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Abstract: The gas-phase reaction between the ethyl cation (CoHs™) and ethyne (C2Hp) is re-investigated
by measuring absolute reactive cross sections (CSs) and branching ratios (BRs) as a function of
collision energy, in the thermal and hyperthermal energy range, via tandem-guided ion beam
mass spectrometry under single collision conditions. Dissociative photoionization of C;HsBr using
tuneable VUV radiation in the range 10.5-14.0 eV is employed to generate CoHs*, which has also
allowed us to explore the impact of increasing (vibrational) excitation on the reactivity. Reactivity
experiments are complemented by theoretical calculations, at the G4 level of theory, of the rela-
tive energies and structures of the most relevant stationary points on the reactive potential energy
hypersurface (PES) and by mass-analyzed ion kinetic energy (MIKE) spectrometry experiments
to probe the metastable decomposition from the [C4H7]* PES and elucidate the underlying reac-
tion mechanisms. Two main product channels have been identified at a centre-of-mass collision
energy of ~ 0.1 eV: (1) C3H3"+CHy, with BR = 0.76 £ 0.05 and (b) C4Hs*+H>, with BR = 0.22 £ 0.02.
A third channel giving CoH3" in association with CoHy is shown to emerge at both high internal
excitation of CoHs" and high collision energies. From CS measurements, energy-dependent total rate
constants in the range 4.3 x 10711 — 5.2 x 1071 cm3-molecule !-s~! have been obtained. Theoret-
ical calculations indicate that both channels stem from a common covalently bound intermediate,
CH;3CH,CHCHY, from which barrierless and exothermic pathways exist for the production of both
cyclic -C3H3™" and linear HoCCCH? isomers of the main product channel. For the minor C4Hs"
product, two isomers are energetically accessible: the three-member cyclic isomer ¢-C3Hp(CHz)* and
the higher energy linear structure CHyCHCCH,™, but their formation requires multiple isomerization
steps and passages via transition states lying only 0.11 eV below the reagents’ energy, thus explaining
the smaller BR. Results have implications for the modeling of hydrocarbon chemistry in the inter-
stellar medium and the atmospheres of planets and satellites as well as in laboratory plasmas (e.g.,
plasma-enhanced chemical vapor deposition of carbon nanotubes and diamond-like carbon films).

Keywords: ion—molecule reactions; Titan; planetary atmospheres; interstellar medium; plasma;
acetylene; Cassini mission

1. Introduction

The gas-phase reactivity of ions is believed to play a significant role in the formation
of complex organic molecules (COMs) in both the interstellar medium (ISM) and the upper
atmospheres of planets and their satellites [1,2]. Though ions are typically less abundant,
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and therefore harder to detect, in the ISM than neutrals, their greater reactivity makes them
more significant to the overall chemistry than their number densities indicate. Notably,
the rapid reaction of charged species with neutral partners can lead to the formation
of complex ions that act as important chemical intermediates since they can recombine
with electrons and/or anions to produce increasingly complex neutral species under
astrophysical conditions [3,4].

In our Solar System, Titan, the largest moon of Saturn, is an environment of partic-
ular interest to astrochemistry as, similar to that of the early Earth, the atmosphere of
Titan is dense and dominated by N>, with methane (CHa) as the second most abundant
species [5,6]. Under such conditions, a rich ion chemistry is driven by ionization and dis-
sociative ionization of its primary components by a combination of extreme ultraviolet
radiation from the Sun [7], energetic magnetospheric electrons and ions [8], and cosmic
rays. The ions and radicals that are formed are then able to go on to react with surrounding
neutrals, thereby leading to the formation of complex molecular species, including some
with prebiotic potential [3,9-12]. Thus, “complex” ions with m /z ratios as large as 350 have
been detected [9,13-17] by the ion neutral mass spectrometer (INMS) and Cassini plasma
spectrometer—ion beam sensor (CAPS-IBS) aboard the Cassini spacecraft that made several
targeted flybys of Titan [18,19].

With an estimated density of 2 x 102 cm 3, CoH5* is thought to be the second most
abundant ion in Titan’s ionosphere, where it is expected to be the major contributor to
the intense m/z 29 peak observed in the mass spectra of Titan’s ionosphere measured
by the Cassini INMS [14,20]. Outside Titan’s atmosphere, the presence of CoHs* has
been postulated on the basis of results from the Cassini Grand Finale mission [21-24],
where the INMS was used to measure the composition of Saturn’s upper atmosphere and
its chemical interactions with material originating in the rings [22]. Further away from
our Sun, although the New Horizons mission to Pluto did not make a direct measure-
ment of its ionosphere, CoHs " has been suggested as one of the most abundant ions on
the basis of the presence of hydrocarbons [25,26]. In addition, recent ALMA (Atacama
large millimeter /submillimeter array) interferometric measurements have detected the
presence of N-containing organics (HCN and its isomer HNC, CH3CN) and propyne
(CH3CCH) in Pluto’s atmosphere [27], thus suggesting the presence of a Titan-like chem-
istry. CoHs* has also been unambiguously identified among the diverse range of ions
detected by the ROSINA high-resolution mass spectrometer employed in the Rosetta mis-
sion to comet 67P/Churyumov-Gerasimenko [28]. Though CoHs* has yet to be identified
in the ISM, it could feasibly be formed via the protonation of CoHy4, which has been de-
tected [29,30]. CoH (ethyne, also known as acetylene) is not only one of the most abundant
neutral species in Titan’s ionosphere [14], but has also been detected in a range of astro-
chemical environments, including, but not limited to, the ionosphere of Pluto [31,32] and
the ISM [33-37].

The reaction of CoHs* with CoHy is of particular interest as it has been shown to be one
of the four most deterministic ion-neutral reactions for models of Titan’s ionosphere [38].
From previous experimental studies [39-41], it is well established that the main reaction
products are C3H3z* plus CHy and C4Hs" plus Hy. A signature of the presence of C3Hz ™"
and C4Hs" on Titan’s upper atmosphere has been demonstrated by the ion densities at
m/z 39 and 53 obtained from the Cassini INMS data, and assigned, at least partly, to
the CsH3" and C4Hs" ions, respectively [42]. More recently, the small cyclic molecule
cyclopropenylidene (c-C3Hy) has been detected on Titan’s atmosphere using spectroscopic
observations made with the ALMA telescope [43], and dissociative electron recombina-
tion of the cyclopropenylium cation (c-C3Hz*) is among the mechanisms that have been
proposed for the synthesis of c-C3Hp. The other ionic product of the reaction, C4Hs*, has
previously been identified as a key intermediate in the formation of benzene (c-C¢Hp) in
Titan’s ionosphere [44] and, with both CoHs* and CoH, having been identified in a range
of other astrochemical environments, this reaction could well play a significant role in the
formation of benzene in such environments.



