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Abstract: A representative, low-temperature gas-phase reac-
tion mechanism synthesizing polyacenes via ring annulation
exemplified by the formation of pentacene (C,,H,,) along with
its benzo[ajtetracene isomer (Cy,H,,) is unraveled by probing
the elementary reaction of the 2-tetracenyl radical (C,sH,;’)
with vinylacetylene (C,H,). The pathway to pentacene—
a prototype polyacene and a fundamental molecular building
block in graphenes, fullerenes, and carbon nanotubes—is
facilitated by a barrierless, vinylacetylene mediated gas-phase
process thus disputing conventional hypotheses that synthesis
of polycyclic aromatic hydrocarbons (PAHs) solely proceeds
at elevated temperatures. This low-temperature pathway can
launch isomer-selective routes to aromatic structures through
submerged reaction barriers, resonantly stabilized free-radical
intermediates, and methodical ring annulation in deep space
eventually changing our perception about the chemistry of
carbon in our universe.

Since the very first isolation of tetracene (C;sH;,) and
pentacene (C,H,,) respectively by Gabriel and Leupold
(1898) and Clar and John (1929, 1930)Y) more than a century
ago, acenes—polycyclic aromatic hydrocarbons (PAHs) with
the molecular formula C,, ,H,,.4 (n >4) formally grown by
linear fusion of benzene molecules™ (Scheme 1)—have
attracted extensive attention from the physical chemistry,
organic chemistry, material science, and astrochemistry
communities. This interest is based on their exceptional
optoelectronic properties—often in combination with Buck-
minster-fullerene (Cgq)—as organic semiconductors® and

organic field effect transistors (OFETs).[! Acenes also play
a fundamental role as molecular building blocks in nano-
tubes,” graphenes,” nanoflakes”! and fullerenes (C,)
(Scheme 2)®! and have been suggested as potential carriers
of (some of) the diffuse interstellar bands (DIBs)”'—discrete
absorption features overlaid on the interstellar extinction
curve from the blue part of the visible (400 nm) to the near-
infrared (1.2 um).l Structurally, the 22 m-aromatic penta-
cene (C,,H,,) represents a linear (planar) acene with tetra-
cene (C;gH;;) and hexacene (CyH,4) defining the previous
and next member in the homologous series, respectively.
Although unsubstituted acenes hold a D,, point group,
substitution by phenyl groups in pentacene distorts the

hexacene

Scheme 1. Molecular structures of the three simplest acenes: tetracene
(CygHy,), pentacene (Cy,H,y4), and hexacene (CysH,6). Carbon atoms
gray and hydrogen atoms white.
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Scheme 2. Acenes as fundamental building blocks in fullerenes and
carbon nanotubes; the acene moiety is highlighted in black.

acene moiety out of plane resulting in right- and left-handed
enantiomers with end-to-end twists of 144°.'l Considering
the highly reactive 6 and 13 positions of pentacene due to -
electron localization, the aromatic character of pentacene is
quite distinct from PAHs such as naphthalene (C,,Hg). This is
evident from the facile oxidation of pentacene at the 6 and 13
positions to pentacene quinone!™'?l and a tautomeric equi-
librium between 6-methylpentacene and 6-methylene-6,13-
dihydropentacene favoring the methylene species.!"”

There are a number of ways to synthesize acenes. Classical
approaches involve the reduction of acenequinones, the
deoxygenation of epoxyacenes, and the dehydrogenation of
hydroacenes.'¥l More recent techniques are the photo bisde-
carbonylation of bridged a-diketones (Strating—Zwanenburg
reaction)"™ and the photochemical or thermal extrusion of
carbon monoxide, a retro-cheletropic reaction.'” The latter
two approaches were exploited successfully for the generation
of the largest acenes under matrix isolation conditions and in
ultrahigh vacuum on noble metal surfaces: heptacene (n =7),
octacene (n=38), nonacene (n=9), and undecacene (n=
11)."-181 Based on the absorption spectra, an optical gap of
1.2 eV was extrapolated for the infinitely long polyacene.l™
Nonacene (n=9), decacene (n=10), undecacene (n=11),
and dodecacene (n = 12) were prepared in situ on gold
surfaces using o-diketone, hydroacene, and epoxyacene
precursors.'! The HOMO-LUMO gap of undecacene was
determined to be only 1.2 eV and increases for dodecacene to
1.4 eV."8 However, despite extraordinary progress on the
synthesis and characterization of higher acenes, molecular
mass growth processes leading to these aromatic molecules at
extreme temperatures of 10 K as present in molecular clouds
have not been reported yet. A fundamental understanding of
these processes is critical not only to constrain the formation
of a key class of aromatic compounds—acenes—in deep space
(after all, if acenes contribute to the DIBS carriers, they have
to be synthesized in the interstellar medium), but also to
elucidate non-traditional, low-temperature reaction mecha-
nisms to precursors to carbonaceous nanostructures in
interstellar environments eventually bringing us closer to an
understanding of the carbon chemistry in our Universe.

