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Unconventional Pathway in the Gas-Phase Synthesis of 9H-Fluorene
(C;zH,y) via the Radical-Radical Reaction of Benzyl (C;H,) with

Phenyl (C,Hs)

Chao He, Ralf I. Kaiser,* Wenchao Lu, Musahid Ahmed,* Pavel S. Pivovarov,
Oleg V. Kuznetsov, Marsel V. Zagidullin, and Alexander M. Mebel*

Abstract: The simplest polycyclic aromatic hydrocarbon
(PAH) carrying a five-membered ring—9H-fluorene
(Ci3H,y)—is produced isomer-specifically in the gas
phase by reacting benzyl (C;H;") with phenyl (CsHs")
radicals in a pyrolytic reactor coupled with single photon
ionization mass spectrometry. The unconventional
mechanism of reaction is supported by theoretical
calculations, which first produces diphenylmethane and
unexpected 1-(6-methylenecyclohexa-2,4-dienyl)benzene
intermediates (Cj3Hy,) accessed via addition of the
phenyl radical to the ortho position of the benzyl radical.
These findings offer convincing evidence for molecular
mass growth processes defying conventional wisdom
that radical-radical reactions are initiated through
recombination at their radical centers. The structure of
9H-fluorene acts as a molecular building block for
complex curved nanostructures like fullerenes and nano-
bowls providing fundamental insights into the hydro-

carbon evolution in high temperature settings. )

Since the pioneering discovery of the 9H-fluorene molecule
(Ci3Hyy) as a product of oil boiling of crude anthracene
(C,;H,y) by Marcellin Berthelot in 1867,1 9H-fluorene has
received extensive attention from the material science,
physical organic chemistry, combustion science, and astro-
chemistry communities. 9H-Fluorene—a rigid, planar poly-
cyclic aromatic hydrocarbon (PAH) of C,, symmetry—can
be classified as a biphenyl molecule bridged via a methylene
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carbon between the 2,2’ biphenyl carbons.” The methylene
group located at the C9 position depicts an unusually high
reactivity® and undergoes facile oxidation to fluorenones.”
Polymers of 9H-fluorene—polyfluorenes—represent key
molecular components for blue organic light-emitting diodes
(OLEDs)P! and solid-state lasers,'”! while copolymers have
been extensively exploited in thin-film transistors!”! and solar
cells.®! As the prototype of a polycyclic aromatic hydro-
carbon (PAH)—hydrocarbons composed of multiple fused
benzene rings'”! —carrying a five-membered ring, 9H-fluo-
rene has been recognized as a fundamental molecular
building block of non-planar PAHs such as corannulene
(C,H,y) along with nanobowls (C,H,,) and fullerenes (C,
C0)” (Scheme 1). Hence, five-membered rings are essential
in molecular mass growth processes in combustion
systems!'! and carbonaceous nanoparticles (grains) in cir-
cumstellar envelopes of carbons stars such as IRC+ 10216 to
transit planar PAHs out of the plane. However, the under-
lying synthetic routes to 9H-fluorene (C;;H,,)—the simplest
polycyclic aromatic molecule carrying the five-membered
ring moiety —are elusive, but critical to our understanding of
fundamental molecular mass growth processes leading
ultimately to carbonaceous nanoparticles in our Galaxy."?
Here, we report on the very first isomer-specific gas-
phase synthesis of the 9H-fluorene molecule (C;3H,g)
involving diphenylmethane (C;3;H,;,) intermediates via the
reaction of the benzyl radical (C;H,*, X*B,) with the phenyl
radical (C¢Hs*, X?A,). Experiments are designed to mimic
high temperature environments in combustion systems and
in circumstellar envelope of carbon stars together with
planetary nebulae as their descendants and limit molecular
mass growth processes to the reaction of one benzyl radical
with only one phenyl radical thus excluding uncontrolled,
successive reactions of hydrocarbon radicals (Supporting
Information). Accompanying electronic structure calcula-
tions along with computational fluid dynamics (CFD)
simulations reveal that the recombination of the benzyl
(C,H;*) with the phenyl (C4Hs") radical commences not only
with the formation of diphenylmethane (C;sH,,) through
phenyl addition to the CH, group, but unexpectedly through
unconventional phenyl addition to the ortho carbon in
benzyl eventually forming singlet 9H-fluorene (C;Hy).
These findings dispute conventional wisdom that PAH
synthesis involving radical-radical reactions exclusively pro-
ceeds through a simple recombination of the radical centers.
We provide compelling evidence that exotic, previously
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Scheme 1. Molecular structures of 9H-fluorene (Cy3H,,), diphenylmethane (Cy3H,,), corannulene (CyH,q), the C4 nanobowl (CyoH5(), and
buckminsterfullerene (Cg). Carbon and hydrogen atoms are color coded in gray and white, respectively; the carbon atoms of the carbon pentagon

skeleton are highlighted in black.

