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ABSTRACT

The resonance-stabilized cyclopentadienyl (CsHs) and propargyl (CsHs) radicals are important
precursors for polycyclic aromatic hydrocarbons (PAHs) and thus play a significant role in
molecular-weight growth and soot formation processes under combustion conditions. In this work,
we describe an experimental and theoretical investigation of the CsHs + Cs3;Hs reaction.
Experimentally, we studied this reaction in a resistively heated microtubular SiC reactor at a
controlled temperature of ~1150 K and a pressure near 10-20 Torr. The reactants CsHs and C3H3
were pyrolytically generated from anisole (C¢HsOCH3) and propargyl bromide (CsHsBr). We
identified the reactants and the CgHg products isomer-selectively utilizing photoion mass-selected
threshold photoelectron spectroscopy (ms-TPES). The experimentally observed predominant
formation of dihydropentalenes over the ring-enlargement reaction to styrene is consistent with
our theoretical predictions of the kinetics on the newly calculated CsHs potential energy surface.
This work highlights dihydropentalenes as reactants in molecular-weight growth reactions and as

potential building blocks in versatile routes for the formation of curved PAHs.

KEYWORDS: polycyclic aromatic hydrocarbons (PAHs); molecular-weight growth;
cyclopentadienyl; propargyl; threshold photoelectron spectroscopy (TPES); automated chemical

kinetics



1. Introduction

Understanding the physical chemistry of molecular-weight growth responsible for the formation
of polycyclic aromatic hydrocarbons (PAHs) in extreme conditions, such as combustion and
astrochemical environments, remains an intriguing topic.' It is understood that PAHs are formed
as a result of incomplete combustion processes and serve as precursors of soot particles. Once
released to the atmosphere, PAHs have negative impacts on the environment and human health.®
7 Additionally, soot and PAHs serve as nucleation core in aviation-introduced contrail and
subsequent cirrus cloud formation that was found to have a significant impact on climate warming
due to radiative forcing.®°

Molecular-weight growth towards PAHs starts with the formation of the so-called “first aromatic
ring” — typically, but not exclusively, benzene (CsHs) or phenyl (CsHs) which are formed through
radical-radical and radical-molecule reactions.? > !° The key role of resonantly stabilized radicals,
such as propargyl (C3H3),!'"!? allyl (C3Hs),'* 1 i-C4Hs,'5!® and cyclopentadienyl (CsHs)! 2 is
now well established and can be traced back to these radicals accumulating in high concentrations
in flames. Especially the propargyl radical is prominently important in aromatics formation. Under
most conditions, the reaction of two propargyl radicals has been identified as the main source of
benzene/phenyl, the simplest aromatic ring structures. Propargyl reactions also contribute to the
formation of larger species. For example, it is known that propargyl radicals can contribute to the
formation of five-membered ring structures via aliphatically substituted aromatic rings.?'-2°

The resonance-stabilized cyclopentadienyl radical plays a fascinating role in PAH formation
chemistry. On one hand it can be formed through the propargyl + C;H» reaction, and then
contribute to molecular-weight growth via reactions with other radicals or molecules.?’-*> On the

other hand, CsHs decomposes to C3H3 and C2Hz at high, combustion-relevant, temperatures,>> 34



thus limiting the importance of CsHs in molecular-weight growth. Under flame conditions, we
found CsHs chemistry only to be important when the fuel contained a five-membered ring or when
such a ring is readily formed through fuel decomposition,?% 3% 3

Most importantly, CsHs can undergo ring-enlargement reactions, also known as ring-expansion
reactions, that convert the five-membered ring structure into a six-membered ring. A typical
example is the CsHs + CH3 reaction that, via fulvene as an intermediate, can lead to benzene +
2H." 2% 37 In an analogous reaction with a methyl radical, indenyl can be transformed into
naphthalene.*® Ring-enlargement reactions of CsHs radicals with C, and larger species are of

particular interest, because these reactions bypass benzene as the “first aromatic ring” and form

heavier aromatics directly.?>*° A typical example is the reaction of CsHs with acetylene forming

benzyl radicals (and/or tropyl) or its self-recombination reaction that leads to naphthalene. ! % 4!
The cross reaction of cyclopentadienyl with propargyl radicals
CsHs + C3Hs = CsHs (R1)

has been studied theoretically by Sharma et al.** using CBS-QB3 theory. Their chemistry modeling
work of methane flames doped with 1,3-, 2.4-, and 1,4-hexadiene showed that reaction (R1)
contributes through a ring-enlargement reaction to the formation of styrene (C¢Hs-CH=CH>), the
most stable isomeric form of CsHs. According to their work, the reaction proceeds through various
cyclopentadienyl-substituted allene and propyne isomers. Prior theoretical and experimental work
on CgHs pyrolysis and isomerization also highlights the importance of isomers such as
cyclooctatetraene, different dihydropentalene isomers, cardene (benzocyclobutane),
semibullvalene, barrelene, and decomposition products such as benzene + acetylene or o-benzyne
+ ethylene.***° For the readers’ convenience, some CsHg isomers, including the high-energy

cubane, are illustrated in Figure 1.
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Figure 1: Visualization of a few CsHs isomers.