Herein, we report on a pathway to synthesize polyacenes
through a targeted, vinylacetylene prompted gas-phase
chemistry via ring annulation involving bimolecular reactions
with aryl radicals. In distinction to aforementioned routes
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pursuing gas-phase pyrolysis of labile precursors,"! prepara-
tive high-temperature solution chemistry,®! and matrix iso-
lation,?!! the novel gas-phase synthesis involves a de-facto
barrierless reaction via molecular mass growth from the
bottom-up via ring addition involving free-radical reaction
intermediates. Exploiting pentacene as a prototype, we
expose the previously unknown gas-phase chemistry forming
pentacene (C,,H,,; 278 amu) along with atomic hydrogen
(1 amu) through the elementary reaction of the 2-tetracenyl
radical (C;gH;;; 227 amu) with vinylacetylene (C,Hy;
52 amu). Tetracene has been proposed to exist in the
interstellar medium (ISM);®! the 2-tetracenyl radical can be
generated from tetracene via photolysis by the internal
ultraviolet field existing even deep inside molecular clouds.
Laboratory studies have shown that vinylacetylene can be
synthesized in deep space via the barrier-less gas-phase
reaction of ethylene (C,H,) with the ethynyl radical
(C,H).”” Engaging a combination of laboratory experiments
and ab initio electronic structure calculations, this proof-of-
concept study reveals a benchmark of an unconventional,
barrierless reaction through resonance-stabilized free radical
(RSFR) intermediates (C,,H;s") leading to an efficient gas-
phase synthesis of pentacene. This route represents a facile,
representative mechanism to systematically build up more
complex polyacenes such as hexacene and heptacene through
successive ring annulation—one ring at a time—involving
bimolecular gas-phase reactions of an aryl radical with
vinylacetylene. The extracted reaction mechanism also
allows a selective design of substituted acenes by replacing
hydrogen atoms in the aryl and/or vinylacetylene reactant(s)
by organic groups thus connecting to substituted acenes,
whose classical synthetic chemistry has been proven challeng-
ing. These processes operate even at ultralow interstellar
temperatures as low as 10 K hence providing an unconven-
tional synthetic route to potential carriers of DIBs: poly-
acenes. Briefly, a chemical microreactor was utilized to
synthesize pentacene through the gas-phase reaction of the
2-tetracenyl radical (C;sH;,*) with vinylacetylene (C,H,). The
nascent reaction products were sampled in a molecular beam
isomer-specifically via fragment-free photoionization of the
neutral products exploiting tunable vacuum ultraviolet
(VUV) light followed by detection of the ionized molecules
in a reflectron time-of-flight mass spectrometer (ReTOFMS;
see Supporting Information).

A representative mass spectrum recorded at a photoioni-
zation energy of 9.50 eV is displayed in Figure 1 for the
reaction of the 2-tetracenyl radical (C;sH,;"; 227 amu) formed
via flash pyrolysis of 2-bromotetracene with vinylacetylene
(C,H,; 52 amu). Control experiments were also carried out by
replacing the vinylacetylene reactant with non-reactive
helium carrier gas (Figure 1). A comparison of both data
sets reveals compelling evidence on the formation of a mol-
ecule with the molecular formula C,,H,, (278 amu) in the 2-
tetracenyl—vinylacetylene system (Figure 1b); this signal is
absent in the control experiment (Figure 1a). Considering the
molecular weight of the reactant molecules and the products,
it is evident that the C,H;, isomer(s) together with the
hydrogen atom are formed via the reaction of the 2-tetracenyl
radical with vinylacetylene. Note that signal at m/z 252
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226
228

are associated with C,;H,, and *C-C,;H,, formed
via hydrogen abstraction from the 2-tetracenyl
radical and its *C-substittued counterpart. Finally,
ion counts at m/z 228 and 229 are likely traced to
tetracene and “C-tetracene, respectively, and/or
originate from dissociative photoionization of the
precursor (Supporting Information).

