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Most polycyclic aromatic hydrocarbons (PAHs) can isomerize with internal energies near to or below the
dissociation threshold. The CioH§ group of ions, made up of the naphthalene (Naph*) and the azulene
(Azu*) radical cations, is a prototypical example. CgHg isomers are important species in the growth
kinetics and formation of complex organic molecules, and more generally fragments from larger PAHs,
yet information about CgH¢ structures is scarce and contradictory. Here, ion—molecule reactions were
carried out and the tunable photoionization chemical monitoring technique was used to probe the
CgH¢ isomers formed upon CyH,-loss from Naph* and Azu®. The experimental findings were

interpreted with the support of ab initio and kinetics calculations. To facilitate the interpretation of these
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Accepted 14th November 2023 data, chemical reactivity starting from phenylacetylene (PA) was studied. It was found that most of the
CgH¢ ions formed from CioHg, in a timescale of 40 us, are PA* in the vicinity of the dissociation

DOI: 10.1035/d35c03015f threshold. No evidence of the pentalene radical cation (PE*) was observed and explanations to reconcile
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Introduction

Energetic gaseous polycyclic aromatic hydrocarbons (PAHs)
react in environments spanning from plasmas, flames, plane-
tary ionospheres, to stellar and interstellar regions."® The
photoprocessing of gaseous PAHs leads to unimolecular reac-
tions such as isomerization and dissociation, which often
compete. The major dissociation channels of PAHs involve the
loss of atomic or molecular hydrogen and C,H,, with dissocia-
tive ionization giving a quasi-balanced branching ratio for small
PAHSs such as naphthalene (Naph), and in favor of H/H, loss as
the PAH size increases.’ The C,H,-loss reaction, in particular,
plays a central role in stirring the composition of species
formed in environments where energized PAHs can be found.

Better understanding of the unimolecular reactions of small
prototypical PAH radical cations such as Naph® and Azu® is
necessary to predict reactivities of larger PAHs and elucidate

“Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d'Orsay, 91405
Orsay, France. E-mail: ugo.jacovella@universite-paris-saclay.fr

*Molecular Horizons and School of Chemistry and Molecular Bioscience, University of
Wollongong, Wollongong, New South Wales 2522, Australia

Université Paris-Saclay, CNRS, Institut de Chimie Physique, UMR8000, 91405 Orsay,
France

“Synchrotron SOLEIL, L'Orme des Merisiers, 91192 Saint Aubin, Gif-sur-Yvette, France
“Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa
KIN 6N5, Canada

T Electronic  supplementary  information
https://doi.org/10.1039/d35c03015f

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

their relationship with carbon clusters.'®** The pioneering
works on the fate of Naph and Azu were performed by the
groups of Leach™™¢ and Lifshitz.””* Through use of photo-
ionization spectroscopy, time-resolved photodissociation spec-
troscopy, ab initio calculations, and Rice-Ramsperger-Kassel-
Marcus (RRKM) calculations, these studies revealed H-loss and
C,H,-loss as the two primary dissociation channels, occurring
with equal branching ratios owing to their similar activation
energies and dissociation rate constants. Furthermore, photo-
ionization mass spectra of Naph and Azu have been shown to be
similar at photon energy greater than 20 eV.

Structural information about the CgH; fragment of Naph®
and Azu" has been scattered and continually evolving over the
last three decades. The structures of the molecular ions of
interest are provided in Scheme 1. In the early 1990s, Leach and
coworkers proposed the formation of the phenylacetylene
radical cation (PA") as the primary structure resulting from
dissociative photoionization (within a few tens of us)."* They
confirmed this proposition one year later by conducting similar
experiments with deuterated species.”” In the same year, the
Lifshitz group further supported the hypothesis that PA* is the
major product resulting from ionized Naph and Azu, using
time-resolved photoionization mass spectrometry (TPIMS),
allowing the ions to evolve for 40 ps to 400 ms."” In the same
study, they also corroborated this finding through collision
activation (CA) spectra.

The cards were reshuffled in 1995 with the theoretical work
of Granucci et al.,>> which involved structure optimizations for
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Scheme 1 Structures of the molecular ions and neutral targets of
interest for this study.