elusive reaction pathways need to be considered leading to
formation to aromatic, multi-ringed structures via unusual
gas phase reaction dynamics toward aromaticity in our
Universe.['”

A chemical micro reactor was utilized to explore the
synthesis of 9H-fluorene (C,3H;() via the reaction of the
aromatic and resonantly stabilized benzyl radical (C,H;*)
with the phenyl radical (CsHs*) formed in situ through
pyrolysis of benzylbromide (CsH;CH,Br) and nitrosoben-
zene (C4HsNO), respectively. The products were entrained
in a molecular beam, ionized via fragment-free, soft photo-
ionization using tunable synchrotron VUV light, and
detected isomer-specifically with a reflectron time-of-flight
mass spectrometer (Re-TOF-MS) (Supporting Information).
A representative mass spectrum recorded at a photon
energy of 9.50 eV for the reaction of the benzyl with phenyl
radicals is displayed in Figure 1. Control experiments of
helium-seeded benzylbromide and nitrosobenzene con-
ducted within the identical experimental setup were also
carried out by keeping the silicon carbide tube at 293 K
(Figure 1). A comparison of both mass spectra provides
compelling evidence that signal at m/z=166 (C;;H;,") and
168 (C;3Hy,") are clearly reaction products of the benzyl-
phenyl reaction at a reactor temperature of 1423 £10 K this
signal is absent in the control experiment. Accounting for
the molecular weight of the reactants (C;H,*, 91 amu; C;H,",
77 amu) and products (C3H,y, 166 amu; C;3H,,, 168 amu),
molecules with the formula C,;H;, can be linked to reaction
products of the phenyl with the benzyl radical. On the other
hand, molecules with the formula C;;H,, must lose formally
two hydrogen atoms from the C,3;H;, hydrocarbon product.
Further, ion counts are also observable at m/z=154
(CHyp "), 155 (BCC Hyy), 156 (CeHsBr™), 158 (CaHsMBr ™),
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and 169 (*CC,,H;,") in the benzyl-phenyl system (Figure S1
and S2). Signal at m/z=154 and 155 can be attributed to
biphenyl (C¢Hs—C¢Hs) and “C-biphenyl formed via self-
reaction of phenyl radicals. Ions at m/z=156 and 158 are
associated with bromobenzene (C;Hs*Br"/C¢Hs*' Br ), while
ions at m/z=169 are associated with *C-diphenylmethane
(*CC,H;,") (Figure 2 and Figure S1 and S2). To summa-
rize, the analysis of the mass spectra alone reveals that the
reaction of the benzyl (C;H,") with the phenyl (CsHs")
radical synthesizes hydrocarbon molecule with the molecular
formulae C;H;, and C;;H,, in the gas-phase.

With the detection of hydrocarbon molecule(s) of the
molecular formula C;H,, and C;3H,,, it is our objective now
to elucidate the structural isomer(s) formed in the reaction
of the benzyl with the phenyl radials (Figure 1). A detailed
analysis of the corresponding photoionization efficiency
(PIE) curves, for ions at m/z=166 (C;;H;,") and 168
(C3sHy, ") as a function of the photon energy from 7.60 to
10.0 eV (Figure 2) allows elucidation of the structural
isomers formed in the reaction.