The dihydropentalenes (DHPs) are of particular interest for the work described here, given that

a product analysis of similar propargyl radical reactions,?!> 224 26

suggests the possibility that the
formation of styrene in reaction (R1) competes with ring-closure reactions that would lead to
dihydropentalene structures. Both pathways, the ring-enlargement and cyclization steps, are
summarized in Figure 2.

In this work, we used a combination of isomer-selective species measurements at the exit of a
microtubular reactor in conjunction with a theoretical exploration of the CsHg potential energy

surface to investigate reaction (R1) at an unprecedented detail. Using flash pyrolysis, we generated

CsHs and CsHj3 radicals in-sifu and analyzed the reaction intermediates and products with mass-



selected threshold photoelectron spectroscopy (ms-TPES).>% 3! This approach uses a unique tool
for product detection and isomer-specific identification in reactive environments. In combination
with theoretical calculations of the CgHg potential energy surface using the automated workflow
code Kinbot,*> 3 we identified various CsHs isomers as intermediates and products of reaction

(R1), including dihydropentalene isomers.
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Figure 2: Graphical summary of potential CsHs + C;H; reaction pathways. Following the initial
adduct formation, styrene, the most stable CsHs isomer, and dihydropentalenes can be formed
through ring-enlargement and cyclization reactions, respectively.

2. Experimental Methods

Similar to our earlier experiments on radical-radical chemistry,?!s 2% 3457

we generated the
reactants through flash pyrolysis in a resistively heated SiC microtubular reactor® (1 mm ID, 35-

40 mm long) at ca. 1150 K and 10-20 mbar to follow their reactions and to identify the main



intermediates and products. In this work, anisole (CsHsOCH3) and propargyl bromide (CsH3Br)

served as precursors for CsHs and C3H3, respectively:

CsHsOCH3; — C¢Hs0 + CH3s — CsHs + CO + CH;3 (R2)

Cs3H3Br — CsHz + Br (R3)

The pyrolysis conditions were chosen to maximize production of CsHs and C3Hs, thus, to optimize
bimolecular reactions. The pyrolysis temperature was controlled by the heating power and a
previously determined power-temperature calibration (based on a type-c thermocouple
measurement on the outside wall of the reactor) was used as a temperature measurement.?

The results presented in this paper were recorded at a pyrolysis temperature of 1150 K, at which
both precursors make the desired reactants efficiently, as traced by the temperature dependent ion
signal. By flowing argon over the liquid precursors, anisole and propargyl bromide were added to
the gas stream according to their vapor pressures. The liquid precursors were kept at room
temperature for the duration of the experiments. The flows were varied independently to achieve
the targeted optimal conversion (5 sccm through the anisole and 0.5 sccm through the C3H3Br
precursors and an additional argon stream of 30 sccm), leading to a total gas-stream of 35.5 sccm
with about 1% of each precursor. The inlet pressure was about 100 mbar and fluid dynamics
simulation can be used to simulate the pressure in the reactor.>* >
The reaction mixture was expanded into high vacuum to form an effusive molecular beam and

was analyzed using the CRF-PEPICO spectrometer that combines a time-of-flight mass

spectrometer and a velocity map imaging photoelectron spectrometer.®’ Ions and electrons were



collected in delayed coincidence, permitting to record photoion mass-selected threshold
photoelectron spectra (ms-TPES).5!