CgHg using Moller-Plesset perturbation theory (MP2) and the
complete active space self-consistent field (CASSCF) method for
energy calculations. The structures they considered included
PA", benzocyclobutadiene radical cation (BCB'), and the ben-
zocyclopropenemethylene radical cation. The latter structure
was discarded due to its significantly higher energy, but BCB*
was found to be more stable than PA". Two years later, Lifshitz
and coworkers theoretically confirmed, using a coupled cluster
method (CCSD(T)), that BCB™ was the most stable structure
among the three considered by Granucci et al.** The dissocia-
tion limit into CgHg (BCB') + C,H, was then adopted as the
lowest one in subsequent works by the Lifshitz group.”***

In 1999, the Schwarz group employed a variety of comple-
mentary mass spectrometric techniques to confirm the struc-
ture of the CgHg species formed from Naph®.?* They expanded
the range of possible structures to include acyclic, eight-
membered ring, and were the first to consider the pentalene
radical cation (PE"). Acyclic and eight-membered ring structures
were considered unlikely products. BCB* was proposed as the
most probable structure, mainly based on charge reversal (CR)
experiments (30 us timescale and ions formed by electron
impact), in agreement with the previous theoretical work.'**> A
couple of years later, van der Hart used density-functional
theory (DFT) to study the most probable CgHg structures
formed from Naph®, concluding that both BCB" and PA* should
be observable in photodissociation experiments.>**

A major step forward came from the theoretical work of
Mebel and coworkers, who mapped out the potential energy
surface of C;oHg using the G3(MP2,CC)//B3LYP method.?® They
then performed RRKM and microcanonical variational state
theory calculations to investigate the possible photodissocia-
tion mechanisms of Azu" at different photon energies.?® They
also computed the relative branching ratios of CgHg structures
obtained after C,H, elimination using the steady-state
approach. These branching ratios indicate that below 5.2 eV
of internal energy in Azu’, PA" is the prevailing CgHg structure
but gets supplanted by PE" at internal energies greater than
5.2 €V above the Azu" ionization energy. The contribution of
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BCB', although marginal, increases with the internal energy. It
is important to note that the total photon energy was assumed
to be transferred into internal energy of the ion, neglecting
Franck-Condon considerations and any radiative relaxation
processes.

Solano and Mayer conducted similar work for Naph® but
used a potential energy surface computed at a lower level of
theory (UB3LYP/6-311+G(3df,2p)//UB3LYP/6-31G(d)), and found
that PA" only becomes the major isomer when Naph* has more
than 7.6 eV of internal energy.”® Discrepancies between the
results of kinetic calculations and those of Mebel group* may
be due to the fact that kinetic modeling did not fully follow the
master equation approach, included simplifying assumptions,
and the initial internal energy distribution was different.

The dissociation pathway from C;oHg leading to PE* was
experimentally evidenced for the first time by recording the
infrared spectroscopic fingerprint of PE".?” CgH{ ions were
generated by multiphoton dissociative ionization from Naph
and were allowed to evolve for 200 ms before being ejected from
the trap, which could be considered as equilibrium for
a molecular system of this size. Other experiments on nitrogen-
containing PAHs and larger PAHs then suggested a general
trend for the formation of pentagons in the ionic species
through the destruction of PAHs containing pure hexagonal
geometries.”®* These mechanisms may help to rationalize the
formation of fullerenes from larger energized PAHs'""

Bull and coworkers® obtained similar results to Mebel and
coworkers® using a coupled master equation combined with
high-level potential energy surface calculations (CCSD(T)/cc-
pVTZ).* At around 5.1 €V of internal energy in Azu" and Naph®,
they calculated a ratio of 3/4 of CgHg being PA" and 1/4 being
PE" at equilibrium. This confirms that PA" is the dominant one
at low internal energy before giving way to PE*, which should
dominate the CgHi population above its thermodynamic
formation threshold, provided sufficient time is granted.

The present study focuses on the reactivity of CgHj structures
with allene and propyne, where the CgHg structures are gener-
ated either by direct photoionization of phenylacetylene (PA) or
dissociative photoionization of Naph and Azu molecules. We
employ the tunable photoionization chemical monitoring
technique,® an approach that has been successful in eluci-
dating the structures of ionic fragments from dissociative
ionization®* and uncovering isomerization pathways.** The data
set obtained from the current study provides chemical reference
for one of the expected CgHg species, specifically PA*, facili-
tating the data interpretation from dissociative ionization of
C,0Hg species. The experimental data are complemented by ab
initio and Kkinetics calculations. Finally, results from former
experimental works are discussed in the light of the present
results and new interpretations are proposed to reconcile all the
results.