In detail, each experimental PIE curve (PIE.,) repre-
sents a linear combination of the PIE curves of possible
product isomers (equation (1)) with PIE, defining the PIE
curve of the nth product isomer and a, the weighting factor;
each PIE curve PIE, is unique to the isomer. Therefore, the
fit of the experimental PIE curve yields key information of
the contribution of distinct product isomers. This approach
has been exploited nicely by, e.g., Qi etal,'” Hansen
et al.,™ and Kaiser et al.'" to elucidate fundamental reac-
tion mechanisms and molecular mass growth processed in
hydrocarbon flames and in microreactors.
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Figure 1. Photoionization mass spectrum recorded at a photon energy of 9.50 eV for the benzyl plus phenyl radical—radical reaction at a
temperature of 293 K (a) and 1423 +10 K (b). The inserts highlight the ion signal from m/z=160 to 175.
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Figure 2. Photoionization efficiency (PIE) curves for different product masses are shown in panel a) m/z=166, and b) m/z=168 in the reaction of
the benzyl with phenyl at a reactor temperature of 1423 410 K. Black: experimental PIE curves; red: reference PIE curves. The error bars consist of
two parts: +10% based on the accuracy of the photodiode and a 1 6 error of the PIE curve averaged over the individual scans.

PIE,, = ZanPIEn (1) curve of 9H-fluorene (C3H,,, red) (Figure 2a), while the
=1 experimental PIE curves for m/z =168 (black) matches the
reference PIE curve of diphenylmethane exceptionally well

The experimentally derived PIE curves at m/z=166  (C;;Hj,, red) (Figure 2b). Additionally, the PIE curves of m/
(black) can be reproduced effectively by the reference PIE ~ z=168 (Figure 2b) and m/z=169 (Figure S2c) overlap;
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therefore, ions at m/z =169 are associated with “C-diphenyl-
methane (*CC,H,,"). Hence, we conclude that within our
error limits, 9H-fluorene (C;3H;)) and diphenylmethane
(Ci3Hy,) denote the only contributions to signal at m/z =166
and 168, respectively (Supporting Information) with an
experimentally derived branching ratio of 9H-fluorene
versus diphenylmethane of 0.6 £0.1.

To understand how two benzene rings joined by a five-
membered ring—9H-fluorene —along with diphenylmethane
is formed in the reaction of the benzyl radical (C;H;") with
the phenyl (CsHs*) radical, we turn to computational
investigations. (Figure 3; Figure S3-S6; Tables S1-S3). These
studies reveal that the reaction is initiated by C—C bond
coupling involving the radical centers at the CH, moiety of
the benzyl radical and at the bare carbon atom of phenyl
radical. This bond formation can proceed on the singlet
surface (blue) and also on the triplet surface (red) yielding
the initial collision complexes of singlet and triplet diphenyl-
methane (il/i0), respectively. While singlet diphenylmethane
(i1) can be formed barrierlessly, formation of triplet
diphenylmethane (i0) requires surmounting a barrier of
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28 kJmol ™. A facile ring closure of the latter is accompanied
by carbon-carbon bond formation and hence intermediate
i2. Two successive atomic hydrogen losses via p2 (C;3Hy;)
eventually forms 9H-fluorene (p4, C;3H,y). On the singlet
surface, il may undergo unimolecular decomposition via
hydrogen loss to either diphenylmethyl (p3, C;;H;) or
benzyl-2-phenyl (pl, C;;H,;) followed by ring closure to
4a,9-dihydro-fluorenyl (p2, C;3H;;), which holds a five-
membered carbon ring and hence acts as a precursor to 9H-
fluorene (p4, C,;3H,y). Overall, the reaction to form 9H-
fluorene (p4, C;3H) plus two hydrogen atoms is slightly
endoergic by 3 kJmol .

An alternative reaction pathway starts with the addition
of phenyl radical to the ortho carbon atom in benzyl. Such
addition is also barrierless since benzyl radical is resonance-
stabilized and the spin density is delocalized among the
external CH, group and ortho and para carbons in the ring.
The ortho phenyl addition is less exoergic than the CH,
addition with the intermediate i3, 1-(6-methylenecyclohexa-
2,4-dienyl)benzene, residing 309 kJmol™ below the sepa-
rated reactants. Next, an atomic hydrogen loss from the

Figure 3. Potential energy surfaces (PESs) of the benzyl plus phenyl system. The blue and red paths are the singlet and triplet surfaces, respectively.
The green pathway is assisted by hydrogen abstraction through an external hydrogen atom, whereas the purple route indicates phenyl addition to
the ortho position of benzyl. Relative energies with respect to the reactants given in k) mol™" are calculated at the G3(MP2,CC)//B3LYP/6-

