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ABSTRACT
The three-ring polycyclic aromatic hydrocarbons (PAHs) 3H-benz[e]indene (Ci3H;¢) and 1H-
benz[f]indene (C;3H;() along with their naphthalene-based isomers 2-(prop-2-yn-1-yl)naphthalene
(C3Hyg), 2-(prop-1-yn-1-yl)naphthalene (C;3H;9), and 2-(propa-1,2-dien-1-yl)naphthalene
(Cy3Hp) were formed through a “directed synthesis” via a high temperature chemical micro reactor
under combustion-like conditions (1300 + 35 K) through the reactions of the 2-naphthyl isomer
(C1oH7") with allene (CsHy4) and methylacetylene (C3Hy). The isomer distributions were probed
utilizing tunable vacuum ultraviolet radiation from the Advanced Light Source (ALS) by recording
the photoionization efficiency curves at mass-to-charge of m/z= 166 (C3H,o) and 167 (13CC,,H¢)
of the products in a supersonic molecular beam. Complemented by electronic structure
calculations, our study reveals critical mass growth processes via annulation of a five-membered
ring from the reaction between aryl radicals and distinct C;H,4 isomers at elevated temperatures as
present in combustion processes and in circumstellar envelopes of carbon stars. The underlying
reaction mechanisms proceed through the initial addition of the 2-naphthyl radical with its radical
center to the m-electron density of the allene and methylacetylene reactants via entrance barriers
between 8 and 14 kJ mol”!, followed by isomerization (hydrogen shifts, ring closure), and
termination via atomic hydrogen losses accompanied by aromatization. The reaction mechanisms
reflect the formation of indene — the prototype PAH carrying a single five- and a single six-
membered ring — synthesized through the reaction of the phenyl radical (C¢Hs") with allene and
methylacetylene. This leads us to predict that aryl radicals — wupon reaction with
allene/methylacetylene — may undergo molecular mass growth processes via ring annulation and
de-facto addition of a five-membered ring to form molecular building blocks essential to transit

planar PAHs out of the plane.
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1. Introduction

Molecular beam experiments with crossed beams!- and pyrolytic micro reactors®? critically
aid in fundamental understanding of the formation mechanisms of polycyclic aromatic
hydrocarbons (PAHs)!%-24 along with their methylated counterparts carrying up to four six-
membered rings. They have provided profound insight of complementary hydrogen abstraction —
acetylene addition (HACA)?> 26 and hydrogen abstraction — vinylacetylene addition (HAVA) pa-
thways in combustion?’?° and extraterrestrial environments3? (Schemes 1 and 2). These PAHs are
synthesized through systematic ring annulation reactions starting with aromatic radicals like
benzyl (C;H7"), phenyl (C¢Hs"), and naphthyl (C;oH7’) reacting with acetylene (C,H,, HACA) and
vinylacetylene (C;H4, HAVA) with the potential of yielding ultimately two-dimensional
graphene-type nanostructures.’' The elementary reactions involving acetylene (HACA) involve
significant entrance barriers ranging from 10 to 30 kJ mol-! and hence may only operate at elevated
temperatures of up to a few 1,000 K such as in combustion flames?> 26 32 and in circumstellar
envelopes of carbon rich Asymptotic Giant Branch (AGB) stars like IRC+10216. However, most
of the studied reactions of aromatic radicals with vinylacetylene (HAVA) have been found to be
essentially barrierless. Overall these bimolecular reactions are characterized by the initial forma-
tion of a van-der-Waals complex, addition of the radical center to the terminal carbon atom of the
vinyl (H,C=CH-) moiety of vinylacetylene leading to resonantly stabilized free radical
intermediates (RSFRs) on the doublet surface, and eventually form PAHs after isomerization via
ring closure and hydrogen shift(s) terminated by atomic hydrogen loss and aromatization.?’->% 33
Therefore, in strong contrast to HACA, PAH growth via HAVA is rapid even at ultralow
temperatures such as in cold molecular clouds like the Taurus Molecular Cloud-1 (TMC-1)3? and
also in hydrocarbon rich atmospheres of planets and their moons such as Saturn’s satellite Titan?’
thus contradicting prior knowledge that high temperature environments are essential in the forma-

tion and growth of aromatic structures.’*

However, whereas a systematic understanding of the formation of two-dimensional PAHs
carrying solely six-membered rings up to pyrene (C;¢Hjo) is beginning to emerge,?’ the most
fundamental reaction mechanisms leading eventually to three-dimensional nanostructures and
soot in combustion systems are still unknown.?* This requires an intimate understanding of how
the simplest building blocks — precursors to non-planar aromatic molecules - are generated in the

gas phase. It is critical to point out that non-planar PAHs such as corannulene along with fullerenes