With the detection of hydrocarbon molecules

He

308

Intensity (arb. Units)

226 | 508

278
252

holding the molecular formula C,,H;, formed
through reactive collisions of the 2-tetracenyl
radical with vinylacetylene, we aim to assign the
structural isomer(s) synthesized in this reaction.
This requires an in-depth analysis of the corre-
sponding photoionization efficiency (PIE) curve,
which displays the intensity of the ion at m/z of 278
(C,H,4") as a function of the photon energy from

220 230 240 250 260 270 300

m/z

280 290

Figure 1. Photoionization mass spectra recorded at a photoionization energy of
9.0 eV. a) 2-tetracenyl (C;sH;;")—helium (He) system; b) 2-tetracenyl (CigH,)—
vinylacetylene (C,H,) system. The mass peaks of the newly formed C,,H,, (m/z 278)
species along with the "*C-substituted counterpart (m/z 279) are highlighted in red.

(C,H),) is likely linked to 2-ethynyltetracene formed via the
reaction of the 2-tetracenyl radical (C;sH;;; 227 amu) with
acetylene (C,H,; 26 amu; Supporting Information). Ion
counts at mass-to-charge ratios (m/z) from 306 to 309
(CiH, ”Br*, “CC;;H,,"Br*, C;sH,*Br’, “CC;;H,,”Br")
and from 226 to 229 (C;H,, "“CC;H,/CisH;;, CisHp,
BCC;H,,) are evident in the 2-tetracenyl—vinylacetylene
and helium-vinylacetylene systems; this finding suggests that
these molecules are not connected to the gas-phase reaction
of the 2-tetracenyl radical with vinylacetylene. Here, ion
counts at m/z 306-309 are connected to the non-pyrolyzed 2-
bromotetracene precursor, while signals at m/z 226 and 227

L R R L LR LR AR R R R R R RS RN R R RS RRRR R R

310

6.60 eV t0 9.00 eV (Figure 2). This graph could be
reproduced through a linear combination of two
distinct reference PIE curves of discrete C,,Hy,
isomers: pentacene (green) and benzo[a]tetracene
(blue; Figure 2). The experimental and reference
PIE curves for pentacene show an onset of 6.65 +
0.05 eV, which agrees nicely with the literature
value of the adiabatic ionization energy of
6.61 eV The addition of the reference PIE curve of
benzo[a]tetracene significantly improves the fits from 7.20
to 9.0 eV and accounts for 11 +5 % in the ion counts at 9.0 e V.
Fitting the experimental data only with pentacene does not
reproduce the curve. It is important to highlight that both
reference curves were recorded in an identical experimental
setup as the 2-tetracenyl—vinylacetylene reaction (Support-
ing Information). After scaling, the PIE curve at m/z 279
nicely matches the PIE curve of m/z 278; therefore, signal at
m/z 279 is associated with "*C-pentacene and “C-benzo-
[a]tetracene. We would like to stress that absolute photo-
ionization cross sections of these isomers are unknown, and

320

a. m/z=278
Experiment

=== pentacene
= phenzo(a)tetracene

— fit

Intensity (arb. Units)

b. m/z=279
Experiment

e pentacene ('°C)
e henzo(a)tetracene ('°C)

— fit

7.0 7.5 8.0

8.5 7.0
Photon Energy (eV)

7.5 8.0 8.5 9.0

Figure 2. Photoionization efficiency (PIE) curves for m/z 278 and 279. Black: experimentally derived PIE curves with the error area presented in
gray; green: pentacene reference PIE curve; blue: benzo[a]tetracene PIE curve; red: overall fit. The overall error bars consist of two parts: £10%

based on the accuracy of the photodiode and a 16 error of the PIE curve
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Figure 3. Potential energy surface (PES) for the 2-tetracenyl (Cy3H;;) reaction with vinylacetylene (C,H,). See text for details. This PES was
calculated at the G3(MP2,CC)//B3LYP/6-311G(d,p) level of theory leading to pentacene and its isomer benzo[a]tetracene. The relative energies

are given in kjmol™.

absolute branching ratios cannot be provided. However, the
goal of the present investigation is to provide explicit
evidence on the synthesis of pentacene within the 2-tetra-
cenyl—vinylacetylene system.