Molecules 2024, 29, 810

30f24

In addition to the astrochemical significance of the title reaction, C;Hs* and CoH; are
important species in laboratory plasmas, such as those used in microwave or radiofrequency
discharges in methane for plasma-enhanced chemical vapor deposition of carbon nanotubes
and diamond-like carbon films [45,46], atmospheric pressure plasma reactors for non-
oxidative conversion of CHy into higher hydrocarbons and H; [47], or for the generation
of value-added fuels from CHy and CO» [48-50]. For instance, chemical kinetics models
aimed at exploring the plasma chemistry operative in nanosecond pulsed discharges or
dielectric barrier discharges for the partial oxidation and dry reforming of methane predict
the presence of C;Hs* among the relevant hydrocarbon ions [51-54].

Though the reactivity of CoHs* with CoH» has been studied previously [39-41], our re-
cent experimental observations [55,56] have found some inconsistencies in the relative BRs
of the two main ionic products (C3H3™ and C4Hs5™), thereby prompting this re-evaluation
of the existing literature values. This is required because accurate kinetics data, in terms of
both rate constants and BRs, are essential to improve the reliability and predictive power of
chemical models used both in natural and laboratory plasmas.

In this work, we present experimental BRs and reaction cross sections (CSs), as well
as the results of computational calculations on the potential Energy Surface (PES) for the
reaction of CoHs™ with CoHy. Additionally, we present data on the CSs as a function of
both the collision energy and the photon energy used to generate the ions (a proxy of
the internal energy) in order to probe their respective impacts, the latter being of partic-
ular relevance to the laboratory plasmas involved in the dry reforming of methane [57].
From this, we are able to identify an alternative major product at threshold from that
reported in previous literature [39,40], along with BRs and reaction CSs for other minor
products, including a previously unobserved channel that predominates at the higher
energies relevant to conversion plasmas. These experimental observations have been
complemented with computational work on the reaction PES and further experimental
measurements via the technique of mass-analyzed ion kinetic energy (MIKE) spectrometry
to probe the underlying dynamics behind the observed products and the implications for
both the neutral fragments and the ionic isomers formed.

2. Experimental Results
2.1. Generation of CoHs*

The dissociative photoionization of CoHsBr has been studied extensively [58-63] with
three potential pathways being relevant to the E,,,; range used as part of this work. These
three pathways, along with their respective lower lying dissociation limits relative to the
respective ground state CoHsBr in its zero-point vibrational level from [58], are given by
Equations (1)—(3).

CoHsBr 4+ hv — CoHs™ + Br® +11.13eV (1)
— CoHy ™ + HBr +11.21eV 2)
— CoH3 " +Hy + Br® +13.24eV (3)

The fragmentation into CoHs™ and Br is the only channel for which experimental appear-
ance energy (AE) values are available in the literature with the most recent values being
11.132 £ 0.008 eV [59] and 11.130 % 0.005 eV [60]. Due to the presence of other fragments
in addition to the desired CoHs" ion, we conclude that we also need to consider the poten-
tial isobaric contaminant arising from '*CCH,** as this has a similar formation enthalpy
to our target ion. In order to characterize the fragmentation process, we have recorded
photoionization efficiency (PIE) curves (i.e., ion yields as a function of photon energy) for
pathways (1)—(3), and the results are shown in Figure 1.

For the CoHs"* fragment ion (m/z 29) an AE of 11.02 + 0.20 eV has been measured,
which is consistent with the above-mentioned literature values [59,60] as well as older
determinations [61,62]. As the intensity of the m/z 28 signal is substantially less than the
predominant m/z 29 fragment, at least up to E,j,o; ~13 eV, we conclude that the BccH,
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impurity should be limited to < 1% of the m/z 29 signal. However, as the m/z 28 signal
increases above E ¢ = 13.0 eV, reactivity data with the CyHs™ ion have not been measured

at Eppor > 13.0 eV in order to limit the impact from the isobaric contaminant 1BCCH,*.
Further consideration on the appearance energy of the m/z 28 fragment is given in the
Supplementary Material.

For completeness, we have also conducted a PIE scan for the m/z 27 fragment (CoHz™),
also shown in the bottom panel of Figure 1. Though the small signal intensity does not
allow for a precise determination of the AE, for which no data exists in the literature,
this pathway shows a sharp AE at ~ 13.2 eV, in excellent agreement with the literature
thermodynamic dissociation limit of 13.24 eV [58]. As a result, when E s + Ecpr > 13.2 €V,
we may expect to observe a m/z 27 product corresponding to the collisional fragmentation
of CoHs".
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®
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Figure 1. Photoionization efficiency (PIE) curves for the dissociative photoionization of CoHsBr in
the 10.5-14 eV photon energy range: filled red dots are for the CoHs™ ion (m/z 29), open blue squares
are for the CoHy** ion (m/z 28), and green line is for the CoHz* ion (m/z 27). Insets (a) and (b) show
enlarged plots of the threshold regions for the corresponding m/z values. The solid black lines indicate
the linear extrapolations used to extract the experimental appearance energy (AE) (reported with a
vertical arrow).

The other observation of note from Figure 1 is the m/z 29 trend as a function of E ot
which shows two approximately linear increases interspersed with a plateau between
~11.7 and ~12.0 eV. The large increase in the PIE signal at about 12 eV might be due to
the opening of a dissociation channel in which the CoHs™ ion is produced in combination
with a Br atom in the excited spin-orbit state Br*(?P; ,2) that lies 0.457 eV above the ground
state [64]. From calculations of the spin—orbit-coupled potential energy curves (PEC) for
the fragmentation of the ethylbromide cation [58], it appears that the electronic ground
state of CoH5Br* is split into 1A’ and 1A” states, both dissociating to ground-state CoHs*
plus Br, while the PEC of the electronically excited 2A’ state is dissociative along the
C-Br stretch coordinate and correlates with Co;Hs* + Br*. The calculated energetics for
the two processes are 11.13 eV and 11.59 eV, respectively. This is in agreement with
the He(I) photoelectron spectrum of ethyl bromide [61,65] from which the onset of the
electronically excited state 2A’ is around 12 eV. In the same work, direct fragmentation
from the electronically excited state of CoH5Br* was observed without a prior radiationless
transition to the ground electronic state. From this, we can speculate that the increase in
the CoHs* PIE signal around Ephot = 12 €V might be related to the dissociative ionization
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from the first electronically excited state of CoHsBr*. Here, data as a function of Ecy have
been collected at Ej,; = 11.3, 12, and 13 eV in order to explore the different features of the
CoHs* PIE curve.