These spectra were recorded at the vacuum-ultraviolet (VUV) beamline of the Swiss Light
Source (SLS) at the Paul Scherrer Institute (PSI). A detailed description of the beamline is given
in Ref. [*?]. In short, synchrotron radiation was provided by a bending magnet, collimated and
diffracted by a plane grating (150 grooves-mm™') with a resolving power of 1500. Higher harmonic
radiation was suppressed in a rare gas filter operated with an Ar/Ne/Kr mixture at a pressure of
10 mbar. The photon energy was scanned in 10 meV steps and calibrated using autoionization
resonances in Ar. For the analysis, threshold electrons were selected with an energy resolution of

5-7 meV and contributions of hot background electrons and false coincidences were subtracted.®*:

64

3. Computational Methods
3.1 Potential Energy Surface Exploration

We used our automated chemical kinetics workflow software, KinBot,’> >3 to characterize the
CsHs potential energy surface (PES) systematically. KinBot initiates the exploration from a
structure provided by the user, which in this case was 5-(propa-1,2-dien-1-yl)cyclopenta-1,3-
diene, one of the adducts formed when cyclopentadienyl and propargyl react (see Figs 1 and 2). In
general, it does not matter which well we use to initiate the search. We could have used any other
well, but it makes sense for our application to start in a well that is formed readily in the targeted
reaction.

We activated all reaction templates of KinBot and extended them with a new one. Previously,

only 1,2-Hz-elimination reactions were considered. Now, we generalized this template for distant



carbons as well (1,3, 1,4, etc.). Many of the structures on the PES feature rigid backbone motifs,
e.g., consecutive double bonds. We limited the search across such motives up to 5 A to cut down
on searches that most certainly will lead to too high energy pathways. Each reaction template
defines important internal coordinates and their values that are expected to bring the reactant in
the vicinity of a first-order saddle point, which were then optimized to a true saddle. A reaction
pathway is considered valid if its energy is below a user-defined threshold and if a distinct product
is detected by using intrinsic reaction coordinate (IRC) calculations. If the product is a new well,
the search continues until no new wells are found. KinBot used L1=B3LYP/6-31+G for the
reaction search with a 58.5 kcal/mol threshold above the initial structure. This threshold was
determined by inspecting the pathways stemming from this well all the way to styrene.*? Possible
homolytic scission reactions were also detected based on the energy of the bimolecular asymptotes,
which was allowed to be as high as 63.5 kcal/mol to account for the looseness of the related
transition states.

For each valid stationary point KinBot carried out a conformational search on a 120-degree grid
up to four conformer-generating dihedrals (max. 3*=81 conformers). No structure we found had
more than this. Ring conformers were sampled as described in Ref. [%°]. The lowest energy
structures were refined at the L2=mB97X-D/6-311++G** level, and single point energies were
calculated at L3=CCSD(T)-F12a/cc-pVnZ-F12, n= D, T (denoted as L3p and L31). The L1 and
L2 calculations were done using the Gaussian 16 suite,*® while the L3 calculations were done in

1,68

Molpro 2022.°7 The resulting PES was visualized and analyzed using the PESViewer tool,®® and a

selected set of microcanonical rate coefficients were calculated using MESS.%- 7
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3.2 Threshold-Photoelectron Spectra Simulation and Franck Condon spectral modeling

In the absence of reference data, the photoion mass-selected threshold photoelectron spectra
were simulated by utilizing Franck-Condon spectral modeling. For these calculations, the
geometries and force constant matrices of the neutral and cationic species were obtained at the
B3LYP/6-311G++(d,p) levels of theory using Gaussian 16 (rev. C.02).°® Franck-Condon stick
spectra were calculated at 300 K utilizing ezSpectrum or Gaussian 16 and were subsequently
convoluted with 20-50 meV full width half maximum (fwhm) Gaussian functions to fit the
rotational envelope. The simulated spectra were shifted in the energy axis to fit the experimental
ones and evaluated by G4 calculated adiabatic ionization energies (AlEcaic) to be within a range of

<+ 80 meV of the fundamental transition from the neutral into the cation.

4. Results and discussion

In a multi-step process, we analyzed photoionization mass spectra, threshold photoelectron
spectra, and results from theoretical calculations of the CsHs potential energy surface to gain
important chemical insights into the kinetics of reaction (R1), the CsHs + C3Hj3 reaction. The

analysis is described next.

4.1 Overview Mass Spectra

In a first step, we recorded photoionization mass spectra to ensure that the reactants
cyclopentadienyl (CsHs) and propargyl (C3H3) are formed cleanly in the flash pyrolysis and that
the targeted CgHs products are not formed in the pyrolysis of their perspective precursors, anisole
and propargyl bromide. As part of this step, we also recorded photoionization mass spectra to

ensure that the CsHg is produced in the CsHs + C3Hs cross reaction in detectable amounts. To this

11



end, Fig. 3 shows the sampled mass spectra after flash pyrolysis of (a) anisole (C¢HsOCH3), (b)
propargyl bromide (C3H3Br), and (c) their mixture. The photon energies used here to acquire the
overview mass spectra are chosen to be above the ionization energies of the targeted species (C3Hs,
CsHs, and CsHg isomers), while trying to avoid, or at least minimize dissociative photoionization.