Methods

Experimental

Parent ions were produced through photoionization using light
over the 7.2 to 20 eV photon energy range using the DESIRS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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undulator-based vacuum ultraviolet (VUV) beamline® at the
SOLEIL synchrotron facility in Saint-Aubin (France). The
temperature of the neutral precursors when irradiated by the
VUV light was approximately 300 K. Higher-order light was
removed from the beam using a gas filter filled with either Kr or
Ne depending on the energy range. The reaction products were
monitored using the CERISES apparatus consisting of a tandem
mass spectrometer (quadrupole-octopole-octopole-quadru-
pole) coupled to a photoionization source.*® Parent ions
produced in the source were mass filtered by the first quadru-
pole and then guided by an octopole to the reaction cell while
defining the collision energy. The ionic products of reactions
were then radially confined and directed into the second
quadruple mass filter. The absolute reaction cross sections were
obtained by measuring the absolute pressure of the neutral
reactant in the reaction cell and the parent and product ion
counts. Measurements were taken across the photon energy
range while the collision energy was fixed at 0.11 eV in the
center-of-mass frame. The neutral reactants were introduced
into the reaction cell at a low pressure (typically below 70 nbar)
to ensure the attenuation of parent ion signal was less than
10%, providing a single-collision regime.

Computational

Stationary points on the ground state CgH, potential energy
surface around PA" were found by conducting relaxed potential
energy surface scans of CgHj structures along various internal
degrees of freedom at the wB97X-D/aug-cc-pVTZ level of theory
using the Gaussian 16 software package.** The optimized
geometry for each saddle point was verified by its single
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negative vibrational frequency and by intrinsic reaction coor-
dinate (IRC) calculations.

Rice-Ramsperger-Kassel-Marcus (RRKM) theory was
employed to calculate the k(E) for relevant reactions according
to the equation:*”

k(E) = (eN*(E — Eo)/(hp(E)), (1)

where o is the reaction degeneracy, % is Planck’s constant, N*(E
— E,) is the number of internal states for the transition state at
an internal energy E — E, and p(E) is the density of states for the
reactant ion at internal energy E, calculated with the Beyer and
Swinehart direct count algorithm.***°

Results and discussions

Fig. 1 and 5 show reaction cross sections for the products of
CgH; ions, formed from PA (Fig. 1), Naph, and Azu (Fig. 5),
reacting with propyne and allene. The cross sections are given
as a function of photon energy. Below, we will first present
results of reactions carried out using the PA precursor and then
analyze the results with the support of ab initio calculations and
RRKM modeling. Later, a similar scheme is followed for reac-
tions of CgH¢ produced from Naph and Azu.

CgHg from PA

Observations. The reaction cross sections of CgH¢ produced
by direct photoionization of PA reacting with propyne and
allene are presented in the left and right panels of Fig. 1,
respectively. Only reaction channels leading to formation of
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Fig.1 The top panels (black traces) display the CgH¢ photoion yield starting from phenylacetylene precursor (gray region was recorded with
Kr in gas filter while dark region was recorded with Ne in gas filter). Bottom panels are reaction cross sections for the products resulting from
CgHé produced from phenyacetylene reacting, with (left) propyne and (right) allene as a function of photon energy.
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products with cross section greater than 0.1 A” are presented.
The data indicate distinct reactivity behaviors across the 8.8-
11.4 eV, 11.4-13.5 eV, 13.5-14.2 eV, and 14.2-20 eV energy
regions. For simplicity, these regions will be referred to as
regions 1, 2, 3 and 4, in order of increasing energy. The behavior
of all observed reaction channels in each region is described
below.

Reactions with Propyne

m/z 141; m/z 139. m/z 141 and m/z 139 channels correspond
to the formation of C,,Hg + H and C,,H5 + H, + H, respectively.
These two channels show the same behavior with almost
monotonic decreases in cross section, from 10 and 1 A% to 2 and
0.1 A%, respectively, over the three lowest-energy regions. They
reach a quasi-plateau in region 4 with weak growth in reactivity
as the energy increases.

m/z 115. The m/z 115 channel corresponds to formation of
CoHy + [2C, 3H]. The composition of the neutral product(s)
cannot be directly retrieved from the experimental data, some
possibilities include C,H; and C,H, + H. Regions 1 and 2 exhibit
weak reactivity (= 0.1 A%). The reactivity increases rapidly in the
region 3 to reach nearly 2 A% and plateaus slightly above 1 A% in
the region 4.

m/z 116. The m/z 116 channel is consistent with the forma-
tion of CoH§ + C,H,. The reaction cross section is constant
around 0.5 A” in the region 1 before monotonically decreasing
to 0.1 A% at the end of the region 3. The reactivity is similar to the
m/z 141 and m/z 139 channel in the fourth-energy region.