3



Physical Chemistry Chemical Physics

(Scheme 3) require five-membered rings as found in, for example, indene (CyHg) to transit planar
PAHs out of the plane. The intimate knowledge of the elementary mechanisms to synthesize PAHs
carrying five-membered ring(s) is therefore critical to our understanding of the early stage
chemistry of how three-dimensional (bowl-shaped) nanostructures and ultimately soot particles
are formed in high temperature extreme environments such as in combustion systems and also in
the interstellar medium (ISM). Once again, molecular beam experiments along with electronic
structure calculations have been instrumental in untangling the formation of the simplest prototype
of a PAH carrying a single six- and five-membered ring: indene (C9Hg) (Scheme 2). Here, the
benzyl radical (C;H;") was found to react with acetylene (C,H,) yielding solely indene;? likewise,
crossed molecular beams and high temperature chemical reactor studies provided evidence that
the phenyl radical reacts with allene (C3H4) and methylacetylene (C;H,) forming indene (CoHg)*-
36-39 along with non-PAH isomers phenylallene (CyHg), 1-phenyl-1-propyne (CyHg), and 3-phenyl-
I-propyne (CoHg). Supported by electronic structure calculations, the successful study of the
elementary reaction of 1-naphthyl (C,oH;") with acetylene (C,H,) provided the very first
experimental evidence of a PAH carrying two six-membered and one five-membered rings:
acenaphthylene (C;,Hg).*® Overall, these studies revealed that elementary reactions of acetylene
and allene/methylacetylene with aromatic radicals can ‘add’ a five-membered ring to an existing
six-membered ring. However, the inherent elementary steps, energy flow processes, and reaction
mechanisms to form more complex PAHs carrying five-membered rings via ring annulation of
existing aromatic radicals leading to benzindene isomers (Scheme 4) at the molecular level are still
elusive as detailed synthetic routes have not been investigated experimentally to date. A critical
PAH carrying a five-membered ring — benzindene (C,3H,o) - has been detected in combustion

flames of toluene*!**3 and benzene**.

Although these isomers were probed in low pressure premixed toluene/oxygen/argon,*!-4? in
atmospheric pressure ethylene,*> 46 and in benzene flames,* there is a paucity in the proposed
reaction mechanisms. Those considered are suggested to involve unstudied multi step reactions of
benzene (C¢Hg) or phenyl (C¢Hs") with the benzyl radical (C;H;") — after hydrogen abstractions -
by closure of a new five-membered ring.*>#* 3 H-benz[e]indene is proposed to be synthesized from
I-methylnaphthalene involving hydrogen abstraction from the methyl group followed by acetylene
reaction, isomerization, and hydrogen loss.* 4757 Here, we elucidate both experimentally and

computationally the hitherto elusive pathways to three distinct isomers of benzindene (C;3Hg)

4
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(Scheme 4). This is accomplished by exploring the chemistry of the elementary reactions of the 2-
naphthyl radical (C;oH;"), generated via pyrolysis of its 2-iodonaphthalene precursor, with two
distinct C3H, isomers - allene and methylacetylene — and probing the molecular mass growth
processes via ring annulation to benzindenes along with its non-indene isomers 2-(prop-2-yn-1-
ylnaphthalene, 2-(prop-1-yn-1-yl)naphthalene, and 2-(propa-1,2-dien-1-yl)naphthalene. The
products were detected isomer-specifically through fragment-free photoionization in a molecular
beam via tunable vacuum ultraviolet (VUV) light in tandem with the detection of the ionized
molecules in a reflectron time-of-flight mass spectrometer thus shedding light on the synthesis of
distinct benzindene isomers under high temperature conditions relevant to combustion settings and
circumstellar envelopes of carbon-rich stars. Note that naphthalene (C;¢Hg) has been identified in
sooting flames of non-aromatic hydrocarbon-based fuels methane (CH,),>® ethane (C,Hg),>
acetylene (C,H,),®* propene (C3Hg),%! n-butane (C4H;o),%> 1,3-butadiene (C4Hg),%* as well as in
aromatic fuels such as benzene (CgHg),*!> %4 toluene (C;Hg),*!- 4% 63 styrene (CgHg),*! ethylbenzene
(CgHyp),*! %6 and in xylenes (CgHj).> - 68 Unimolecular decomposition of naphthalene (C;oHyg)
via hydrogen loss reaction or hydrogen atom abstraction from naphthalene by another radical can

lead to the 2-naphthyl radical reactant (CoH7") in these high temperature environments.

2. Experimental

By studying the reactions of the 2-naphthyl radical (C,oH;") with methylacetylene (CH;CCH;
Organic Technologies; 99%) and allene (H,CCCH,; Organic Technologies; 98%) under simulated
combustion conditions, we deliver experimental and computational evidence of the growth of a
five-membered ring connected to a naphthalene moiety. Here, a continuous beam of 2-naphthyl
radicals (C;oH;") was prepared in situ through pyrolysis of the 2-iodonaphthalene (C;yH-I)
precursor (Sigma Aldrich, 99%). In separate experiments, the precursor was seeded in pure helium
(blank experiment) and in the methylacetylene as well as allene reactants at pressures of 300 Torr.
Each gas mixture was then expanded into a resistively heated silicon carbide (SiC) tube (“pyrolytic
reactor”) held at 1275 £ 10 K (methylacetylene) and 1325 £ 10 K (allene). The hydrocarbon
molecules introduced at typical pressures of 300 Torr do not only serve as a seeding gas, but also
as reactants with the pyrolytically generated 2-naphthyl radicals. The products formed in the
reactor were expanded supersonically, passed through a 2 mm diameter skimmer located 10 mm

downstream of the pyrolytic reactor, and entered into the main chamber, which houses the Wiley—
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McLaren reflectron time-of-flight mass spectrometer (ReTOF-MS). The quasi-continuous tunable
vacuum ultraviolet (VUV) light from the Advanced Light Source intercepted the neutral molecular
beam perpendicularly in the extraction region of the Re-TOF-MS. VUV single photon ionization
is essentially a fragment-free ionization technique and is compared soft to electron impact ioniza-
tion.® The ions formed via photoionization are extracted and detected by a multichannel plate
detector. Photoionization efficiency (PIE) curves, which report ion counts as a function of photon
energy with a step interval of 0.05 eV at a well-defined mass-to-charge ratio (m/z), were produced
by integrating the signal recorded at the specific m/z for the species of interest from 8.00 eV to
10.00 eV. PIE calibration curves for six helium-seeded C,3H;( isomers were also collected (Figure
1), to identify the products of interest observed in this work. Synthesis and characterization of 3H-
benz[e]indene p2, 2-(prop-1-yn-1-yl)naphthalene p4, 2-(propa-1,2-dien-1-yl)naphthalene p5, and
2-(prop-2-yn-1-yl)naphthalene p6 are described in the Electronic Supplementary Information
(ESD).