2.2. Reaction with CoH)

At low photon energies, the reaction of C;Hs" with CoHy yields products at m/z 39
and 53; meanwhile, at higher E,,;, an additional product is observed at m/z 27. The most
probable product channels are indicated as Equations (4)—(9), and the reaction enthalpies
estimated from the literature values are summarized and compared with results from our
computational calculations in Table 1.

C2H5+ + CHp — C-C3H3+ + CHy m/z 39 (4)
— H,CCCH™ 4 CH4 m/z 39 (5)
— c-C3H> (CI—I?,)Jr + H> m/z 53 (6)
— CH,CHCCH, " + H, m/z 53 7)
— CoH3 ™ 4+ CoHy m/z 27 (8)
— CoH3 " 4+ Hy + CoH) m/z 27 )

Previous calculations [66] indicate that there are two isomers of C3H3™ that are ther-
modynamically feasible for this reaction, namely c-CzH3z* and HoCCCH?*, with c-C3H3*
being the lowest energy isomer by 1.2-1.3 eV. The energetics of C4Hs"* isomers have also
been studied previously [67,68], with the most stable structure being the cyclic one reported
in reaction (6). For completeness, as part of the computational work presented in Section 3,
we have also looked for pathways leading to the higher energy isomers of [C4Hs5]*, and
the only other isomer for which a submerged formation pathway has been found (at the
G4 level of theory) is CHoCHCCH,*, reported in reaction (7). We have, therefore, limited
our discussions of the m/z 53 channel to consideration of these two ions.

Table 1. Reaction enthalpies (AH3yg) for the identified products of the reaction of CoHst with CoHy
both from literature! and our calculations?3. Values are given in eV.

. . AH3g, lit. wB97X-D/cc-
Reaction Products Equation Vall‘i{;s 1 pVTZ?2 G43
c-C3H;3™ + CHy 4) —1.36 £ 0.104 —1.57 —1.36
H,CCCH* + CHy (5) —0.16 + 0.104 -0.25 -0.19
c-C3Hp(CH3)*" + Hp (6) —1.68 + 0.10° -1.77 —1.57
CH,CHCCH," + H; ) —1.01+ 0.10° - —0.92
CoHs* + CoHy (8) +0.39 + 0.08© +0.37 +0.36
CoHs* + Hy + CoHy ©) +2.21 £ 0.08° +2.29 +2.09

1 All values in this column have been estimated using the following formation enthalpies: A HS9g(C2H5™) =
9.36 £0.03 eV [69] and A rH3og (C2H,) =2.3540.01 eV [70]. 2 Present work: calculations at the wB97X-D/ cc-pVTZ
level of theory have been performed using Gaussian 16 [71]. 3 Present work: calculations at the G4 level have
been performed using Gaussian 16 [71]. 4 Formation enthalpy for CHy is from NIST [70], while the values for
c-C3H;* and H,CCCH?* are from Ref. [69]. 3 Formation enthalpies of c-C3H(CHjz)* and CH,CHCCH,* are from
calculations at the MP4SDTQ/6-311++G(2df,p) level of theory from Cunje et al. [67]. ® Formation enthalpy for
CoHy is from NIST [70], while that of CoH3z* is from Lago et al. [72].

The rate constant and product distributions (BRs) of the reaction between CoHs*
and C,H» have been measured previously using an ion cyclotron resonance (ICR) mass
spectrometer, where CoHs™" ions were generated using electron ionization of C;HsCl and
CyHg with a nominal electron energy of 16 eV [39]. The measured total rate constant was
1.9 x1071% cm3molecule!:s~! (somewhat larger than an older value of
1.0 x 1071% cm3-molecule!-s~! reported in [73]), and the two products at m/z 39 and
53 were observed with BRs of 0.36 and 0.64, respectively. A comparison of the BRs collected
as part of this work (at E,y; = 11.3 eV, Ecyy ~ 0.1 eV) with those from Kim et al. [39] is
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made in Table 2. It should be noted that, while previous experiments found the reaction
channel [C4H5]" plus Hj to be the dominant one with a BR = 0.64, present results show
that the main channel is the production of [C3H3]* in association with a CHs molecule,
with a BR = 0.76 £0.05. A more detailed consideration on this discrepancy is given
in Sections 4.2 and 4.3.

The data presented here therefore not only involve the identification of a new product
channel at m/z 27 (CoH3 ") that is particularly relevant for higher energy plasmas, but also a
significant update to the BRs at low internal energies. This latter point, in particular, could
potentially lead to a marked change in the predicted abundances of higher mass ions in
Titan’s ionosphere [38], with further modeling work required for a quantitative assessment
to be made.

Table 2. Branching ratios (BRs) for the products for the reaction of CoHs" with CoHy measured at
Epnot =11.3 eV and Ecy ~ 0.1 eV.

Ionic Reaction Product Mass

. . . 1
Products (/=) Equations BR, This Work Literature BR
CoHsz* 27 (8)/(9) 0.02 + 0.02 0.00
CsH3* 39 DI5) 0.76 & 0.05 0.36
C4Hs* 53 6)I(7) 022 + 0.02 0.64

1 Kim et al. [39].

Table 3 reports the energy-dependent total rate constants kot (Ezpe) Obtained from the

CSs measured as a function of the collision energy at Ep;,; = 11.3 eV (to be presented

in Section 2.2.2) The energy-dependent total rate constants have been estimated using
the expression:

ktot<Eave) =< U > -Otot (10)

where 0y is the total reaction CS (summed over all the product channels), and < v >
is the average relative velocity that can be estimated from the collision energy Ecym
(see [74,75] for a more detailed treatment). It should be noted that the rates obtained
at the hyperthermal velocities probed in our experiment are comparable with the value
1.9 x 1071 cm3-molecule !-s~! determined via ICR mass spectrometry [39] and are smaller
than the rate estimated from a simple Langevin capture model (1.18 x 10~ cm®-molecule ~!-s 71,
see last column of Table 3).

The significant under-observation with respect to the Langevin rate is unsurprising,
as the model assumes that if the reactants have enough energy to surmount the centrifugal
barrier, the reaction forms from the resultant ion-molecule complex with unit probability,
with no accounting for any dissociation back to the reactants. Not only has this assumption
been shown to be false in a number of previous studies [55,56,76], but the limitations
of capture theories in providing quantitative assessments of reaction rates, especially
for complex systems such as in the current study, have been explored extensively in
literature [77].

Table 3. Energy-dependent total rate constants (k) measured at E;,,; = 11.3 eV and at various
values of the average collision energy (Egve).