As known from previous work,””’* Figure 3(a) confirms that CsHs is the main intermediate in

the flash pyrolysis of anisole. We also detected a smaller amount of CsHsCH3 isomers (methyl-
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Figure 3: The experimentally observed mass spectra after flash pyrolysis of (a) anisole (CsHsOCH3)
and (b) propargyl bromide (C3H3Br). The spectra were recorded at 9.0 and 10.5 eV, respectively,
at a temperature of ~1150 K, and a pressure of ~20 Torr. (c) Mass spectrum of the species exiting
the microtubular reactor. The reactants (CsHs and C3Hs) and the CsHs product are highlighted in
red. The absence of the CsHs signal in the two control experiments shown in (a) and (b) provides
evidence for the observed CsHjs to result from the cross reaction of cyclopentadienyl with propargyl.
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cyclopentadienes), a well-known intermediate in anisole pyrolysis.”” C3Hs and CioHio are
decomposition and self-recombination products of cyclopentadienyl, respectively.'” 3 The
absence of anisole, which has an ionization energy of 8.2 eV,’® in the mass spectra that was
recorded at 9.0 eV indicates that anisole is fully converted at these flash pyrolysis conditions.

Ataphoton energy of 10.5 eV (Fig. 3(b)) we detect C3H3 and C¢Hs as intermediates and products
in the flash pyrolysis of C3H3Br. At this photon energy, the precursor remains visible at m/z = 118
and 120, corresponding to the C3H3""Br and C3H;®*'Br isotopologues. C¢Hs is a well-known
reaction product of the C3H3 + C3Hj3 self-recombination.'! 12

While the observation of these peaks already hints at the identity of the m/z = 39 and the m/z =
65 peaks as propargyl and cyclopentadienyl, a more rigorous identification based on the unique
threshold photoelectron spectra is provided in the Supplementary Information.

Most importantly, both mass spectra in Fig. 3(a) and (b) indicate that CgHs is not a product or
intermediate of the flash pyrolysis of propargyl bromide or anisole. Because CgHg is detectable
only in the combined pyrolysis of propargyl bromide and anisole, we are confident that this
observed CsHs is a product of the targeted reaction (R1), the CsHs + C3H3 reaction. No obvious
reaction pathways of any pyrolysis byproducts are able to form CsHs. The respective mass
spectrum is shown in Fig. 3(c). Besides the CsHg product, a mass peak for CsHe is observed, which
is only slightly less prominent than the CgHs. Because the formation chemistry of CgHs is not the
subject of this study, we refrain from discussing CsHe here in detail. In short, CsHe is likely a
product of CsHg dehydrogenation that can occur at elevated temperatures either through sequential

H-atom loss or direct H, elimination.
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4.2 The CsHs potential energy surface

With the detection of the closed-shell species with a molecular formula of CgHg (m/z = 104), we
shift our focus to the elucidation of its structural isomers. Based on the previous discussion, we
can safely conclude that CgHgs is a direct product of reaction (R1), the CsHs + C3H3 reaction. Before
discussing the photoion mass-selective threshold photoelectron spectrum for m/z = 104 (CgHs) in
detail, we will turn to the CsHg potential energy surface that governs this reaction.

First, we start our discussion with a brief overview of the potential energy surface, to ensure that
no pathways connecting large regions of the PES are overlooked.*! Second, we present the
important pathways relevant for cyclopentadienyl + propargyl, reaction (R1). The CgHg system is
an extremely rich chemical landscape, and its complete characterization is beyond the scope of
this work.

Using the automated tool KinBot, we found almost 400 wells in the prescribed energy range,
and first briefly discuss them at the L3p level. As mentioned before, the deepest well is styrene
(0.0 kcal/mol) — see Fig. 1 for chemical structures. The next lowest energy structure is cardene
(benzocyclobutane) at 12.3 kcal/mol above styrene. The next structure is para-xylylene at
17.5 kcal/mol, followed by the dihydropentalenes (19.9-28.7 kcal/mol), ortho-xylylene
(23.8 kcal/mol), and heptafulvene (27.7 kcal/mol). Most of the rest of the CsHs structures are
densely populating the energy ladder, many of them are within 1 kcal/mol of their lower and higher
energy neighbors, which highlights the challenges of any intuition-based exploration: it is simply
impossible to predict which parts of this complex landscape are going to dominate without a

systematic search and analysis. In addition to the wells, we also identified 32 bimolecular product
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channels. The lowest energy one is benzene + acetylene at 37.5 kcal/mol, whereas
cyclopentadienyl + propargyl is at 109.6 kcal/mol, making it a relatively high-energy entry point.