3. Computational

The calculation of the energies and molecular parameters of various intermediates and
transition states for the reactions of 2-naphthyl with allene and methylacetylene occurring on the
Ci3Hy; potential energy surface (PES), as well as of the reactants and possible products were
carried out at the G3(MP2,CC)//B3LYP/6-311G(d,p) level of theory. Within this theoretical
scheme, geometries were optimized and vibrational frequencies were calculated using the density
functional B3LYP method with the 6-311G(d,p) method. Then, single-point total energies were
improved using a series of coupled clusters CCSD(T) and second-order Maeller-Plesset
perturbation theory MP2 calculations, and the final energy was computed as

E[G3(MP2,CC)] = E[CCSD(T)/6-311G(d,p)] + E[MP2/G3Large)] — E[MP2/6-311G(d,p)]

+ ZPE[B3LYP/6-311G(d,p)]7%-7?
The G3(MP2,CC) model chemistry approach normally provides chemical accuracy of 0.01-0.02
A for bond lengths, 1-2° for bond angles, and 3—6 kJ mol™! for relative energies of hydrocarbons,
their radicals, reaction energies, and barrier heights in terms of average absolute deviations.”' The
GAUSSIAN 097 and MOLPRO 20107 program packages were employed for the ab initio
calculations. Phenomenological rate constants for the 2-naphthyl + C;H, reactions at different

temperatures and pressures were evaluated using the Rice-Ramsperger-Kassel-Marcus Master
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Equation (RRKM-ME) theoretical approach as implemented in the MESS software package.”> 76
The Rigid-Rotor, Harmonic-Oscillator (RRHO) model was generally adopted for the calculations
of densities of states and partition functions for local minima and numbers of states for transition
states. For critical entrance transition states of the C;oH; plus C;H, reactions, low-frequency
normal modes corresponding to internal rotations were treated as one-dimensional hindered rotors
in partition function calculations, where the corresponding vibrational frequencies were removed.
Respective one-dimensional torsional potentials were calculated by scanning PESs at the
B3LYP/6-311G(d,p) level of theory. Tunneling corrections using asymmetric Eckart potentials
were included in rate constant calculations. We adopted collision parameters used by us earlier for
RRKM-ME calculations of the prototype C¢Hs plus C;Hy reactions.”” In particular, the Lennard-Jones
parameters were taken as (¢/cm™!, 6/A) = (390, 4.46) and the temperature dependence of the range parameter
a for the deactivating wing of the energy transfer function was expressed as o(7) = az00(7/300 K)*, with n
= 0.62 and azgp = 424 cm'. Calculations at very low pressures emulating the zero-pressure limit took into
account radiational stabilization of C3H;; intermediates. Additional details of RRKM-ME
calculations can be found in our previous publications’” and in the input file for the MESS package

given in the ESI.

4. Results & Discussion

4.1. Experiments

Figure 2 displays representative mass spectra recorded at a photoionization energy of 9.50
eV for the 2-naphthyl-helium, 2-naphthyl-allene, and 2-naphthyl-methylacetylene systems. In the
reference system (Fig. 2a), ion counts can be seen at mass-to-charge (m/z) of 128, 129, 254, and
255. Signal at m/z = 254 and 255 can be linked to the molecular parent and the '*C counterpart of
the 2-iodonaphthalene precursor (CoH7I, '3CCyH-I). The ion counts at m/z = 128 and 129 could
be associated with molecules holding the molecular formulae C;oHg and '3CCyHg. Upon
introducing allene and methylacetylene into the reactor, additional ion counts emerge in both
systems at m/z = 142, 143, 152, 153, 166, and 167 (Figs 2b and c). Accounting for the molecular
weight of the methylacetylene/allene reactants and the products, the C;3H;( isomer(s) (166 amu)
plus atomic hydrogen along with their *C counterpart(s) are formed via the reaction of the 2-
naphthyl radical (127 amu) plus allene/methylacetylene (40 amu). Signal at m/z = 142, 143, 152,
and 153 likely originates from CoH;, 3CCgH;o, C;1H0, and '3CC,oH,, respectively.
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Using PIE curves for m/z = 166, which is connected to the formation of C3H;( species, we
now identify the structural isomer(s) synthesized in our reactor (Figure 3). These functions can be
fit with a linear combination of established reference PIE curves for distinct C;3H;, isomers
(Figure 1). For the 2-naphthyl-allene (Fig. 3a) and 2-naphthyl-methylacetylene systems (Fig. 3c),
the PIE curves at m/z = 166 can be both replicated with a linear combination of four reference cur-
ves of distinct Ci3H;o isomers. In case of the allene reactant, 3H-benz[e]indene (22 + 5%), 1H-
benz[flindene (22 + 5%), 2-(prop-2-yn-1l-yl)naphthalene (11 + 3%) and 2-(prop-1,2-dien-1-
yl)naphthalene (45 + 9%) are necessary to fit the experimental PIE curve with the contributions of
the ion counts given in parentheses. The onset of 3H-benz[e]indene parent ion is experimentally
calibrated to be 7.55 + 0.05 eV; this corresponds well with the experimentally derived PIE curve
at m/z = 166 with an onset of 7.60 + 0.05 eV. On the other hand, for the methylacetylene reactant,
contributions of 3H-benz[el]indene (5 + 1%), 1H-benz[f]indene (11 + 2%), 2-(pro-1-yn-1-
ylnaphthalene (32 + 6%) and 2-(prop-1,2-dien-1-yl)naphthalene (52 + 10%) are necessary. For
both systems, ion counts at m/z = 167 (13CC,H;) represent the 13C isotopologues of Ci3H; since
after scaling, the PIE graphs for m/z = 166 and 167 essentially overlap. It is important to highlight

