to soot—through these radical-radical ring
expansion mechanisms by revealing multiple pathways for fluorenyl
conversion to phenanthrene and anthracene, in essence providing
different ways for taking a multi-ringed aromatic species on track to
grow into a three-dimensional carbonaceous nanostructure—due
to five-membered rings instilling curvature in larger PAHs (59)—
and converting it to a fully benzenoid PAH on the path to two-
dimensional growth, inevitably changing the route toward soot
formation. Overall, the use of tunable VUV light for isomer-selective
exploration of PAH growth from resonance-stabilized hydrocarbon
radicals enhances our fundamental understanding of interstellar
carbon evolution, from small RSFRs such as propargyl up to carbo-
naceous nanoparticles and beyond.

MATERIALS AND METHODS

Experimental methods

The experiments were carried out at the Swiss Light Source (SLS) of
the Paul Scherrer Institute (PSI) using the X04DB beamline. Mea-
surements used a molecular beam apparatus coupled to a resistively
heated silicon-carbide (SiC) chemical microreactor, which was op-
erated with a double VMI photoelectron photoion coincidence
spectrometer (60-65). Briefly, acetone [CH3;C(O)CHj, 99%] was
placed in a water—ice-cooled glass bubbler and seeded at 5% in he-
lium (He, 99.996%, PanGas). The gas mixture was sent at a backing
pressure of 150 torr and a flow rate of 80 sccm (standard cubic cen-
timeters per minute) through a high-vacuum oven containing
9-bromofluorene (C,3HqBr, 98%, Sigma-Aldrich), which was sub-
limed at 333 + 1 K and incorporated into the gas flow, which exited
the oven through a 200-pm-diameter nozzle into a SiC tube with
20-mm heated length and 1-mm inner diameter. Methyl (CH3) and
9-fluorenyl (C;3Hy) radicals were generated in situ via pyrolysis of
acetone and 9-bromofluorene, respectively, at a reactor temperature
of 1700 + 100 K measured by a type C thermocouple. Products
formed attained supersonic expansion upon leaving the reactor and
passed through a skimmer with a 2-mm-diameter orifice into the
experimental chamber where the photoelectron photoion coinci-
dence (PEPICO) spectrometer resides. Here, quasi-continuous syn-
chrotron VUV radiation tuned from 7.00 to 9.00 eV is exploited to
ionize reaction products under fragment-free soft ionization condi-
tions (66, 67). A constant electric field of 218 V cm ™" was used to
extract both the cations and electrons in opposite directions to
be velocity map imaged on separate position-sensitive delay-line
anode detectors (Roentdek DLD40). Data obtained include PIE
curves, which depict ion counts as a function of photon energy at a
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specific m/z, and ms-TPE spectra, which are collected from the
same method as the PIE curves while selecting only the photoelec-
trons with kinetic energy less than 10 meV in coincidence with
photoions at the desired m/z. The procedure of Sztiray and Baer
(68) was used to subtract the hot electron signal from the threshold
(kinetic energy less than 10 meV) electrons. Selecting only the
room temperature background in the VMI for the ions results in a
reduction in spectral broadening and hot bands from insufficient
cooling of the molecular beam (69).

Computational methods

Ab initio G3(MP2,CC)//@B97XD/6-311G(d,p) calculations have
been used to optimize local minima and transition states on the
Ci14Hi; and Cy4Hy; PESs accessed by the reaction of the fluorenyl
and methyl radicals. The Cartesian coordinates (A) and vibrational
frequencies (cm™') for all species are reported in data S1. The
G3(MP2,CC)//0oB97XD/6-311G(d,p) model chemistry scheme (70-
72), which is expected to provide an accuracy of 4 to 8 kJ mol™" for
relative energies, involves geometry optimization and vibrational
frequency calculations at the hybrid density functional ®B97XD/6-
311G(d,p) level (73) followed by single-point energy refinement at
the CCSD(T) (74, 75)/6-311G(d,p) (76), MP2 (77)/6-311G(d,p), and
MP2/G3Large (67) levels of theory aimed to evaluate the CCSD(T)
energy with a large and flexible G3Large basis set. Zero-point vi-
brational energy corrections (ZPE) obtained at the ®B97XD/6-
311G(d,p) level were also included. The absence of a meaningful
multireference character in the wavefunctions was monitored using
their T1 diagnostics (78, 79), and no problematic cases were detected
as T1 values did not exceed 0.015. The electronic structure calcula-
tions were carried out using the Gaussian 09 (80) and MOLPRO 2015
(81, 82) program packages.

Possible assignments for C;4H; isomers were screened with an
in-house code that retrieves compound information for a user-input
chemical formula (Ci4Ho) from the PubChem database (83) and
generates Gaussian input files based on the InChI provided. Geom-
etry optimization and frequency calculation for both neutral and
cation was carried out at the B3LYP/CBSB?7 level of theory. The zero-
point corrected electronic energies were refined at CBS-QB3 (84) to
calculate the AIEs using the Gaussian 16 Rev. CO1 suite of programs
(85). We calculated ionization energies of around 100 species, from
which about 14 were in a +0.1-eV energy range from the band at
7.60 eV. In addition, we applied a cutoff energy of 1.4 eV above
phenanthrene, the most stable isomer, and ended up with five differ-
ent isomers, for which we calculated the FC factors using eZspec-
trum (86). The resulting stick spectra were convoluted with Gaussian
functions of 20- to 50-meV full width at half maximum and fitted to
the experimental spectrum. Spectra of the five isomers of the Cy4H;,
compositions along with FC simulations are depicted in fig. S5.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs. S1to S6

Table S1

Legend for data S1
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