311G(d,p) +ZPE(B3LYP/6-311G(d,p)) level of theory.
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attacked carbon of benzyl forms biphenylylmethyl (p5,
C;3H;y) lying 80 kJmol ™' lower in energy than the reactants;
the hydrogen atom loss proceeds without an exit barrier.
The five-membered ring closure in pS is facile at high
temperatures as it proceeds via a barrier of 101 kJmol™,
with the transition state positioned 21 kJmol™ above the
initial reactants. This route produces 9a,9-dihydro-fluorenyl
(CisHyy, po); p6 then loses a hydrogen atom forming 9H-
fluorene overcoming a 105 kJmol™' barrier. It is worth
noting that the C;3H;, isomer i3 was not observed exper-
imentally. The computed adiabatic ionization energy of i3 is
7.61£0.05 eV and the onset of the PIE curve for m/z =168
is seen only around 8.4 eV. The non-observation of i3 is
attributed to the fact that around 1400 K, the C;H,;+ C;Hs—
i3—C;3H;; (p5)+H reaction preferably proceeds via the
well-skipping mechanism toward pS rather than ends up in
collisional stabilization of i3 (Figure S5), with the p5/i3
branching ratio being on the order of 10 at the pressures
inside the micro reactor. If a small amount of i3 is formed,
its lifetime at the experimental temperature and pressures,
according to the calculated rate constants for unimolecular
decomposition, is 5-9 ps; therefore, i3 is unlikely to survive
and exit in the reactor considering residence times of a few
tens of microseconds. In the presence of hydrogen atoms,
intermediate il may react with atomic hydrogen via hydro-
gen abstraction to the benzyl-2-phenyl (p1, C3H,;) plus H,
or p3 plus H,. Here, due to the favorable transition state to
abstraction, formation of diphenylmethyl (p3, C;sH,;) plus
H, is expected to dominate. The transition state involved in
the isomerization between benzyl-2-phenyl (p1, C;;H,;) and
diphenylmethyl (p3, C;3H,,) is located 152 kJmol™ above
benzyl-2-phenyl (p1, C;3H;;) and hence is even less favor-
able energetically. In an alternative, but less favorable
pathway than p3—pl—p2 where the five-member ring
closure is preceded by H migration, p3 can rearrange to p2
beginning with the ring closure, which is followed by two H
shifts, p3—p7—p8—p2 (Figure S4 in Supporting Informa-
tion). This pathway does not appear to be competitive
because it features a barrier of 331 kJmol™! relative to p3
that is significantly higher than the highest barrier on the
p3—pl—p2—p4+H pathway, 268 kJmol'. The critical
barrier to form a higher energy C;;H,, product p9 via p3—
p7—p9+H is lower, 244 kJmol ', and hence a small amount
of p9 can be formed but the latter would be rapidly
converted to 9H-fluorene p4 by H-assisted isomerization.