To interpret this large chemical space, we selected a core set of species relevant for this work,
i.e., the initial adduct, 1,5-dihydropentalene, cyclooctatetraene, barrelene and styrene, and used
tools implemented in PESViewer to systematically find all important exits and lowest energy
connections. More details about the selection process can be found in the SI. The simplified PES
obtained in this manner for the title reaction is shown in Fig. 4 and can also be viewed in the SI as
an interactive graph. It contains 20 wells and 8 bimolecular products with energies evaluated at

the L3t level.
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Figure 4: The network of reactions relevant for the cyclopentadienyl + propargyl entrance. Wells
are circled with black, while bimolecular products with blue. Thicker edges represent lower
barriers, and gray edges represent barrierless reactions. Well energies are shown in kcal/mol at the
L3t level of theory relative to styrene and include ZPE. The figure is shown in the SI as an interactive
graph.

semibullvalene

101.8

Figure 5 shows the overall lowest energy pathway from cyclopentadienyl (CsHs) + propargyl

(C3H3) to styrene, which features a >10 kcal/mol lower bottleneck barrier than the pathway

L 42

described by Sharma et al.*~ (also found by KinBot, see SI). The newly characterized path toward
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Figure 5: The lowest energy pathway from SA13CPD [5-(propa-1,2-dien-1-yl)cyclopenta-
1,3-diene] to styrene. Energies are calculated at the L3T level and include ZPE.

styrene starts with the adduct via the =C*H end of propargyl, 5-(propa-1,2-dien-1-yl)cyclopenta-
1,3-diene (5A13CPD), and leads through cyclopentadiene derivatives (1A13CPD and
S5AIl13CPD), and dihydropentalene isomers (R13DHP, 14DHP, 15DHP, 16DHP), which are all
connected through relatively low barriers with the exception of 1,2-dihydropentalene (12DHP). It
is the formation of this latter dihydropentalene species via a 95.8 kcal/mol barrier that “blocks”
stryrene formation downstream (see discussion below).

The other primary adduct of cyclopentadienyl and propargyl is 5-(prop-2-yn-1-yl)cyclopenta-
1,3-diene (5P13CPD). Its isomerization on the CsHs potential energy surface is shown in Fig. 6.
Low-energy pathways with submerged barriers exist to form 5-(propa-1,2-dien-1-yl)cyclopenta-

1,3-diene (5A13CPD), which was discussed in Fig. 5.
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Figure 6: The lowest energy isomerization pathway from SP13CPD [5-(prop-2-yn-1-
yDcyclopenta-1,3-diene] to SA13CPD [5-(propa-1,2-dien-1-yl)cyclopenta-1,3-diene].
Energies are calculated at the L3T level and include ZPE.

4.3 The CsHs product identification based on mass-selected threshold photoelectron spectra

In this section, we discuss that the experimentally observed mass-selected threshold
photoelectron spectrum for m/z = 104 (CsHs) can be explained with the presence of most of the
isomers that were discussed in the previous section. Except for the dihydropentalenes (DHPs) and
styrene, the threshold photoelectron spectra of the relevant species are unknown and had to be
simulated as described in Section 3.2. The calculated ionization energies of the various relevant

CgHsg isomers are listed in Table 1.
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Table 1: Ionization energies of various CsHs isomers using the G4 theory.

CsHg isomer Name Short Name  Calculated
structures AlE / eV
A . .
g\ ‘N S-(propa-1,2-dien-1-yl)cyclopenta-1,3-diene SA13CPD 826
. \D 1-(propa-1,2-dien-1-yl)cyclopenta-1,3-diene =~ 1A13CPD 7.68
X

@w“\ 5-(prop-2-yn-1-yl)cyclopenta-1,3-diene 5P13CPD 8.54

\Q 1-(prop-2-yn-1-yl)cyclopenta-1,3-diene 1P13CPD 8.30
G/\ 2-(prop-2-yn-1-yl)cyclopenta-1,3-diene 2P13CPD 8.34
@k I-methylenespiro[2.4]hepta-4,6-diene IMSHD 8.09
/\/@ 5-allylidenecyclopenta-1,3-diene SAIl13CPD 8.03
O\F
{;O (R)-1,6a-dihydropentalene R16DHP 7.70
4 ""“‘“\ (R)-1,3a-dihydropentalene R13DHP 8.12
SN
| A\ 1,4-dihydropentalene 14DHP 7.51
\
= 1,5-dihydropentalene 15DHP 7.85
B
1,6-dihydropentalene 16DHP 7.72
1,2-dihydropentalene 12DHP 7.81

5-methylene-1-vinylcyclopenta-1,3-diene ~ SM1V13CPD 7.79

Rgste
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Styrene STY 8.464*

* from Ref. ["7].