that in neither system, the 1H-benz[e]indene isomer was detected.

For completeness — and to provide additional information of the underlying reaction mecha-
nism(s) — we also inspect the PIE curves at m/z = 142, 143, 152, and 153 (Figs. 4 and 5). The PIE
curves at m/z = 142 can be reproduced nicely for both systems with the 2-methylnaphthalene
(C11H;¢) molecule; this is indicative that a methyl radical recombined with the 2-naphthyl radical
followed by third body stabilization (reaction (1)). The identification of 2-ethynylnaphthalene
(C1,Hg) via its molecular parent ion at m/z = 152 and the 3C counterpart (13CC;;Hg) reveals two
possible pathways: the recombination of 2-naphthyl with an ethynyl radical followed by a third
body stabilization (reaction (2)) or reaction of 2-naphthyl with methylacetylene to the C;Hy-
branched naphthalene intermediate (Ci3H;;") followed by methyl group loss (reaction (3)).
Considering the allene reactant, the formation of 2-ethynylnaphthalene via an indirect reaction
mechanism through addition to allene would require at least two successive hydrogen atom shifts

in the allene moiety (4.2. Computations).

(1) CioH7 + CH3* (+M) = C1Hyo (+M)
(2) CioH7" + GH" (M) = CpHg (+M)
(3) C10H7' + C3H4 = C]zHg + CH3'

8

Page 8 of 35



Page 9 of 35

Physical Chemistry Chemical Physics

4.2. Computations

Our work reveals that the PAHs carrying five-member rings, 1H-benz[f]indene and 3H-
benz[e]indene, along with their CsHjz-branched naphthalene isomers, can be produced via the
elementary reactions of 2-naphthyl with methylacetylene/allene. To extract the underlying reaction
mechanisms and the experimental data are merged with electronic structure calculations on the

potential energy surfaces (PESs) (Figure 6).

4.2.1. 2-Naphthyl - Methylacetylene

The computation reveals that the 2-naphthyl radical approaches the C1 or C2 atom of
methylacetylene leading to the formation of two doublet radical intermediates [il1] and [i8] through
entrance barriers of 10 and 14 kJ mol’!, respectively. Passing over a barrier of 22 kJ mol-, [il]
isomerizes to its cis-trans isomer [i2], followed by a [1,2] hydrogen shift from the methyl group to
the f carbon in the side chain, leading to the formation of [i9] followed by cis-trans isomerization
to [i10]. The subsequent cyclization process of [il0] yields [i11], which depicts the carbon
backbone of 1H-benz[f]indene; this reaction sequence is completed by a hydrogen atom
elimination producing 1H-benz[f]indene (p1) through a tight exit transition state in an overall
exoergic reaction (-153 kJ mol-!, blue line). On the other hand, [i2] can isomerize via cyclization
to [i3], ring opening to [i4] and cis-trans isomerization to [i8]. By passing over a barrier of 12 kJ
mol!, intermediate [i8] may isomerize to [i5]; this intermediate undergoes a [1,4] hydrogen
migration from the C1 carbon of the ring to the radical position of the side chain forming [i6]. A
second [1,4] hydrogen shift from the methyl moiety of the side chain to the ortho carbon of the
ring leads the isomerization of [i6] to [i7]. The CH; moiety in the side chain approaches the C2 of
the naphthalene carbon skeleton forming intermediate [i13]; this species carries a three-member
ring, and ring opens to [i14]. Alternatively, through a [1,4] hydrogen shift from the C3 of naphthyl
to the C=C=C moiety, [i14] isomerizes to [i15], which undergoes cyclization step to the 1H-
benz[f]indene carbon backbones in [i17]. A final hydrogen atom loss from the C1 carbon atom in
[i17] leads to the formation of 1H-benz[f]indene (p1) by overcoming a tight exit transition state
located 18 kJ mol! above the product 1 H-benz[f]indene (p1, green line). On the other hand, a [1,4]
hydrogen shift from C1 of the naphthyl moiety to the C=C=C backbone isomerizes [i14] to [i16]
followed by ring closure to [i18]. The subsequent hydrogen emission from C1 at the five-member
ring of [i18] yields 3H-benz[e]indene (p2, green line). Let us compare both routes (blue and green
lines) leading to benzindene. First, 3H-benz[e]indene (p2) can only be produced through the

9
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reaction sequence reactants — ([i2] — [i3] — [i4] —) [i8] — [i5] — [i6] — [i7] — [i13] — [il4]
— [i16] — [i18] — p2 (green line). 1 H-benz[f]indene can be produced via the reaction sequence
reactants — [i2] — [i9] — [i10] — [i11] — p1 or reactants — ([i2] — [i3] — [i4] —) [i8] — [i5]
— [i6] — [i7] — [i13] — [il14] — [i15] — [i17] — p1 as indicated via the blue and green route,
respectively. Considering the high energy transition state from [i2] to [i9] compared to [i2] to [i3],
the formation of the 1H-benz[f]indene via the sequence reactants — ([i2] — [i3] — [i4] —) [i8]

— [i5] — [i6] — [i7] — [i13] — [i14] — [i15] — [i17] — p1 (green pathway) should be preferred.