Reactions with Allene

m/z 141; m/z 139. These two reaction channels are similar to
those resulting from reaction with propyne, but exhibit larger
cross sections, by a factor 2.

m/z 115. The m/z 115 yield from CgHg reaction with allene is
similar to that of the reaction with propyne over regions 1, 3,
and 4. However, there is a notable difference in behavior in
region 2, with a marked growth of m/z 115 products observed
from the reaction with allene compared to negligible growth of
the products resulting from the reaction with propyne.
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m/z 129. The reaction channel m/z 129 corresponds to
C1oHs + CH and follows the same trend as m/z 141 and m/z 139.
This channel is not reported with propyne as it did not meet the
0.1 A? reactivity criterion.

m/z 116. Data for this channel were not recorded for this
reactant.

Discussion

Region 1. As the ionisation energy (IE) of PA is 8.8 eV,* PA"
can be formed in region 1 (8.8-11.4 eV) with a maximal internal
energy amount of 2.6 eV. The results of our calculations of the
CgHg potential energy surface (PES) are schematically repre-
sented in Fig. 2, and Table 1 lists the energies of minima and
transition states (TSs) on the CgHg, PES. From Fig. 2 and Table 1,
one can see that the lowest energy barrier to isomerize from PA*

Table 1 Energies of local minima and of transition states (TSs) of
CgH¢ species located on the PES presented in Fig. 2

Minima Energies/eV TSs Energies/eV
PA* 0.00 PA*1* 2.56
BCB* —0.20 PA"-2" 2.57
PE" —0.60 PA*-3" 2.64
1" 1.89 PA*-4" 2.61
2" 1.93 PA*-8" 2.88
3" 2.22 PA™-10" 3.26
4" 2.19 1%-6" 2.86
5% 0.62 25" 3.08
6" 0.85 257" 2.75
7" 2.60 3%-5" 3.19
8" 2.60 4"-6" 3.13
9" 2.62 758" 3.13
10" 1.18 7°-9* 3.41
11" 1.87 8"-10" 3.49
12" 2.01 911" 3.15
13* 0.66 10%-12" 2.86
14* 0.90 10*-13"* 1.94
10*-14" 2.75
11*-BCB* 1.96
12"-BCB* 2.42
BCB'-PE" 2.57
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Fig. 2 CgH¢ potential energy surface calculated at wB97X-D/aug-cc-pVTZ level of theory.
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is 2.56 eV and therefore we can consider that only the PA"
structure is formed in region 1.

Region 2. The second region covers the photon energy from
11.4 to 13.5 eV, allowing for a maximum PA" internal energy of
4.7 eV. This region was identified through marked increase of
the channel at m/z 115 in the reaction with allene. This reactivity
change suggests either the formation of another CgHg, isomer(s)
or that an endothermic barrier of reaction is overcome. RRKM
calculations of four isomers (1%, 2*, 3", and 4") were performed
to assess their likelihood of formation in region 2. The resulting
fractional abundances as a function of PA" internal energy are
represented in the gray shaded zone in Fig. 3 and suggest that
isomers 1" and 2" are the most likely ones to be formed in
region 2. The isomers 1" and 2" are formed by a sigmatropic
rearrangement, where a hydrogen atom in the meta position
relative to the acetylenic group moves to the para and ortho
positions, respectively. Nevertheless, their formation rates will
remain too low to build up a large enough population to
account for a reactivity change. As electronically excited states of
PA" do not live long enough to reach the reaction cell (80 ps),
only one possibility remains, which is the opening of an endo-
thermic channel of PA* with allene. In these conditions, the
RRKM calculations can thus serve as a guide for predicting the
most probable CgHy, reactive structure to expect in the adduct
formed with allene. Note that the reaction leading out of the PA"
well to BCB* and PE" has a rate constant that is several orders of
magnitude lower than the interconversion of PA* and isomers 1-
4" (see Fig. S7 in the ESIY).

Using this concept, we can investigate the contrasted
unreactive behavior with propyne to provide an explanation.
Fig. 4 presents possible entrance channels and adducts for the
reactions of 1" and 2" with propyne and allene. The minimum

o

View Article Online

Chemical Science

reaction energy paths (MREPs) were calculated at the wB97X-D/
aug-cc-pVTZ level of theory and show that the reactions of 1*
and 2% with allene are strongly exothermic, while those with
propyne are either endothermic or thermoneutral. Interest-
ingly, this difference in chemistry is rooted in the propyne/
allene structures, leading to an easy H atom transfer through
a four member intermediate in allene, impossible in the case of
propyne, resulting in a much more stable structure when C,H;
is lost. Note that the loss of C,H; compared to C,H, + H is
thermodynamically favored.