The spectrum that needs to be analyzed is shown in Fig. 7 as squared symbols. Several features
are identifiable near 7.5, 7.6, 7.7, 7.75, 7.85, and 8.05 eV. The feature in Fig. 7 near 7.5 and 7.6 eV
can be assigned to the 1,4-dihydropentalene (14DHP, black, AlEcaic,g4 = 7.51 V), which exhibits
the lowest AlEcic of the CgHg isomers we included in our survey. Based on the calculated
ionization energies and simulated photoelectron spectra, most features of the spectrum can be
explained, with most prominent assignments depicted in Fig. 7. Besides 14DHP, we assign
1A13CPD [1-(propa-1,2-dien-1-yl)cyclopenta-1,3-diene, cyan, AlEcaicgs =7.68 eV], 16DHP (1,6-
dihydropentalene, magenta, AlE a4 =7.72 €V), 15DHP (1,5-dihydropentalene, purple, AlEcaic,c4

= 7.85 eV), and 5AIl13CPD (5-allylidenecyclopenta-1,3-diene, orange, AlEcaic,gs = 8.03 eV),
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Figure 7: Experimental threshold photoelectron spectrum of m/z = 104 (CsHs) from the
cyclopentadienyl + propargyl reaction (blue squares) in the energy range from 7.4-8.4 eV. Lines
and shaded areas represent the simulated photoelectron spectra of five CsHs isomers. The solid
red line is the sum of the individual contributions.
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respectively, as indicated by the color-coded simulations of their individual Franck-Condon
simulations (Fig. 7). The red solid line is the sum of the FC simulations of the five species showing
good agreement with most of the features in the experimental ms-TPE spectrum, providing solid
spectroscopic evidence for the dihydropentalenes.

It should be mentioned that the SA13CPD [5-(propa-1,2-dien-1-yl)cyclopenta-1,3-diene]
isomer, the initial CgHg isomer that is formed from the recombination of the cyclopentadienyl and
the propargyl radical, is likely contributing to the broad spectrum only at around 8.3 eV with a
calculated AIE of 8.26 eV (G4). However, the Franck-Condon overlap is small due to extensive
structural changes upon ionization, thus leading to an insensitivity towards this particular
molecule.

Although most of the pronounced experimental features in Fig. 7 are covered by the FC
simulations, discrepancies between experiment and simulations persist, especially above 8.2 eV.
It is well known, and also supported by our calculations, that hydrogen atoms in five-membered
rings are prone to [1,5]-sigmatropic rearrangement reactions, with barriers of only 25 kcal/mol
(Fig. 5) rendering many DHPs accessible. Thus, we improved the missing features by fitting the
FC simulations of the remaining DHP isomers to the ms-TPES, as depicted in Fig. 10(a,b).

R16DHP [(R)-1,6a-dihydropentalene, cyan, AlEcicgs = 7.70 eV], RI3DHP [R)-1,3a-
dihydropentalene, magenta, AlEciccs = 8.12 eV] and 12DHP (1,2-dihydropentalene, orange,
AlEcaic,gs = 7.85 eV) can only partially reproduce the missing features in the ms-TPES of m/z =
104. This could only be improved by adding the simulation of the fulvene isomer SM1V13CPD,
(5-methylene-1-vinylcyclopenta-1,3-diene, orange AlEcacgs = 7.79 eV). Nevertheless,
contributions from the isomers in Fig. 8(a, b) are likely although spectroscopically challenging to