Except for 1H-benz[f]indene and 3H-benz[e]indene, 2-(prop-1-yn-1-yl)naphthalene (p4),
and 2-(propa-1,2-dien-1-yl)naphthalene (p5) were also identified as products in 2-naphthyl —
methylacetylene system. Based on the aforementioned discussion, the hydrogen loss in [i2] leads
to the formation of 2-(prop-1-yn-1-yl)naphthalene and 2-(propa-1,2-dien-1-yl)naphthalene. Also,
the [1,2] hydrogen shift in [i2] from the C1 to the C2 carbon of the side chain leads to [i12], which
may emit a hydrogen atom to generate 2-(prop-1-yn-l-yl)naphthalene (p4). However, the
isomerization from [i2] to [i12] requires a significant barrier of 191 kJ mol! making this pathway
less competitive. Moreover, 2-(prop-1-yn-1-yl)naphthalene can also be produced by the hydrogen
atom loss from [i9]; 2-(propa-1,2-dien-1-yl)naphthalene can be generated through atomic
hydrogen elimination from [i9] and [i10]. Nevertheless, due to the relatively high barrier from [i2]
to [i9], these pathways are anticipated to be less competitive. To conclude, the products p4 and p5
are suggested to be produced mainly from the hydrogen loss process involving intermediate [i2].
Besides the Ci3H;( products, the C;,H;o product (m/z = 152), identified as 2-ethynylnaphthalene
(p7), was a byproduct also observed experimentally. According to our PES calculation, it can be

produced from the methyl-loss process from [i8] by overcoming a barrier of 143 kJ mol-'.

4.2.2. 2-Naphthyl - Allene

In the 2-naphthyl — allene system, the approaching 2-naphthyl radical can add to the C1 and
C2 carbons of allene leading to intermediates [i14] and [i7] by overcoming entrance barriers of 8
and 11 kJ mol!, respectively. 1H-benz[f]indene (p1) and 3H-benz[e]indene (p2) are produced, as
discussed above, via the pathways color coded in green. The remaining products observed
experimentally - 2-(propa-1,2-dien-1-yl)naphthalene (pS) and 2-(prop-2-yn-1-yl)naphthalene (p6)
- are generated via a hydrogen loss from [i14] from CI1 and C3 carbons on the side chain,

respectively.

10
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Note that upon formation of [i14], only two isomerization steps to [i17] and [il18] are
necessary prior to the decomposition to the benzindene molecules 1H-benz[f]indene (p1) and 3H-
benz[e]indene (p2); four steps are required if [i7] is formed initially. On the other hand, the
formation of benzindenes in the 2-naphthyl — methylacetylene system involves eight steps, among
them intermediate [i14], which efficiently links both surfaces. Therefore, [i14] likely presents a
common intermediate in the formation of the benzindene molecule(s) in the reactions of the 2-
naphthyl radical with both allene and methylacetylene. Considering that only two additional
reaction steps are involved in the benzindene synthesis in the 2-naphthyl — allene system, but eight
in the 2-naphthyl — methylacetylene reaction, benzindene(s) is/are preferentially formed in the
reaction of 2-naphthyl radicals with allene as supported by the experimentally determined ion
counts contributing to the PIE fits. Since the theoretically calculated yields of p2 and 1H-
benz[e]indene (p3) are very close to each other, a small photoionization cross section might
explain the non-observation of the latter in both allene and methylacetylene systems. Note that the
isomerization barrier of 2-naphthyl to 1-naphthyl is 251 kJ mol-! 7 and the rate constant for the
isomerization process at 1300 K and the pressure range typical for the reactor is 4.0x103 s’!
corresponding to the lifetime of 250 ms, which is longer than the time the molecular beam spends
in the reaction zone.?® For the isomerization of allene to methylacetylene, it is even slower:
1.04x10?% s! at 1300 K. Thus, under our experiment conditions, the isomerization processes from

allene to methylacetylene and from 2-naphthyl to 1-naphthyl do not happen.
4.2.3. Reaction rate constants and product branching ratios

Figure 7 shows RRKM-ME total rate constants for the reactions of 2-naphthyl with
methylacetylene and allene calculated at the high-pressure (HP) and zero-pressure limits and at
finite pressures (panels (a) and (d), respectively) as well as rate constants for individual
bimolecular product channels at 0.03 atm characteristic inside the micro reactor (panels (b) and
(e)) and in the limit of zero pressure (panels (c) and (f)) — here the calculations were actually
performed at p = 1071 and 105 atm, which gave nearly identical results just showing a
convergence to a zero pressure. Both reactions are predicted to be relatively fast at elevated
temperatures with the HP rate constants increasing from 2.1x103 to 4.1x10-!! cm? molecule cm?
molecule™! for the methylacetylene reaction and from 1.8x10-13 to 3.8x10!' ¢cm? molecule cm?