Region 3. Definitive elucidation of the isomer(s) formed in
region 3 (13.5-14.2 eV, corresponding to a maximum of internal
energy of 5.4 eV) is complicated by the large number of isomers
that can be accessed at those energies. However, attention is
drawn to the fact that the channel forming m/z 115 with propyne
shows a steep increase and superimposes with the same
channel with allene; none of the other channels are affected.
One hypothesis is that the m/z 115 channel is extremely sensi-
tive to the formation of one or a family of isomers. One family of
isomers whose formation in small PAHs generally requires 4 to
6 eV of internal energy to be observable is that of species where
the ring has been opened. One can notice that one of the
highest barriers in the PES (Fig. 2) is the one leading to an open
structure (9%). This isomer is produced from 2%, through
symmetric opening of the 7* structure. Similar to region 2, the
population transfer to 9" is too small to explain the strong rise
in the m/z 115 signal. However, it might suggest the formation
of an adduct with a CgHj structure resembling 9*. The forma-
tion of a m/z 115 product was previously observed in the reac-
tion of m/z 76 (which was a fragment of PA*) with allene and
propyne.** This reaction was found to be very efficient (>10 A?)
when CgH was generated with high internal energy (above

10 3 E
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Fig. 3 Fractional abundances of PA* and 1*—4" as a function of the internal energy of PA*. The shaded grey area represents the energies
accessible in region 2. Note that these relative populations do not include the reactions out of the PA/1-4 ion well and thus do not reflect the true

distribution of structures from Fig. 2.
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C,Hs. All calculations were done at the wB97X-D/aug-cc-pVTZ level of theory.

14 eV, photon energy, where the ring opening was invoked to
explain the change in reactivity). However, it seems very unlikely
that the product observed in region 3, with a cross section of 1
A?, is the result of the sole metastable m/z 76 species formed in
the region between the exit of the first quadrupole mass filter
and the reaction cell. Nevertheless, the alternative scenario
involving the reaction complex is again plausible, the highly
excited CgH,, formed in region 3 may (in the reaction complex)
transform into the highly excited C¢Hj structure, leading to the
same m/z 115 product. This transformation would result in the
production of neutral products C,H, and H, contrasting with
the outcomes observed in region 2.

Region 4. The number of possible isomers that can be
generated in region 4 (14.2-20 eV) is considerable. The data
indicates that 5.4 eV above the IE of PA (corresponding to the
beginning of region 4), the isomeric population of CgHg, reaches
some sort of equilibrium, resulting in almost constant cross
section for all reaction product channels (Fig. 1). Note that the
ion yield for parent ion CgHg exhibits a marked increase at

322 | Chem. Sci, 2024, 15, 317-327

14.2 eV, indicating the presence of an excited state with large
Franck-Condon factors (confirmed in the He I photoelectron
spectrum).** This plateau in the chemical behavior hints at the
fact that additional internal energy can no longer be absorbed
by the CgH{ system. Two hypotheses can be considered to
explain this. Either dissociative ionization occurs for all species
produced with internal energies corresponding to region 4, or
there is efficient fluorescence from the new electronic state.

CsHg from Naph and Azu

The reaction cross sections of CgHg, produced by dissociative
ionization of Naph and Azu and subsequent reaction with either
propyne or allene, can be seen in the panels of Fig. 5. Only
reaction channels leading to the formation of products with
reaction cross sections greater than 0.1 A” are presented. Only
two channels meet this criterion, m/z 115 and 141, also observed
with PA. The channels at m/z 116, 129, and 139 were not
observed or had reaction cross-section below 0.1 A%,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03015f

Open Access Article. Published on 24 November 2023. Downloaded on 6/15/2026 4:30:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
Energy above AE (eV)
- s 0 1 2 3 4 5 60 1 2 3 4 5 6 7
S _200x10 P I
g~ 100 Naphthalene (Cy(Hg) + hv —» CgHg; +e + C,H, Azulene (CyoHg) + hv — CgHg +e +C,H,
o A -
- x10_
§ 0 _a) x1.5 L
109 A mz 141 A m/z 115 d) B
ARAMAALA AAMALAL AL
117 At A A A‘MAA £ A‘AAM N I
—_ 04 TV VWYY e, A5, aaais aadia ““M“‘““‘““‘A&‘MA L ana apa, 2
o~ -— A
s . ™ ‘AAA AMAAA AAAALTA A R AAAAAAA AA A
5 0.01 - s * -
s .
5 0.001 CSHS* + Propyne (C;H;) — Products CaHs+ + Propyne (C;H;) — Products
Q .
(2] - -
o 10 —e) N " f) ) ——
2 14 o . A A AMMaAAL A0 04 AM‘M‘“AA:AMA “‘AA‘MAMM‘Q,. Ash ‘“x —
o at A AAAAAA“AAAAM “a s m‘u‘““AA
0.1+ L s At =
A AM
0.01 - + 4 At -
CgH, + Allene (C;H,) — Products CgHg + Allene (C;H,) — Products
0.001 =T T T e O T A T T