In brief, the calculations reveal that, for the reaction of
the benzyl (C;H;%) with the phenyl (C,Hs*) radicals, singlet
and triplet diphenylmethane (C;3sH;;) represent initial
addition complexes; 9H-fluorene (p4, C;Hyy) can be formed
via both the singlet and triplet surfaces. These findings
match nicely with our experimental results, which identified
diphenylmethane (C5H,,) and 9H-fluorene (C;5sH,,). Hydro-
gen abstraction—if present at all—leads preferentially to the
diphenylmethyl radical (p3, C;;H;;). Note that a previous
study on the reaction of the benzyl (C;H;") and phenyl
(C¢Hs") radicals proposed the formation of diphenylme-
thane, but could not uniquely identify the structural isomer
associated with signal at m/z=166.08 due to the lack of
isomer specific detection schemes.*
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While diphenylmethane (il) is clearly produced by
phenyl addition to the CH, group of benzyl and collisional
deactivation, there exist multiple pathways to 9H-fluorene
(p4). To quantify their relative contributions, we performed
computational fluid dynamics (CFD) simulations of the flow
in the micro reactor combined with kinetic modeling of
chemical reactions involved. The kinetic mechanism is listed
in the Supporting Information (Table S1). Figures 4 and S6
feature the key results of the simulations including pressure,
temperature, average axial gas velocity inside the reactor,
mole fractions of il and p4 along the reactor tube as well as
contributions of different sources into the production of p4
and the [p4]/[il] ratio. One can see that 9H-fluorene is
predominantly formed from the biphenylylmethyl radical
via i3 intermediate and the reaction sequence CsH,; (p5)+
H—C;H;; (p6)+H—C;Hy, (p4)+2H (RP1) involving
ortho phenyl addition to benzyl. Only minor contributions
less than 6 % originate from p1 (RP2) and p3 (RP3) formed
through phenyl addition to the CH, group via the reaction
sequences (i) C;H,+CsHs—C;H;, (i1)—C;H;; (p1) +H—
Ci:Hyy (p2) +H—C3Hyp (p4)+2H and (ii) GH;+CeHs—
CiHy, (i1)—C3Hyy (p3) +H—C3Hyy (p1) +H/C3Hyy (p7) +
H—C;Hy, (p9)+2H/C;Hy (p7) +H—CsHyy (p8)+H—
Ci;Hy; (p2) + H—C3Hy (p4) +2H, respectively. The role of
the triplet pathway leading to C;3H;; (p2) plus atomic
hydrogen and then to p4 is negligible (RP4). The formation
of p4 along with its C3H, radical precursors occurs between
1.8 and 2.0 cm from the beginning of the reactor. Here, the
gas temperature is in the 1250-1300 K range and, after the
fast nitrosobenzene pyrolysis, the phenyl radical is rapidly
consumed. The [pd4]/[il] ratio is controlled by the rate
constants for the well-skipping C,H,+ C¢H;—i3—p5+H
channel versus collisional stabilization C;H,+ C,H;—C;H,,
(i1). Using the nominal values of the rate constants for these
two reaction channels results in the calculated 9H-fluorene/
diphenylmethane branching ratio close to 1. The value of
0.63, which is within the error margins of the experimental
result, 0.6 £0.1, is obtained by decreasing the nominal rate
constant for the former channel by 30 % and increasing that
of the latter by 30%. Since phenyl addition to the CH,
group under the micro reactor conditions mostly ends up in
collisional stabilization of il, whereas for ortho phenyl
addition  the  well-skipping channel leading to
biphenylylmethyl (p5)+H prevails (Figure S5), the ratio of
rate constants il/pS+ H is mostly controlled by branching of
the reaction flux in the entrance channel between the CH,
and ortho phenyl addition. Accurate evaluation of this
branching using VRC-TST calculations of the corresponding
HP limit rate constants is a very time-consuming task which
can be addressed in the future. One can anticipate that the
CH, addition should be somewhat faster than the ortho
addition considering the more attractive potential toward
the formation of il vs. that toward i3. Therefore, the small
adjustments made for the CH,;+CHs—il/pS+H rate
constants are physically reasonable and, most importantly,
the CFD/kinetic simulations with these adjustments nicely
reproduce the experimental branching ratio of 9H-fluorene
versus diphenylmethane of 0.6 +0.1.
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Figure 4. Simulated mole fractions of diphenylmethane (i1) and 9H-fluorene (p4) along with distinct pathways (RP1-RP4) to p4 and [p4]/[i1] ratios
as a function of the distance within the micro reactor (a), with the pathways (RP2-RP4) to p4 highlighted (b).

In conclusion, our combined experimental and computa-
tional study identified a radical-radical reaction of the
benzyl (C;H;%) radical with the phenyl radical (C¢Hs") which
initially yields singlet diphenylmethane and 1-(6-meth-
ylenecyclohexa-2,4-dienyl)benzene  intermediates  (il/i3,
C;H,,), with the latter eventually forming 9H-fluorene (p4,
C;H,) —the simplest PAH carrying a five-membered ring.
The formation of a five-membered ring between the benzyl
(C;H;%) and the phenyl (C¢Hs") radical as demonstrated in
9H-fluorene (p4, C;3H,y) through the addition of the phenyl
radical to the ortho-position of the methylene moiety of the
benzyl radical is unconventional with its carbon skeleton
representing a fundamental molecular building block of
more complex carbonaceous nanostructures such as nano-
bowls and fullerenes (Scheme 1). The dipole moment of 9H-
fluorene of 0.53 D is the same order of magnitude as of
propylene (CsHg; 0.364 D);!'") therefore, since the rotational
spectrum of 9H-fluorene has been explored with 82 lines
from 8.3 to 37.5 GHz with 2<J<18 and 0<K,<9 extracted,
this molecule represents an ideal target to be detected in the
Taurus Molecular Cloud TMC-1 in prospective radio
astronomical searches.”™ This hydrocarbon chemistry is
directly relevant to the understanding of the chemical
evolution of combustion systems!"”! and carbon-rich circum-
stellar envelopes leading to insight of the formation and
evolution of carbonaceous matter in our Galaxy.*
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