Egve, €V ktot 1 keotlkr 2
0.096 1.7 x 10710 0.14
0.12 1.5x 1010 0.13
0.52 43 x 10711 0.04
2.02 1.4 x 10710 0.12
452 5.2 x 10710 0.44

T kot is the total (i.e., summed over all the product channels) rate constant (in cm?-molecule™!-s71) at the specified
average collision energy (Eqq.), estimated as detailed in the text. 2 kp, is the Langevin rate constant for C;Hs* plus

CyHy equal to 1.18 x 102 em®-molecule1-s71.
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2.2.1. Cross Sections as a Function of the Photon Energy

Absolute CSs as a function of E,j,,; have been collected at low collision energy for the
m/z 27 (CoH3z"), 39 (C3H3z ") and 53 (C4H5™) products, with results presented in Figure 2.
The two products that are most abundant at low E o1, namely m/z 39 and 53, show a marked
decrease in the CS with increasing E,j,o;, while the m/z 27 product shows an increase above
its AE of ~11.4 eV. Importantly, we note that the m/z 39 and 53 signals decrease below the
AE of the m/z 27 product and so, while we expected the competition between the channels
to contribute to the decrease as E,,; is increased, we must also consider what leads to the
initial decrease in CS for the m/z 39 and 53 products.

E.,~0.12 eV

10 - : .
9- * . C,H; '+ C,H,

| |

1 I

| 1 I

% 8- % : o mz27(CH,) |

= 7 4 }+ : v mz39(CHy) |

é o1 | }{{ ! ® mz53(CH) !

1 H }
w " | }{{ §§

g 4'_ : : ¥¥i¥ :

. ii i 5 ,

2 iii! 1 a |

T ! !!qill‘ !

o W

ologggec” | S

11 11.5 12 12.5 13

- Photon Energy / eV

Figure 2. Cross sections (CSs) as a function of E y,; for the m/z 27,39, and 53 products of the reaction
of CoHs™" with CoHy at Ecyy = 0.12 eV. Dashed lines represent the photon energies at which CSs have
been measured as a function of the collision energy for the various product channels.

As the m/z 27 product (CoH3™) can correspond with either the endothermic proton
transfer, represented by reaction (8), or the collision-induced dissociation (CID) of the parent
ion, reaction (9), further data are required to be able to elucidate the relative contributions
of these two channels. To do this, we have also performed a more limited study on the
reactivity of CoDs* with CoHy, where the direct proton (deuteron in this case) transfer
product C;H,D* will appear at m/z 28, while the CID of the parent ion to give CoD3* will
be shifted to m/z 30, with complex- and adduct-mediated processes leading to a level of
H/D scrambling to give products at m/z 28, 29, and 30. The trends of these three products
as a function of the photon energy are shown in Figure 3, where a clear preference is
shown for the m/z 28 product, indicating that the observed signal at low collision energies
predominately corresponds to the proton transfer.

The observation of minor products at m/z 29 and 30 at low collision energies, as well
as the relative intensities of the three products with C;Hs* under different conditions are
discussed in more detail in Section 2.2.2.

2.2.2. Cross Sections as a Function of the Collision Energy

For each of the three products, data as a function of Ecp; have been collected at
Ephot =11.3,12.0, and 13.0 eV, in order to explore the combined effects of E,,; and Ecy
on the reaction. Here, we present both the CS of the three channels as a function of the
collision energy at the lowest photon energy of 11.3 eV (Figure 4) and a comparison of the
CS as a function of the collision energy for the m/z 27 product at the three different photon
energies (Figure 5).
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Figure 3. Cross sections (CSs) as a function of E y,; for the m/z 28,29, and 30 products of the reaction
of C,D5* with CoHj at Ecpg = 0.08 eV. Dashed lines represent the photon energies at which CSs have
been measured as a function of the collision energy for the various product channels.

The formation of the m/z 39 product ([C3H3]") is the major pathway at low collision
energies (as observed in Figure 2), but its CS decreases with increasing collision energy,
consistent with a pathway proceeding via formation of an adduct, with a subsequent
increase with increasing collision energy that emerges at E.;, > 2 eV. This is a general
trend since the collision energy shortens the precursor lifetime and drastically reduces
the reaction efficiency. The inhibition of the low collision energy feature by increasing
photon energy has already been shown in Figure 2, while the high collision energy feature
is approximately independent of the photon energy, and so, a comparison of the collision
energy dependence of this channel at different photon energies is limited to Figure S1 in
the Supplementary Material. However, we briefly note here that, as can be seen through
comparison with Figure S2 in the Supplementary Material, the high-collision energy rise in
the m/z 39 signal is matched by a corresponding decrease in m/z 53 signal, indicating that
this is a real effect and not an instrumental artefact.

The m/z 53 product ([C4Hs]") exhibits a similar decrease with increasing collision
energy to the m/z 39 product, again consistent with a complex-mediated pathway due to the
reduction of precursor lifetime with increasing collision energy, as outlined in the previous
paragraph. However, unlike the m/z 39 product, this is not accompanied by an increase in
CS at high collision energies. As with the m/z 39 product, the inhibition of the low collision
energy feature by increasing photon energy has already been shown in Figure 2, and so, a
comparison of the collision energy dependence of this channel at different photon energies
is limited to Figure S2 in the Supplementary Material.

The m/z 27 product (CoH3™) shows a significant increase in CS with increasing collision
energy, starting from around 0.2-0.3 eV. When we compare this trend at different photon
energies (Figure 5), we note that not only does the measured CS increase with increasing
photon energy over the entire collision energy range, but that this increase is especially
pronounced at low collision energies. It is important to note that the internal energy
variations of the C;Hs" with changes in the photon energy are not easily quantifiable
since, in the dissociative ionization process, a fraction of the photon energy is taken by
both the ejected electron and the Br atom fragment. However, the observed trends with
photon energy point to an increase in the amount of internal energy available to the CoHs "
reagent ion.
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Figure 4. Cross sections as a function of Ecys (in log-log scale) for the m/z 27, 39, and 53 products of
the reaction of CoHs™ with CoH) at Epnot =11.3 eV. The dashed line represents the collision energy at
which the corresponding scan as a function of the photon energy (Figure 2) was conducted.
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Figure 5. Cross sections as a function of Ecy (in log-log scale) for the m/z 27 product (CoHs™)
of the reaction of CoHs™ with CoHp, at Ephot =11.3, 12.0, and 13.0 eV. The dashed line represents
the collision energy at which the corresponding scan as a function of the photon energy (Figure 2)
was conducted.
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As with the photon energy dependence, we have collected data for the reaction of
C,D5* with CoH; as a function of the collision energy for the m/z 28, 29, and 30 products,
at both Epjo; = 11.3 and 12.0 eV, with the results shown in Figure 6. As already mentioned,
the deuteron transfer product (C;HyD™) will appear at m/z 28, while the CID of the par-
ent ion to give C,D3* will be shifted to m/z 30. From Figure 6 it can be noted that, at
Ephot = 11.3 eV, the m/z 30 product is only observed at collision energies greater than ~ 1 eV,
while the deuteron transfer at m/z 28 shows an appearance energy of about 0.3 eV that is
not so dissimilar from the expected reaction endothermicity of Equation (8) (See Table 1).
It is therefore possible to assign the observed m/z 27 CS in Figure 5 below a collision energy
of ~1 eV, at E,j; = 11.3 €V, to the endothermic proton transfer.