assign due to missing strong transitions partially owed to low FC factors. More importantly, the
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Figure 8: Experimental threshold photoelectron spectrum of m/z = 104 (CsHs) from the
cyclopentadienyl + propargyl reaction (blue squares) in the energy range from 7.4-8.4 eV.
Including (a) 1,6a-dihydropentalene and 1,3-dihydropentalene and (b) 5-methylene-1-
vinylcyclopenta-1,3-diene and 1,2-dihydropntalene to the fit of the experimental data. Given the
overlap with the spectra of the other isomers, the results shown here are at best non-conclusive.
best fit above 8.2 eV was obtained by including the FC simulations of 5SP13CPD [5-(prop-2-yn-1-
yl)cyclopenta-1,3-diene, green, AlEcaiccs = 8.54 eV], 2P13CPD [2-(prop-2-yn-1-yl)cyclopenta-
1,3-diene, cyan, AlEcacGs = 8.34 eV] and 5P13CPD [1-(prop-2-yn-1-yl)cyclopenta-1,3-diene,
magenta, AlEcac,c4 = 8.30 eV], as depicted in Fig. 9. Including styrene (not shown here), the most

stable isomer of the CgHs potential energy surface, did not increase the overall fit, in agreement
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with the reaction network in Fig. 4. Other discussed isomers in this work, such as
benzocyclobutene and the xylylenes, could not be identified in the reaction mixture.”s

Including styrene in the analysis of the experimentally observed near-threshold photoelectron
spectrum does not significantly improve the overall agreement between modeled and observed
spectra. This is shown in Figs. S4 and S5 of the Supplementary Information. Consequently, the
styrene photoelectron spectrum does not support the unambiguous identification of styrene in the
CsHs isomer mix, responsible for the observed CsHs threshold photoelectron spectrum.

In summary, we modeled the experimental ms-TPES of the composition CsHg (m/z = 104) and

the results suggest the appearance of 8 isomers, which all mark minima of the potential energy

surface. The contributions of four isomers (as shown in Fig. 8) are not conclusive, given the

Signal Intensity / a.u.

74 76 78 80 82 84 86 88
Photon Energy / eV

Figure 9: Experimental threshold photoelectron spectrum of m/z = 104 (CsHs) from the
cyclopentadienyl + propargyl reaction (blue squares) in the energy range from 7.4-8.8 eV.
Including 5-(prop-2-yn-1-yl)cyclopenta-1,3-diene (green), 2-(prop-2-yn-1-y.)cyclopenta-1,3-diene
(cyan), and 1-(prop-2-yn-1-yl)cyclopenta-1,3-diene (magenta) to the fit of the experimental data.
Given the overlap with the spectra of the other isomers.
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overlapping spectral region with other isomers. Nevertheless, this shows that even complex
reaction mixtures, where many isomers contribute, can be successfully disentangled using a
combination of well-resolved ms-TPE spectra, Franck-Condon spectral modeling, even in the
absence of experimental reference spectra, and a thorough exploration of the potential energy

surface.

5. Discussions and Conclusion

Based on the above presented analysis of the mass-selected threshold photoelectron spectra, our
experiments clearly show that under the specified experimental conditions, the formation of
dihydropentalenes is preferred over the ring-enlargement reaction that forms styrene. This
deserves a closer look at the kinetics on the CsHg PES.

Our calculations suggest that the formation of styrene is controlled by the high and tight barrier
at 95.8 kcal/mol (see Fig. 5). However, this barrier is in principle surmountable given the energy
of reactants (109.6 kcal/mol), and thus styrene formation cannot simply be excluded. Instead, we
need to compare styrene formation to competing reactions. Besides the reactions shown in Fig. 5,
dihydropentalenes can lose H atoms, leading to one of the two possible resonantly stabilized CsH7
radicals with the same backbone as that of the dihydropentalenes, see Fig. 8. Since these H-loss
reactions are likely barrierless and are within 1 kcal/mol of the tight bottleneck barrier, they can

effectively compete with isomerization.
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To place an upper limit on the yield of styrene, we set up a very simple master equation model.
We only considered the two dihydropentalene wells on the two sides of the isomerization barrier,
the one at 21.7 kcal/mol and the other at 19.9 kcal/mol (see Fig. 10, species 16DHP and 12DHP,

respectively). In the model we connected the lower energy H-loss product at 95.1 kcal/mol directly
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Figure 10: Part of the CsHs PES showing the bottleneck barrier towards styrene (marked
with an *) connecting species A and B, and the H loss channels forming bimolecular bridges
(marked with 1). The H loss product included in the simple master equation model is marked
as C.

to well 16DHP, because the dihydropentalenes prior to the high barrier between 16DHP and
12DHP (marked with *) are expected to equilibrate much faster than dissociation or isomerization.
We also assumed that cyclopentadienyl + propargyl forms species 16DHP directly, essentially
saying that at the experimental conditions the saddles between the entrance and species 16DHP
play no role in the system’s propensity to form styrene. We assigned a capture rate coefficient of
3x107!'"!" cm® molecule™ s to cyclopentadienyl + propargyl, in analogy to the self-reaction of
propargyl and of cyclopentadienyl around 1100 K.%!#? Finally, we assumed that the capture rate

coefficient of the H + radical reaction is 4x10'° cm® molecule™ s!, in analogy to the propargyl +
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H capture rate coefficient.®® Representing the barrierless processes with phase-space theory as

implemented in MESS,*- 7

we calculated rate coefficients for our model system thus consisting
of bimolecular species cyclopentadienyl + propargyl and the lower H + CgH7, and wells 16DHP
and 12DHP. The MESS input file is included in the SI.