15 16 17 18 19

20 13 14 15 16 17 18 19 20

Photon Energy (eV)

Fig. 5 The top panels (black traces), (@ and b), display the CgH¢ photoion yield starting from Naph and Azu precursors, respectively. Middle
panels, (c and d), are reaction cross sections of CgH¢ with propyne as a function of photon energy starting with Naph and Azu as precursors,
respectively. Bottom panels, (e and f), are the reaction cross sections with allene from Naph and from Azu), respectively. We defined the AE as the

photon energy where more than 20 CgH¢ ions/s are detected.

Observations

It is striking that there is no isomeric effect, as the data appear
to be identical for Naph and Azu, when corrected by their
respective appearance energies, as clearly shown by Fig. 6
below. Similarly to previous studies,**" the CgHg threshold is
very elusive, we therefore defined the AE as the photon energy
where more than 20 CgH{, ions/s are detected.

m/z 141. This channel is the most prominent at low internal
energy - although it is relatively weak (around 1 A%). The reac-
tivity is slightly greater with allene than with propyne (similarly
to what is seen for PA") and, as mentioned, does not depend on
the precursor used to generate CgHg. The reactivity shows

CgHg +Allene (C4H,) — m/z 115 Products

a constant decrease as the photon energy increases, reducing by
a factor of 2 upon reaching 20 eV.

m/z 115. The m/z 115 channel exhibits identical behavior to
that observed when using PA as precursor. The shape of the
reaction cross-section of m/z 115 for the reaction with allene and
propyne indicates, similarly as when starting with PA, endo-
thermic reactions and an onset at lower energy with allene
compared to propyne.

Discussion

Experimental and theoretical studies have disputed the
isomeric structures of the major CgHg fragment formed upon
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Fig. 6 Reaction cross sections of CgH¢ reacting with allene to produce ions with m/z 115 when CgH¢ are formed from PA (red), Naph (orange),
and Azu (green). The energy axes have been individually shifted to superimpose together. The arrows represent the IE of PA and the AEs of

CgH¢ from Naph (14.1 eV) and Azu (12.5 eV) precursors.
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C,H,-loss but the most recent ones agree that Azu® should
fragment into PE", while Naph* should fragment into PA" and
BCB'. Typically starting either from Azu" or Naph®, it was found
that it requires = 5 eV of internal energy for C;,Hg systems to
produce PE" as the main fragment, which underlies the
importance of the isomerization kinetics of the C;,Hg ions. In
our apparatus, when considering dissociative photoionization,
only unimolecular dissociation reactions occurring faster than
40 ps can be probed. This is the time for ions to reach the
entrance of the first mass filter. We have shown in a previous
study considering a similar ionization energy range that within
a timescale of 80 us, only the isomerization from Azu" to Naph*
is observed.** This observation is therefore not in favor of the
formation of PE" in our instrument. According to the calcula-
tions of Mebel and coworkers* (specifically Fig. 16 of ref. 25)
and Bull and coworkers,* one could expect to have only PA*
formed in the vicinity of the CgHg appearance energies of Naph
and Azu at equilibrium. It is crucial to emphasize that in these
calculations, it is considered that the entire population has
a well defined internal energy value. However, when ions are
prepared by photoionization, their internal energy varies
between 0 and the photon energy minus IE or AE, depending on
whether we consider PA or Naph/Azu, respectively. Conse-
quently, this implies that the calculations provide an upper
limit for the population transfer from PA" to PE".