molecule! for the allene reaction in the 500-2500 K temperature range, with the former reaction
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being slightly slower than the latter. The rate constant dependence on pressure appears to be rather
weak, as the fall-off behaviors begins to be observed around 800 K and at the highest considered
temperature of 2500 K, the zero-pressure (and all finite-pressure) rate constants are factors of 1.6
and 2.3 lower than those at the HP limit for methylacetylene and allene, respectively. Earlier,”” we
reported RRKM-ME rate constants for the phenyl plus methylacetylene/propyne reactions, which
are the prototype reactions for the growth of an extra five-member ring on a six-member ring.
These rate constants are also shown for comparison in Figs. 7(a) and (d). For methylacetylene, the
reaction with 2-naphthyl appears to be from a factor of 4.0 (500 K) to a factor of 2.1 (2500 K)
faster than that with phenyl, whereas for allene the difference is somewhat larger, from a factor of
6.9 to 2.1 in the 500-2500 K temperature range. The difference is slightly beyond the expected
accuracy for one-dimensional master equation treatment (a factor of 2) and can apparently be
attributed to the fact that the entrance barriers for the 2-naphthyl + methylacetylene (10 and 14 kJ
mol') and 2-naphthyl + allene (8 and 11 kJ mol") reactions are computed here to be a little lower
than the corresponding barriers for phenyl + methylacetylene (14 and 26 kJ mol-') and phenyl +
allene (11 and 15 kJ mol!). Since the differences in the barrier heights are within the expected
accuracy of our G3(MP2,CC) approach, we can conclude that the rate constants for phenyl + CsH,4
and 2-naphthyl + C3H, are similar within the error bars of the present calculations. Hence, the rate
constants for the prototype phenyl reactions can be used in kinetic modeling to describe a general
reaction of PAH growth by a five-member ring via C;H,4 addition to a radical site on a six-member
ring, keeping in mind the rate constants may increase by factors 2-3 with the growth of the attacked

aryl radical at the temperatures relevant to combustion.

The calculated rate constants for individual product channels and product branching ratios
presented in Table S1 in ESI show a strong temperature and pressure dependence. At p = 0.03 atm
characteristic for the micro reactor conditions, the three-ring products p1, p2, and p3 are predicted
to be preferably formed among bimolecular products in the reaction of 2-naphthyl with allene up
to the temperature of 1200 K. In the meantime, at low temperatures, up to 1100 K, collisional
stabilization of the C3H;; intermediates [i14] and [i7] is favored over the formation of the
bimolecular products. Above 1200 K, the formation of the two-ring-side-chain products, especially
p6 (27-82%), followed by p7 (10-11% to 5%) and pS (5-8%) takes over and represents most
preferable reaction channels. Nevertheless, at 1300 K, which is the highest temperature in the

micro reactor in the present work, the predicted relative yields of p1, p2, and p3 — 16.5%, 9.4%,
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and 9.3%, respectively, are still significant. Alternatively, the reaction of 2-naphthyl with
methylacetylene is calculated to have a lower tendency to form the three-ring products. Here, the
collisional stabilization of C,3H;;, mostly [il], dominates the reaction below 800 K and at higher
temperatures the main product is p4 (26-61%) followed by p7 (12-31%) and p5 (3-7%). The
overall calculated yield of the three-ring products p1-p3 is 0.77% at 1300 K and it further decreases
with temperature. The RRKM-ME calculation results are in qualitative agreement with experiment
except of the non-observation of p3, which is predicted to have a similar branching ratio to that of
p2. In the meantime, a direct quantitative comparison between theory and experiment is not
warranted for several reasons. First, the absolute photoionization cross sections of the product
isomers are unknown. Second, the temperature and pressure distribution inside the micro reactor
is not uniform and hence, the reaction takes place under different conditions as the molecules
traverse the reactor. Third, there is sufficient time for secondary reactions to occur; in particular,
the more thermodynamically favorable three-ring products can be produced via secondary H-
assisted isomerization of p4-p6 products similar to how indene can be formed via H-assisted

isomerization of the primary ¢-C4Hs-C;Hj3 ring-side-chain products of the C¢Hs + C3H, reaction.””

Theoretical calculations allow us to predict how the reaction outcome would change under
different pressures. For instance, while considering p = 1 atm typical for combustion, we find that
the collisional stabilization of the C;3H;; complexes prevails up to higher temperatures, 1300 and
1000 K for the allene and methylacetylene reactions, respectively. At higher temperatures, the
formation of the two-ring-side-chain products is preferable (p6 followed by p5 and p7 for allene
and p4 followed by p7 and pS for methylacetylene). At the typical combustion temperature of
1500 K, the calculated total yield of pl-p3 is about 19% for allene and only ~0.2% for
methylacetylene, with p1 being somewhat more preferable product than p2 and p3. The decrease
of pressure, on the contrary, should increase the yield of the three-ring aromatic products, mostly
because they are favored enthalpically and are disfavored entropically and the collisional
stabilization of C;3H;; becomes less and less probable as the pressure drops. In the limit of zero-
pressure, where only radiational stabilization of C,3H;; is possible, the formation of p1-p3 prevails
in the 2-naphthyl + allene reaction in the temperature range of 300-1200 K and in the 2-naphthyl
+ methylacetylene reaction in the range of 300-500 K (Table S1). Although the reactions exhibits
entrance barriers and are not realistic in molecular clouds at temperatures about 10 K, they would

be feasible at the temperatures characteristic for circumstellar envelopes of carbon rich AGB stars,
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with the rate constants being in the range of 1.9x10-1% — 5.0x10-!2 (allene) and 1.6x10-1% —7.4x10-1?
(methylacetylene) cm?® molecule™! s at 7= 300-1500 K. Since the formation of the three-ring
aromatic products is favored at very low pressures, the reactions of 2-naphthyl with the C;Hy4
isomers may play a more important role in the PAH growth in circumstellar envelopes than in

combustion on Earth.