Our calculations show that at 20 Torr and 1150 K about 80% of the cyclopentadienyl + propargyl
reactants get stabilized in well 16DHP, 20% escapes through the H + CgH7 bimolecular exit, and
only 0.05% goes from the reactants to 12DHP in a well-skipping process. The unimolecular
reactions of the stabilized 16DHP also yield only about 0.05% 12DHP, capping the yield of
styrene. Considering that there are six low-lying channels for H loss before surmounting the tight
barrier, the true branching towards styrene is expected to be even lower. We can, therefore,
conclude that in accordance with the experiments isomerization towards styrene is not competitive,
and thus styrene is expected to be a minor product with an upper limit of 0.05% under our
conditions. Note, however, that under certain conditions (such as high H atom concentration), the
reverse of these H-loss channels can become bimolecular bridges leading the isolated
dihydropentalene without the need to overcome the tight barrier.*!

Note also that the Sharma et al. bottleneck barrier is looser than the one found in this work. The
rate coefficient at 1050 K through the Sharma et al. barrier is 18% of the relative to the rate
coefficient of our new bottleneck, and around 1500 K the two barriers create equal bottlenecks.
The Sharma et al. barrier dominates by ~5.5x at 2500 K. This, however, does not impact the finding
of the paper that styrene formation is a minor channel around 1050 K.

The results presented here have interesting implications on our understanding of molecular-
weight growth mechanisms. The importance of styrene formation at combustion conditions

through ring-enlargement after the reaction of cyclopentadienyl with propargyl is likely to be
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limited. Since stabilization in the various dihydropentalene wells dominate at low pressures of 20-
30 Torr, it can be expected to be even more important at relevant pressures, i.e., atmospheric
pressure and above. This conclusion may change when going to higher experimental temperatures,
however, for combustion environments, we noted that contributions of CsHs are generally limited
due its decomposition into propargyl and acetylene. Also, as pointed out above, the importance of
styrene formation through reaction (R1) is limited by competing with the formation of CsH7
dihydropentalenyl radical species, that technically are formed through radical-radical chain

1.3 Consistent with earlier work,?' we also found here that

reactions as proposed by Johansson ef a
the stabilization of the closed-shell species (CsHs in this study) dominates over the radical + H
channel. There is nothing known about the stability of the various CsH7 radicals under these
conditions, but it might be that they undergo ring-opening or lose another H to form CgHe.
Hydrogen (H2) loss from 12DHP, the DHP that has neighboring extra H-atoms, is a possibility for
subsequent CgHg reactions. The barrier is 95.3 kcal/mol, which is comparable to H-loss channels
from DHPs, but the transition state is tight, so the reaction is expected to be slow. Further work
describing the kinetics on the CsHs potential energy surface is needed to unravel the importance
of these processes quantitatively.

Dihydropentalenes (DHPs) have not been identified as soot precursors and are not included in
up-to-date mechanisms. Thus, the specific role of DHPs in the overall molecular-weight growth
processes is less clear than the role of PAHs. However, the structural and chemical characteristics
of DHPs suggests that they could play a role. For example, can the reaction of dihydropentalenyl
radicals with methyl radicals lead to the formation of indene in a ring-enlargement reaction

analogue to fulvene/benzene formation through the cyclopentadienyl+CH3 reaction?'’
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Styrene, the most stable CsHg isomers, has been identified in many flame studies. However, the
ring-enlargement reaction of CsHs + C3Hj3 is not its only formation pathway that has been identified
in modeling work. The bicyclic structure of DHPs and their potential for further cyclization and
growth make them plausible candidates for participation in the soot formation process. The
importance of dihydropentalenes for molecular-weight growth should be tested in flame models
using a comprehensive chemical kinetic mechanism. We expect that DHPs can serve as
fundamental building blocks for constructing more complex carbon nanostructures and that their

unique ring systems can be incorporated into larger molecular frameworks.
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