Fig. 6 shows the reaction cross sections of m/z 115 with the
three different precursors. The 3 datasets are only shifted in
energy to be superimposed. This leads to values of CgHg, AEs from
Naph and Azu precursors, and IE of PA to coincide within 0.3 eV.
Although it is not a surprise that the reaction cross sections from
Naph and Azu are similar, the reaction cross section from PA also
overlays perfectly. This a decisive observable that indicates that
PA" is the reactive species at all photon energies up to the start of
region 4 upon direct ionization of PA or dissociative ionization of
Naph and Azu near dissociation thresholds. This result is a strong
support for our hypothesis that close to 100% of PA* is formed by
dissociative ionization (for a timescale shorter than 40 us),
whatever the precursor but also informs that all internal energy is
conserved by the ionic fragment when PA" is formed by C,H,
elimination from Naph and Azu. This low kinetic energy release
has been observed previously in a similar system, the n-butyl-
benzene cation (C;oHj,) upon loss of C;He, and was explained by
the fact that the rate-limiting step is the isomerization reaction,
prior to dissociation.*®

In the energy range that would correspond to region 4 for the
3 precursors, it is disconcerting that, although the reaction
cross sections are perfectly superimposed at lower energies, the
cross section of m/z 115 becomes more important from Naph
and Azu compared to PA. An explanation for this different
behavior would relate to the previous observation that a strong
increase of parent ion yield is observed for PA, at the energy
corresponding to region 4, while such increase is absent in
CgHe yield from Naph and Azu (Fig. 5). The departure from
similarity in the m/z 115 channel would indicate that the elec-
tronic state of PA" efficiently dissociates and/or fluoresces and
this state is efficiently populated by direct photoionization and
not by dissociative ionization.
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Another aspect that differentiate ions produced by direct
ionization or dissociative photoionization is visible in the
measured cross section for m/z 141. In Fig. 1, the fact that the
channel m/z 141 continuously decreases (as do the channels m/z
116 and 129) indicates that these channels correspond to
reaction mechanism where a complex (adduct) is formed. Such
process is strongly increasing when energy is reduced. This was
verified by conducted studies of the influence of the collision
energy (see ESIt), with a rapid increase of cross-section when
collision energy is decreased, faster than the Langevin trend.
Similarly to collision energy, when considering photon energy,
the channel of reaction from PA has a cross section of 10 A% at
photoionization threshold, and decreases to roughly 1 A> when
photon energy increase. When CgHg, is produced by dissociative
photoionization from Naph and Azu, a maximum cross section
of roughly 1 A” is measured and decreases with photon energy.
This discrepancy in numbers (apparent lack of 90% of the
reaction cross section) is somewhat antagonist with the
previous conclusion of 100% PA" in all the CgHg handled in our
experiment, whatever the precursor. To reconcile these, one
should consider that our experiments are performed without
coincidence with energy-selected electrons. This implies that
the ion population receives incremental amount of species in
excited states as the photon energy increases, and this incre-
ment comes in addition to other states with less internal energy,
depending on the Franck-Condon parameters leading to the
states and the evolution of their relative cross section with
photon energy. A more detailed discussion of this effect can be
found in ref. 31. It is known that the Franck-Condon factor of
the photoionizing origin band of PA is very strong as can be
seen in the sharp threshold behavior of PA* ion in Fig. 1 and in
photoelectron spectra, for instance in ref. 42. This will effi-
ciently produce PA" with very limited internal energy by direct
photoionization, which we can expect to exhibit a strong
propensity to generate long-lived intermediate and exhibit
sizable cross section for m/z 141 production. In contrast, the
population of CgHg ions produced into their lowest vibronic
ground state by dissociative ionization and a mass selection 40
us after ionization is expected to be very minor, as seen in Fig. 5
with the very receding threshold behavior of the CgHg signal.
This explains the reduction of the reaction cross section of m/z
141 and the non-detection of the channels m/z 116 and 129.

The latter reasoning can also be invoked to explain the
apparent discrepancy between the present results and the
conclusion from the group of Schwarz and co-workers,* who
derived an absence (or at max 10%) of PA" produced from
dissociative ionization of Naph. The decisive method that leads
to their conclusion is the double charge inversion +CR - where
a high velocity collision with O, leads to the production of anion
fragments provided they have a sufficient electron affinity. The
formation of CgHs was thus used as a proxy of the formation of
PA", as it was the main channel observed when CgHj ions were
produced by direct ionization from PA precursor. Since at most
10% of total signal was within the CgHs channel when
CgHg ions were produced by dissociative ionization from Naph
precursor, the formation of PA* was considered as negligible.
Yet, the 90% reduction in signal might have a similar origin as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the one observed for the m/z 141 channel in our experiment:
a high sensitivity dependence to energy. Their apparatus allows
similar timescale (maximum of 30 ps compared with 40 ps for
us) for CgHg, ions to rearrange before to be probed. The differ-
ence in the outcome of the isomeric population compared with
our experimental findings can thus be primarily imputed to the
much larger amount of energy that they initially deposited into
the C;oHg system.