However, while a direct deuteron transfer mechanism can explain the observed m/z 28 signal,
the m/z 29 product in Figure 6 can be rationalized only by assuming a contribution from
H/D scrambling from a complex mediated mechanism, that would give C;HD,* in addi-
tion to the other two channels:

CoDs™ + CoHy — [C4DsH, |t — CoHoD™ 4 CoDy m/z28 (11)
— CoHD, ™ + CoHD; m/z29 (12)
— CoD3t + CoHoDs m/z 30 (13)

By focusing only on the data at low collision energies (i.e., below ~ 1 eV), the larger
CS values observed at the larger photon energy E,j,,; = 12.0 eV (right panel of Figure 6)
compared to Epyy = 11.3 eV (left panel of Figure 6) for the m/z 30, 29, and 28 products
can therefore be rationalized as due to the direct and complex mediated deuteron transfer
reactions (11)—(13), the probability of which increases due to the larger amount of internal
energy available to the reacting cation. The red dashed line is a smoothed sum of the CSs for
the three channels, to be compared with the collision energy trend for the m/z 27 product of
Figure 5 measured at the same E,j,,; = 12.0 eV: the similarity in absolute value and trend of
the CSs is an indication that the interpretation in terms of scrambling in complex mediated
deuteron transfer is feasible.

2.3. MIKE Spectra

In order to probe the metastable decomposition from the [C4H7]" PES, MIKE spectra
have been recorded for CH,C(CH3)CH," ions generated via dissociative ionization of
2-methylpropene (CH>C(CH3z);), with the results shown in Figure 7. Full KER distributions
of the m/z 39 and 53 products have been determined from the metastable peak shapes using
the META algorithm described in [78].

The peak at m/z 53, corresponding to the loss of Hp, has a dish-topped shape characteris-
tic of a process involving a large kinetic energy release (KER). Contrastingly, the m/z 39 peak,
corresponding to the loss of CHy, has a markedly sharper profile, characteristic of a process
that not only involves a lower KER but also a narrower KER distribution. The obtained
KER distributions of the m/z 39 and 53, products are given in Figures S3 and 5S4, respectively,
in the Supplementary Material. The peak at 11/z 29 corresponds to the ejection of CoHs™,
which is the entrance channel in the title reaction.

An equivalent MIKE spectrum of [C4D7]* has also been recorded, in this case starting
from dg-2-methylpropene (CD,C(CD3)2), where, despite the shifting of peak masses due
to deuteration, very similar peak shapes are observed. This is shown in Figure S5 in the
Supplementary Material, with the corresponding KER distributions for the m/z 42 and
58 fragments given by Figures S6 and S7, respectively. A further discussion of these results
is given in Section 4.
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Figure 6. Cross sections (CSs) as a function of Ecys (in log-log scale) for the m/z 28, 29, and
30 products of the reaction of C;D5" with CoHy at Epnot = 11.3 eV (left panel) and 12.0 eV (right
panel). The red dashed line is a smoothed sum of the CSs for the three channels. The black dashed
lines represent the collision energy at which the corresponding scans as a function of the photon

energy (Figure 3) were conducted.
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3. Computational Results

In order to rationalize the observed products and trends as a function of both E
and Ecy, the PES of the reaction has been explored through computational calculations,
as described in Section 5.2. The PES was initially mapped at the wB97X-D/cc-pVTZ level
of theory, but a comparison of the relative energies obtained with those calculated from
literature formation enthalpies (as shown in Table 1) indicated that a higher level of theory
is required. The PES shown here is, therefore, that calculated at the G4 level of theory.

Results of the calculations are in terms of the stationary points along the reaction
pathways and are shown in Figures 8 and 9, where the zero energy is given by the sum of
the energies of the reactants, and the relative energies for species (reported in parentheses
in the following) are in eV. Structural diagrams and atomic coordinates of the intermediates
and transition states are given in Figures S9-545 and Tables 54-540 of the Supplementary
Material. An overview of the reaction pathways and rearrangements of the intermediates
is summarized in Scheme 1.
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Scheme 1. A sketch of the rearrangements and reaction pathways for the reaction of CoHs* with
CoH» leading to product channels (4), (5), (6), and (7). The lettered labels of the different struc-
tures (e.g., W1) and transition states (e.g., M1-W2) correspond to those described in the text and
in Figures 8 and 9).

For all products at low Ecys, the reaction proceeds via the entrance channel ion-
induced dipole complex W1 (—0.44), from which the covalently-bound adduct
CH3CH,CHCH™ (—1.16), hereafter referred to as M1, can form via the transition state
W1-M1 (—0.28). Though endothermic, the m/z 27 product CoH3™" can form in combination
with CoHy (0.36) either directly from the reagents or via W1. In both cases, this proceeds
without a barrier.

As already mentioned and shown in Table 1, for the m/z 39 product, both the cyclic
(c-C3H3™) and linear (HoCCCH™) isomers are energetically allowed, with the former being
more stable by ~ 1.2 eV, see reactions (4) and (5). Similarly, for the m/z 53 product, both
the cyclic (¢-:CHCHC(CH3") and linear (CH,CHCCH, ") isomers are energetically allowed,
with the former being more stable by ~0.6-0.7 eV, see reactions (6) and (7).
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Figure 8. The potential energy surface for the reaction of CoHs* with CoHp: the most relevant
reaction pathways, energetically accessible in the experiments and including intermediates and
transition states (TSs), leading to the formation of m/z 27, 39, and 53 products are reported. Energies
are computed, as detailed in the text, at the G4 level of theory. The zero of the energy scale is given
by the sum of the reagent energies. For clarity reasons, only some of the intermediates” structures are
reported. All the structures for intermediates and TSs are available in the Supplementary Material.

From M1, the lower energy c-C3H3" isomer of [C3H3]* can form following a simulta-
neous [1,3] cyclization and [1,2] H-shift to give W2 (—1.47), an ion-induced dipole complex
of c-C3H3™ and CHy, via M1-W2 (—1.06). W2 is then able to fragment into the sepa-
rated products (—1.36) without a barrier. IRC calculations on the transformation from M1
into products have been performed and are presented in the Supplementary Material (as
animated gif file TS M1-W2.gif).