With the explicit experimental evidence on the detection
of pentacene (C,H,,, P1) along with its isomer benzo-
[a]tetracene (P2) formed via the reaction of 2-tetracenyl with
vinylacetylene in the gas phase, it is our goal to untangle the
underlying reaction mechanisms. In case of complex systems,
it is very beneficial to merge the experimental findings with
electronic structure calculations to explore the synthetic
routes (Figure 3). Our computations at the G3(MP2,CC)//
B3LYP/6-311G(d,p) level of theory reveal that the 2-tetra-
cenyl radical approaches the vinylacetylene reactant barrier-
lessly leading to the formation of two possible van-der-Waals
complex [i0a] and [i0b] which are stabilized by 9 and
7 kImol™! with respect to the separated reactants. The 2-
tetracenyl radical adds to vinylacetylene at the terminal
carbon atoms of the vinyl and ethynyl moieties yielding the
intermediates [il] and [i2], respectively through barriers of 4
and 10 kJmol™' relative to [i0a] and [i0b], respectively. It is
important to highlight that the barrier connecting the van-der-
Waals complex [i0a] to the resonantly stabilized free radical
(RSFR) intermediate [il] is below the energy of the separated
reactants. In this sense, a barrier to addition exists, but the
latter resides lower in energy than the reactants and hence is
called a submerged barrier.?* Intermediate [il] is central to
the formation of the pentacene (P1) and benzo[a]tetracene
(P2) products; these isomers are synthesized via the reaction
sequences [il] — [i3] — [i4] — [i5] — P1 and [il] — [i6] — [i7]
— [i8] — P2 involving an hydrogen atom migration from an
ortho carbon in the attacked ring of tetracenyl to 3-carbon in
the side chain, cyclization, another hydrogen atom migration
in the newly formed six-member ring (from the methylene

Angew. Chem. Int. Ed. 2020, 59, 11334-11338
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moiety to the neighboring bare carbon atom), and atomic
hydrogen elimination accompanied by aromatization and ring
annulation. Two thermodynamically less favorable isomers,
(E)-2-(but-1-en-3-yn-1-yl)tetracene (P3) and 2-(but-3-en-1-
yn-1-yl)tetracene (P4), were not detected in our experiment.
In principle, these molecules can be accessed via a hydrogen
atom loss from intermediates [il] and [i2], respectively.
Considering (E)-2-(but-1-en-3-yn-1-yl)tetracene (P3), the
barrier of [il] — P3 plus hydrogen is higher than the
competing isomerization [il] — [i3] and [il] — [i6]; therefore,
isomerization and eventual formation of pentacene (P1) and
benzo[a]tetracene (P2) is preferred compared to decomposi-
tion to (E)-2-(but-1-en-3-yn-1-yl)tetracene (P3), at least at
low temperatures when the entropy factor does not play
a significant role. For 2-(but-3-en-1-yn-1-yl)tetracene (P4),
the van-der-Waals complex [i0b] has to isomerize via a higher
barrier to [i2] making the addition to the vinyl moiety more
likely.

In conclusion, our study identified pentacene (P1) and
benzo[a]tetracene (P2) as key products of the reaction of the
2-tetracenyl radical with vinylacetylene. The reaction was
found to be barrierless and exoergic with all transition states
involved located below the energy of the separated reactants.
Considering these critical features along with the submerged
barrier to reaction, the bimolecular reactions of the 2-
tetracenyl radical with vinylacetylene reveals a facile pathway
to synthesize complex PAHs—acenes—in low-temperature
interstellar conditions (10 K) as present in cold molecular
clouds, such as TMC-1 and OMC-1. Consequently, the
hydrogen-abstraction-vinylacetylene-addition (HAVA)
mechanism represents a unique low-temperature pathway
propelling molecular mass growth processes of aromatic
systems via barrierless, successive ring annulation involving
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elementary reactions of aryl radical with vinylacetylene as
a molecular building block.
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