It should be noted that in combustion systems, molecular mass growth processes are
counterbalanced by degradation of PAH radicals by molecular oxygen as demonstrated in the
phenyl — molecular oxygen system.”-8! Here, anthracenyl and/or phenanthrenyl radical reactions
with molecular oxygen could also lead via ring contraction of a six-membered ring to a five-
membered ring forming benzindenes. In the combustion of coal, the amount of indene benzologues
increased with the oxygen concentration. Wornat et al. stated that benz[f]indene could be formed
via molecular oxygen addition to the 1- or 2-anthryl radical, followed by carbon monoxide
elimination and hydrogen loss (Scheme 6).3 This oxy radical pathway could dominate above 900
K as analogous to the reaction of phenyl plus molecular oxygen.?? 84 Similarly, phenanthrenyl
radicals can also lead to C3H;o isomers (Scheme 7). Moreover, Norinaga et al.?> 8¢ proposed the
mechanism for benz[f]indene formation from pyrolysis of unsaturated light hydrocarbons,

however, recent experiments in our laboratory could not support this conclusion.?’

5. Conclusion

Our combined experimental and computational studies revealed critical mass growth
processes involving the addition of a five-membered ring to an aromatic aryl radical (2-naphthyl)
leading to two distinct three-membered ring PAHs carrying two six- and one five-membered ring:
3H-benz[e]indene and 1H-benz[f]indene. The underlying reaction mechanisms involve the initial
addition of the 2-naphthyl radical with its radical center to the m-electron density of the allene and
methylacetylene reactants through entrance barriers between 8-11 and 10-14 kJ mol-!, followed by
extensive isomerization (hydrogen shifts, ring closure), and termination via atomic hydrogen
losses accompanied by aromatization in overall exoergic reaction with both surfaces connected via
intermediate [i14]. The reaction mechanisms essentially mirror the formation of the indene
molecule (CyHg) in the phenyl-allene and phenyl-methylacetylene systems® 3% 8 and suggest that
the second aromatic ring in the 2-naphthyl radical acts as a spectator. These findings propose that

if in a polycyclic aromatic hydrocarbon, hydrogen abstraction from a six-membered ring leads to
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a PAH radical, this radical can react with allene or methylacetylene through ring annulation. Based
on electronic structure calculations, Mebel et al.”’ et al. predicted that once PAHs carrying a five-
membered ring lose a hydrogen atom from the latter, the cyclopentadienyl radical moiety may
react with a methyl radical (CHj3) through ring expansion leading eventually to a six-membered
ring (Scheme 5). Therefore, the mass growth via the methylacetylene/allene reaction with aryl
radicals leading first via ring annulation to a 5-membered ring followed by methyl radical induced
ring expansion may represent a strong alternative to ring annulation of aryl radicals via HACA

through reaction with two acetylene molecules in high temperature environments.
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Scheme 1: Prototype polycyclic aromatic hydrocarbon naphthalene together with (di)methyl substituted

counterparts formed in the reactions of phenyl-type radicals (phenyl, tolyl).
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Benzyl Phenyl
+ CoH, +CsHy /4 CgHg |- H
-H -H = + CyHy
Biphenyl
-H
o ~
Indene Biphenylyl Naphthalene

-H -H
1-Naphthyl -Naphthyl

=\ =\l

~Y o

Phenanthrene Anthracene

Acenaphthylene

Scheme 2: Experimentally verified possible mass growth processes to bi- and tricyclic PAHs via the
hydrogen abstraction — acetylene addition (HACA) (black) and the barrier-less hydrogen abstraction —
vinylacetylene addition (HAVA) pathways (blue). Note that biphenyl is formed via hydrogen abstraction —

phenyl addition.
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Scheme 3: The role of fluorene and benzindene backbones (black) as building blocks of corannulene (left)

and fullerenes (center, right).
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1-naphthyl 2-naphthyl

Q
Ity
=
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3H-benz[e]indene 1H-benz[elindene 1H-benz[flindene

Scheme 4: Proposed stepwise formation of prototype tricyclic PAHs carrying a single five-membered ring.
In combustion flames, naphthyl radicals are generated via unimolecular decomposition of or via hydrogen

abstraction from naphthalene.
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Figure 1. PIE calibration curves for distinct C3H;y isomers: 1H-benz[f]indene (p1; 7.75 + 0.05 eV), 3H-
benz[e]indene (p2; 7.55 £ 0.05 eV), 1H-benz[e]indene (p3; 7.45 £ 0.05 eV), 2-(prop-1-yn-1-yl)naphthalene
(p4; 7.85 = 0.05 eV), 2-(propa-1,2-dien-1-yl)naphthalene (p5; 7.75 = 0.05 eV) and 2-(prop-2-yn-1-
yl)naphthalene (p6; 8.00 + 0.05 eV). The values in the parenthesis indicates the ionization energies. The
overall error bars (grey area) consist of two parts: £10% based on the accuracy of the photodiode anda 1 ¢

error of the PIE curve averaged over the individual scans.
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Figure 2. Comparison of photoionization mass spectra recorded at a photon energy of 9.50 eV and various
reactor temperatures. (a) 2-iodonaphthalene (CjoH;I) - helium (He) system at 1275 K; (b) 2-
iodonaphthalene (CyoH;I) - allene (C3;H;) system at 1325 K; and (c) 2-iodonaphthalene (C,oH;I) -
methylacetylene (C;Hy) system at 1275 K. The mass peaks of the newly formed C3H,o (m/z = 166) species
along with the 3C-counterparts (m/z = 167) are highlighted in red.
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&