The lower energy c-C3Hy(CH3)* isomer of [C4H5]" can form from M1 via an initial
[1,3] H-shift to give the anti- conformer of CH3CHCHCH,* (—2.77), hereafter referred
to as M2, via M1-2 (—0.96). M2 can then undergo a [1,2] H-shift to give CH3CHCCH3*
(—2.05), hereafter referred to as M3, via M2-3 (—1.27). M3 can then undergo a simultaneous
[1,3] cyclization and Hj-ejection via M3-W3 (—0.11) to give W3 (—1.58), an ion-induced
dipole complex of c-C3Hz(CH3)"™ and Hy that can fragment into the separated products
(—1.57) without a barrier. IRC calculations on the transformation from M3 into products
have been performed and are presented in the Supplementary Material (as animated gif
file TS M3-W3.gif): the methyl group migrates to the carbene C atom, thus closing the
three-member ring, and, as a consequence of such closure, two H atoms are eliminated
from the migrating methyl group in the form of an H, molecule.

The higher energy m/z 39 and 53 isomers, H;CCCH* and CH,CHCCH,", can both
form from M2 via an initial interconversion into the higher energy syn-conformer of
CH3CHCHCH;* (—2.63), hereafter referred to as M4, via M2-4 (—1.84). It should be noted
that M4 can also be accessed from M3 via a [1,2] H-shift over M3-4 (—1.29). M4 can then
undergo a [1,2] H-shift between the two central C atoms to give CH3CH,CCH," (—1.84),
hereafter referred to as M5, via M4-5 (—1.63). M5 can then undergo a simultaneous C-C
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cleavage and [1,2] H-shift between the CH; and CHz moieties via M5-W4 (—0.26) to
give W4 (—0.31), an ion-induced dipole complex of CH,CCH* and CH4. W4 can then
fragment into the separated products (—0.19) without a barrier. IRC calculations on the
transformation from M5 into such products have been performed and are presented in the
Supplementary Material (as animated gif file TS M5-W4.gif).

Alternatively, M5 can undergo a [1,2] H-ejection via M5-W5 (—0.11) to give
W5 (—0.93), a weakly bound adduct of CHyCHCCH," and Hp, that can again fragment into
the separated products (—0.92) without a barrier. IRC calculations on the transformation
from M5 into such products have been performed and are presented in the Supplementary
Material (as animated gif file TS M5-W5.gif).

Finally, when sufficient internal energy is available, the endothermic proton transfer
channel to give CoH3z* (m/z 27) and CoHy (+0.36) can proceed either directly from the
reactants or from the initial W1 complex. All of these reaction pathways are shown
graphically in Figure 8. As discussed earlier, at higher collision energies, there is also the
possibility for collision-induced dissociation (CID) of the parent ion into CoH3z*™ and Hp,
with the calculated reaction enthalpy for this process (Table 1) showing a good level of
agreement, at both levels of theory, with the literature value.
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Figure 9. Structure and energies of the intermediates and transition states (TSs) relevant to the inter-
conversion of [C4H7]" adducts formed by the reaction of CoHs™ with CoHp. Energies are computed,
as detailed in the text, at the G4 level of theory. The zero of the energy scale is given by the sum of
the reagent energies. For clarity reasons, only some of the intermediate structures are reported. All
the structures, for intermediates and TSs are available in the Supplementary Material.

In addition to calculations on the pathways leading to products, we have also probed
the [C4H7]* PES more widely in order to explore minima and transition states relevant to
H/D scrambling, with the results shown graphically in Figure 9, where the zero energy is
again given by the sum of the energies of the reactants.

Starting from M2, the first rearrangement to note is a [1,4] H-shift along the C atom
chain that produces a mirrored M2 intermediate via M2-2 (—1.24). A similar [1,4] H-shift
is also possible from M4 via M4-4 (—1.11). From M3, there is the potential for the CH
hydrogen to adopt a bridged position between the two central C atoms via M3-6 (—2.11)
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to give M6 (—2.11). From M4, a partial delocalization of one of the methyl hydrogens
between the two terminal C atoms to give the strained M7 structure (—1.26) is possible via
M4-7 (—1.18).

Two further interconversion pathways proceed from M5, with the lowest energy
being a [1,2] CHz-shift to give CH,C(CH3)CH,* (—2.35), hereafter referred to as M8, via
M5-8 (—1.33). The resultant structure is then able to isomerize into itself via a [1,3] H-shift
over M8-8 (—1.43). M5 is also able to undergo a simultaneous cyclization and [1,3] H-shift
via M5-9 (—1.20) to give c-CH,CHyCH(CHy)* (—2.37), hereafter referred to as M9.

From M9 two four-membered ring structures, M10 (—1.72) and M11 (—1.71), can
be formed. The Cs symmetric M11 is, in fact, a 7r-protonated cyclobutene, which eas-
ily isomerizes by H-migration via M10-11 (—1.71) to the Cs-symmetric cyclobutylium
ion M10. The ring in M10 is slightly puckered with a C(H)-C(H;)-C(H2)-C(H>) dihedral
angle of 6.8°. A slight increase of this angle while maintaining Cs; symmetry leads to
M?9-10 (—1.72) from which the system goes downhill, reaches the valley-ridge inflection
point, and proceeds further to another TS. This type of PES describes a reaction mecha-
nism that has been referred to as a two-step-no-intermediate [79]. The latter TS is also a
barrier for isomerization of M9 into itself, i.e., M9-9 (—2.38). From M10, planarizing the
ring leads to a Cp, symmetric structure representing the ring inversion transition state
M10-10 (—1.72).

Though the scrambling is discussed in more detail in Section 4 and in Section 5 of
the Supplementary Material, we draw attention to the fact that almost all the additional
minima identified in Figure 9 are symmetric, allowing for efficient exchange of H atoms.

4. Discussion

From the calculations presented in Section 3, it is possible to rationalize the experimen-
tal CSs and their trends with collision energy for the various products.

4.1. Product at m/z 27: CoH3*

As already mentioned, two different pathways are possible for the formation of CoHz*
ions (m/z 27): the endothermic proton transfer channel (8) and the CID of the reagent
ion (9). Through the CSs measured for the reactivity of CoDs* with CoH» (see Figure 3 and 6),
we have been able to assess that both pathways are operative in different collision energy
regimes. In particular, the production of C;H3* at high collision energies (larger than
~ 1eV)is assigned to the CID of the parent ion, while the product observed at lower energy
is the result of the endothermic proton transfer mediated by the electrostatically bound
ion—-molecule complex W1.

4.2. Products at m/z 39 ([C3H3]*) and m/z 53 ([C4Hs5]")

For the [C3H3]" (m/z 39) and [C4H5]" (m/z 53) products, calculations indicate that they
both proceed via the M1 covalently-bound intermediate formed from W1. The decrease
in CS with increasing Ey, for both channels (see Figure 2) can be rationalized by a
combination of two factors: (i) the increased competition due to the emergence of the
endothermic channels (8) and (9) giving CoH3™ (m/z 27) and (ii) the inhibition of adduct
formation when the internal energy content of the reagent ion increases.