Another experimental finding that, at first sight, is contra-
dictory with our results comes from the work of Bouwman et
al.”” An infrared spectrum of the CgHj, fragments resulting from
the dissociative ionization of Naph after multi photon excita-
tion at 193 nm indicates unambiguously that the main structure
formed is PE'. This conclusion is conflicting with ours.
However, no power dependency studies were conducted to
ensure that the ionization process was restricted to only two
photons. Hence, two 193 nm photons correspond to an energy
of =12.8 eV, barely above the thermodynamic dissociation
threshold, and should mainly lead to PA", but three or four
photons will bring 5 to 11 eV above the IE of PA, a region where
PE' is the major structure of CgHg ions according to Fig. 16 from
ref. 25. Another experimental factor that plays a role in these
conflicting results is the timescale of the experiment. Indeed, in
Bouwman et al. experiment, the time given to the ions to explore
the PES is extremely long (200 ms, with buffer gas (He) pressure
of 2 x 10~° mbar), so that if thermodynamically accessible, the
most stable isomer, e.g. PE* should be formed.

The conclusions drawn by the work of Leach and coworkers
using an experimental setup with a similar timescale as ours (a
few tens of us) were primarily based on the available heats of
formation in the literature at that time for PA*, PE*, and one
acyclic structure. They assumed that the most stable cation
would be the preferred structure formed upon dissociation,
which at that time was PA".**** In the experimental studies
performed by the Lifshitz group, they fit the dissociation curves
as a function of time based on RRKM calculations. They first
used the energy associated with the dissociation limit to PA* +
C,H,,"” and then to BCB* + C,H,,?' once this structure was
calculated to be more stable.”?* It seems that the experimental
data against which the RRKM calculations were fit did not have
the resolution to differentiate between the close-lying dissoci-
ation limits of the three main CgHg isomers.

Conclusion

Recent theoretical studies converge on PA" as the main isomer
resulting from the loss of acetylene from the C,,Hg ions with
less than 5.2 eV internal energy, whereas the results of experi-
mental studies are more scattered. The origin of these experi-
mental discrepancies can be twofold: (i) the way to generate
CgHg from C,oHg was different (electron ionization, one-photon
dissociation, multi-photon dissociation) and (ii) the time inte-
gral for the chain of unimolecular reactions to proceed was very
different. These two factors can greatly influence the isomeric
distribution obtained. We found that PA" is the only isomer
formed from single VUV photon dissociative ionization from
Naph and Azu at least up to 4.7 eV above the CgH{, AEs within 40
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us. This is based on the exact same behavior of the reactivity
leading to the product m/z 115 in region 1, 2, and 3 from PA with
the results from Naph and Azu. The apparent underestimation
of the branching ratio PE*/PA" up to 4.7 eV above the AE of Naph
and Azu in our experiment compared with Dyakov et al‘s
calculations® (215 kcal mol™" in Fig. 16 of their paper) lies in
the fact that the two cannot be directly compared. The calcu-
lations assume that the equilibrium is reached and that all the
ion population has a unique internal energy, but in our exper-
iment there is a kinetic restriction and all ions are produced
with a distribution of internal energy based on Franck-Condon
considerations.

This study has highlighted several crucial factors that should
be consistently taken into account when comparing experi-
mental studies conducted with varying apparatus and theoret-
ical investigations:

e Consideration of measurement times and RRKM times.

e Consideration of the amount of internal energy depending
on the ionization method, multiphoton absorption and their
impact on reactivity and spectroscopic observables.

e Recognition of stimulated or assisted reactivity within
reaction complexes, which can reveal ion structures kinetically
absent when the object is isolated.

As VUV photon are ubiquitous in space, the present finding
highlights the importance of PA" into the interstellar chemical
network. The complementary study starting from PA also
informed on the kinetics of the C,H, elimination to form PA*
from Naph* and Azu". It was observed that PA* conserves all the
energy put in the C;oHg systems, leaving the ejected C,H, unit
with nearly no internal or kinetic energy. We believe that
this study sheds new light on the imbroglio concerning the
CgHg structures from dissociation of Naph® and Azu’. Further-
more, it also paves the way to challenging experiments where
single and well-defined internal energy ions are generated by
coincidence. Such experiments will allow direct comparisons
with kinetic calculations restricted to 40 us and should there-
fore end this imbroglio.
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