3H-benz[elindene

(0

1H-benz[ flindene

V4
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2{prop-1-yn-1-yl)naphthalene

W,
U,
p

2-(propa-1,2-dien-1-yl)naphthalene

Figure 3. Photoionization efficiency (PIE) curves for reaction systems of (a) and (b): 2-naphthyl (C,,H7") +
allene (CsHy); (c) and (d): 2-naphthyl (C;0H;") + methylacetylene (CsH,). Black: experimentally derived

PIE curves; colored lines (green, blue, purple and dark yellow): reference PIE curves; red lines: overall fit.

The overall error bars consist of two parts: £10% based on the accuracy of the photodiode and a 1 o error

of the PIE curve averaged over the individual scans.
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Figure 4. Photoionization efficiency (PIE) curves in the reaction of 2-naphthyl (C,oH;") and allene (CsHy)
along with the experimental errors (gray area) and the reference PIE curves (red lines). In the high
temperature condition, methyl (CHj3) is produced in the pyrolysis process, reacting with 2-naphthyl radical
to produce 2-methylnaphthalene (m/z = 142). Moreover, 2-methylnaphthalene will loss a hydrogen atom to
yield a radical with the resonantly-stabilized structure (m/z = 141). Acetylene is also one of major small
products formed in the pyrolysis. It can add to 2-naphthyl radical followed by H-loss to form 2-
ethynylnaphthalene (m/z = 152). Besides, 2-ethynylnaphthalene can also be produced from the CHj-loss
from intermediate [i8] by overcoming a barrier of 143 kJ mol-!. Product at m/z = 165 may be the H-loss
product from 1H-benz[f]indene and 3H-benz[e]indene. It is also a resonantly-stabilized species. Species at

m/z =254 and 255 are the precursor and the '3C counterparts.
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Figure 5. Photoionization efficiency (PIE) curves in the reaction of 2-naphthyl (C,oH;") and methylacetylene
(CsH,) along with the experimental errors (gray area) and the reference PIE curves (red lines). In the high
temperature condition, methyl (CH3) is produced in the pyrolysis process, reacting with 2-naphthyl radical
to produce 2-methylnaphthalene (m/z = 142). Due to the low production at m/z =142, the PIE curve is
relatively worse compared with that in 2-naphthyl —allene system. Acetylene is one of major small products
formed in the pyrolysis. It can add to 2-naphthyl radical followed by H-loss to form 2-ethynylnaphthalene
(m/z =152). Besides, 2-ethynylnaphthalene can also be produced from the CH;-loss from intermediate [i8]
by overcoming a barrier of 143 kJ mol!. Product at m/z = 165 may be the H-loss products from 1H-
benz[f]indene and 3H-benz[e]indene. It is also a resonantly-stabilized species. Species at m/z =254 and 255

are the precursor and the '3C counterpart.
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Relative Energy (kJ mol™)

Figure 6. Potential energy surface (PES) for the 2-naphthyl (C,,H;") reaction with allene/methylacetylene (C;H,4). This PES was calculated at the
G3(MP2,CC)//B3LYP/6-311G(d,p) level of theory for the channels leading to 1H-benz[f]indene (p1), 3H-benz[e]indene (p2), 1 H-benz[e]indene
(p3), 2-(prop-1-yn-1-yl)naphthalene (p4), 2-(propa-1,2-dien-1-yl)naphthalene (p5), 2-(prop-2-yn-1-yl)naphthalene (p6) and 2-ethynyl-naphthalene
(p7). The relative energies are given in kJ mol~'. Blue and green lines indicate two alternative pathways leading to the formation of benzindene
molecules (p1 and p2) observed in the present work.
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Figure 7. Calculated total and individual rate constants for the 2-naphthyl + C;H, reactions: a. total rate constants for 2-naphthyl + allene at different
pressures, total rate constants for the phenyl + allene reaction (Ref. 77) are shown for comparison; b. and c. rate constants for various bimolecular
product channels of the 2-naphthyl + allene reaction at 0.03 atm and at zero pressure limit, respectively; d. total rate constants for 2-naphthyl +
methylacetylene at different pressures, total rate constants for the phenyl + methylacetylene reaction (Ref. 77) are shown for comparison; e. and f.
rate constants for various bimolecular product channels of the 2-naphthyl + methylacetylene reaction at 0.03 atm and at zero pressure limit,
respectively. Note that the blue (p2) and green (p3) curves merge at panels b. and c.
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-H +CH3
- “on

Scheme 5. Conversion of indene to naphthalene via H-loss and the reaction with methyl radical (CHs).
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Scheme 6. Formation of 1H-benz[f]indene from 1-anthryl radical via the reaction with O,, CO loss
and hydrogen addition processes.
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Scheme 7. Formation of PAHs carrying a five-member ring from phenanthrenyl radicals via the reaction
with O,, CO loss and hydrogen addition processes.
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