4.2.1. Rationalization of m/z 39 and 53 Branching Ratios

To rationalize the BRs for the m/z 39 and 53 products, several aspects should be
considered. From a thermochemical point of view, the calculated energies at the G4 level
(see Table 1) indicate that the production of the lowest energy isomer c-C3Ha(CH3)™ (m/z 53)
plus Hp, reaction (6), with AH3; = —1.57 eV, is more exothermic than the CHy elimination
to give either c-C3H3™ via reaction (4) (by 0.21 eV), or I-C3H3" via reaction (5) (by 1.38 eV).
On the other hand, the production of the higher energy isomer CHyCHCCH™ (m/z 53) plus
Hp, reaction (7) with an exothermicity AH39g = —0.92 eV, is thermodynamically favoured
over reaction (5) but not over reaction (4).
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From a kinetic perspective, we must consider both the relative heights of the tran-
sition states and the number of rearrangements required prior to fragmentation. As all
four relevant product channels stem from the initial adduct M1, we only need to consider
the kinetics starting from this point.

For the m/z 39 products, the formation of c-C3H3z" proceeds via a single intercon-
version over M1-W2, which has a relative energy of —1.06 eV. In contrast, the forma-
tion of CHyCCH™ proceeds via four interconversions over M1-2 (—0.96), M2-4 (—1.84),
M4-5 (—1.63), and M5-W4 (—0.26). The formation of the cyclic isomer is therefore not only
more exothermic than the formation of the linear isomer, but is also significantly more
favored kinetically.

For the m/z 53 products, both isomers proceed following the interconversion to M2
via M1-2, and so the relative kinetic feasibility can be considered from this point. For
the c-C3Ho(CH3)* isomer, the formation can then proceed following an isomerization
to M3 via M2-3 (—1.27) and rearrangement via M3-W3 (—0.11). For the CH,CHCCH,"*
isomer, however, formation requires three successive rearrangements via M2-4, M4-5, and
M5-W5 (—0.11). While the maximum barrier heights for these two processes are the same,
the much greater length of the formation pathway for the CH,CHCCH,* isomer means
that this pathway is much less favorable from a kinetic perspective.

4.2.2. Comparison of Computed Energy Pathways with MIKE Spectra

These conclusions are supported by the MIKE spectra collected as part of this work.
Starting from M8 (see Figure 9), the [C4H7]" ions formed via the dissociative ionization
of the 2-methylpropane can then isomerize to give M5, from which all five fragmentation
pathways (including that to give CoHs" plus CoHy) are then accessible (see Figure 8).
From the broad shape of the m/z 53 peak (Figure 7), we are able to conclude that the
[C4H5]" fragment ions are formed with a large KER, consistent with fragmentation products
that are much lower in energy than the adjacent transition state. This is consistent with
the formation of the c-C3Hy(CH3)" isomer, where the energy of the products (—1.57) is
significantly lower than the transition state, M3-W3 (—0.11), leading to the fragmentation.
Should the major formation pathway be that to give the linear CHoCHCCH,*, we would
instead observe a narrow distribution consistent with the higher energy of the products
(—0.92) relative to the barrier to fragmentation via M5-W5 (—0.11).

By contrast, for the m/z 39 peak, the sharp distribution (Figure 7) is consistent with
a fragmentation pathway where the energy of the products lies only slightly lower than
the barrier to fragmentation. Again comparing this to the PES, we note that it is consistent
with the lower-energy pathway to form c-C3H3™, where the products (—1.36) are only
0.3 eV lower than the barrier to fragmentation (M1-W2, —1.06), with the formation of
the CH,CCH" isomer involving products which are higher in energy than the barrier
to fragmentation.

The total KER distributions obtained from the m/z 39 and 53 peaks of the MIKE spectra
are reported in Figures 53 and S4 of the Supplementary Material, respectively, and show a
clear difference in the distributions for the two channels. For the H, elimination channel,
there is a tail that extends up to ~ 1.1 eV, while that for CHy elimination is much smaller,
extending only up to ~ 0.30 eV. The KER distributions for the equivalent m/z 42 (C3D3™)
and 57 (C4Ds5") peaks in the MIKE spectrum of the deuterated analog (see Figure S5 of
the Supplementary Material) are reported in Figures S6 and S7 of the Supplementary
Material, with the high level of agreement between the hydrogenated and deuterated
samples indicating that there is little to no contribution to the fragmentation from tunneling.
While a comparison of the KER distributions with the calculated energies indicates that a
fraction of the available energy is transferred into internal excitation of the fragments, a
quantification of the effect is beyond the scope of the work.

Given the observed peak profiles from the MIKE spectra and the calculated PES, we
are therefore able to conclude that the m/z 39 and 53 products correspond to c-CzHs* and
c-C3H2(CH3)™, respectively.
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When focusing on the kinetics of the formation of c-C3H3™ and c-C3H,(CH3)", i.e.,
the predominant isomer for the two main mass channels, we note that the formation of
c-C3Hs" (m/z 39) not only involves a much lower reaction barrier than the formation of
c-C3Ho(CH3)™ (m/z 53), but also requires one fewer rearrangement prior to fragmenta-
tion. Therefore, while the formation of the m/z 53 (c-C3H2(CH3)*) product is the most
exothermic pathway, the calculated PES is consistent with the experimental observation of
the m/z 39 product, c-C3H3™, as the dominant pathway.

A confirmation of the proposed reaction pathways can be obtained from the data collected
on the reactivity of CoDs* with CoHp, by analyzing the extent of the H/D scrambling patterns
in the mass spectra of [C3(H, D)3]* and [C4(H, D)s]* products. To avoid lengthening the main
paper, this discussion is reported in Section 5 of the Supplementary Material.

4.3. Comparison with Previous Results

A direct comparison between our results and those in [39] should be made with care
since reaction rates and BRs obtained using different mass spectrometric techniques may
show some discrepancies, as previously outlined among Fourier Transform-ICR, selected
ion flow drift tube methods and ion trap mass spectrometry [80-82]. One potential source
of discrepancy is the different ranges of ion kinetic energies explored using different
techniques. While in drift tube set-ups the ions have thermal translational and rotational
energy distributions due to collisions with the buffer gas, a critical issue with early ICR
experiments was the determination of the kinetic energy of the ions entering the ICR
cell [83]. Due to the higher potentials at the trapping plates than at the center of the
ICR cell, ions formed at or near the trapping plates were translationally excited with
velocities characteristic of temperatures above thermal, but a quantitative assessment of
the reactant ion kinetic energy was not always possible. In our guided ion beam technique,
the kinetic energy of the ions entering the scattering cell is well defined and measurements
are performed as a function of collision energy.

Another source of discrepancy may be related to an unknown amount of internal
energy in the reactant ions as, in ICR experiments, ions can have different internal ener-
gies according to the ion generation and isolation method. In the previous study from
literature [39], the CoHs" ions were generated by electron ionization of C;HsCl and CoHg
with a nominal electron energy of 16 eV, but inefficient internal relaxation prior to the
reaction may have led to some portion of the reactant ions being generated in vibrationally
excited states. In our experiment, the use of dissociative photoionization at well-defined
photon energies allows for the control of internal excitation. As shown in Figure 2, BRs of
the reaction products are strongly affected by the photon energy, it is therefore possible
that the different BRs measured in that previous work [39] compared to this one are due to
the presence of different amounts of internally excited CoHs* ions. However, regardless
of the source of the deviation between this work and previous literature, the calculated
PES detailed in Section 3 and the MIKE spectra presented in Section 2.3, allow us to fully
rationalize our experimental BRs.

5. Materials and Methods
5.1. Experimental Set-Up

The experimental set-up used for reactivity measurements has been described in
detail elsewhere [55,56,84], and so, only a brief description is given here. The data on the
reactivity of CoHs™ has been collected using the CERISES apparatus [85,86] in combination
with the DESIRS beamline [87] of the SOLEIL synchrotron. CERISES is a guided ion beam
tandem mass spectrometer consisting of two octopoles located between two quadrupole
mass filters. This allows for the mass selection of reagent and product ions of ion-neutral
reactions, with the neutral reagent being introduced in a scattering cell surrounding the
final part of the first octopole.

The CoHs5* /CoDs™ reagent ions used in this work were generated via VUV photoioniza-
tion and fragmentation of C;HsBr (Sigma-Aldrich, 98% purity)/C2DsBr (Sigma-Aldrich, 99%



Molecules 2024, 29, 810

18 of 24

purity with 99% deuteration), introduced into the source at approximately 1.8 x 10~° mbar.
The wide tuneability and intensity of the DESIRS VUV photon source allows for data to be
collected as a function of the photon energy which, in turn, acts as a proxy for the internal
energy of the reagent ions. The photon energies used were in the range of 10.4-14 eV, with
a resolution of 2040 meV defined by the monochromator slit setting. Photons of energies
greater than 15.7 eV were removed by an Argon gas filter [88]. Photon energies in the absolute
scale were obtained using the absorption lines of Argon around 11.823 and 14.304 eV [64,89],
with systematic shifts of 10-20 meV above the tabulated values.

Neutral reagent (CoH>), Air Liquide, 99.7% purity) pressures used were of the order of
1 x 107> mbar, in order to ensure operation close to the single collision regime. In this way,
we were able to reduce the contribution from secondary collisions and limit the attenuation
of the parent beam to under 10%. As the C,H> was dissolved in acetone (CH3C(O)CH3)
as a stabilizer, the sample was first passed through a cryogenic trap containing dry ice in
order to remove any acetone present before introduction into the experiment. Absolute
pressures were measured using a MKS 398H differential manometer.

The collision energy available to the reactants depends on both the ionic charge (in this
case +1) and the potential difference between the ion source and reaction cell. The retarding
potential method [90] has been used to determine the maximum of the first derivative of
the parent ion yield, the corresponding voltage of which defines the zero of the kinetic
energy in the laboratory frame, which can then be converted into center-of-mass collision
energies (Ecpr). By changing the potentials of the reaction cell and all subsequent elements
on the path of ions, we can scan a collision energy range from ~ 0.07 to ~ 6 eV in the center
of mass frame. The FWHM of the collision energy in the scanned range is 0.16 eV in the
Ecp frame.

Data as a function of both photon and collision energies have been collected in the
“multi-scan” mode where the signals for all ionic species of interest are collected at a given
set of conditions before moving to the next one. In this way, we are able to drastically reduce
any potential effects from drifts in source or reaction cell pressure. Absolute CS data rely on
a calibration of the effective length of the reaction cell performed using the ArD* product
channel of the well-known reaction between Ar" and D, measured with a similar guided
ion beam tandem mass spectrometer [74]. Cross sections are typically given with 10%
errors resulting from the uncertainty in the absolute pressure measurement. However, for
experimental conditions where ionic counting rates are small (close to appearance energy
and/or channels with very small branching ratio), the uncertainty can exceed 10%. In such
cases, a propagation of uncertainty is performed for all counting rates involved in the cross
section measurement, applying a square root function on each counting measurement to
derive its uncertainty.

Mass-analyzed ion kinetic energy (MIKE) spectra have been recorded using a ZAB2-
SEQ tandem mass spectrometer of reverse double-focusing geometry, in which the magnetic
sector precedes the electrostatic sector. Precursor ions (CH>C(CH3)CH,*/CD,C(CD3)CH, ™)
are prepared by dissociative electron ionization (70 eV, 150°C) of CH>C(CH3), (Merck,
99.3% purity) and CD,C(CD3)> (Merck, 99% purity and 99% deuteration), respectively.
Following acceleration of 8 keV, precursor ions are mass-selected by the magnetic sector
and allowed to dissociate spontaneously in the second field-free region of the instrument.
The resultant ions are then analyzed by scanning the electrostatic sector. For peak profile
measurements, the main beam width is reduced to 4 eV, corresponding to an energy resolu-
tion of 2000. For the m/z 55 ions (CH,C(CH3)CH, "), the metastable time window for ion
fragmentation under these conditions is 9.4-18.3 us, with the m/z 62 ions (CD,C(CD3)CD;™)
having a metastable time window of 10.0-19.4 ps.

5.2. Computational Methodology

Electronic structure calculations to identify the underlying reaction mechanisms (i.e.,
stable intermediates and transition states) and aid in the interpretation of experimental re-
sults were performed with the Gaussian 16 suite of programs [71]. The wB97X-D/cc-pVTZ
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level of theory, where wB97X-D is a long-range corrected hybrid density functional that
includes empirical atom—-atom dispersion corrections [91] and cc-pVTZ refers to the corre-
lation consistent polarized Valence Triple Zeta basis set (i.e., a triple-zeta basis set intended
specifically for use in correlated calculations) was initially used for a preliminary mapping
of the most relevant stationary points of the PES. Intrinsic reaction coordinate (IRC) calcula-
tions have then been performed to ensure that each TS connects to the relevant minima.

The accuracy of the relative energies obtained at the wB97X-D/cc-pVTZ level of theory
was tested against available literature values for the reaction enthalpies of the various
product channels (as shown in Table 1 and in Table S1 of the Supplementary Material).
Further accuracy tests were performed by calculating proton affinities of various organic
molecules (ethyne, ethene, propene, butadiene, cyclobutene), as reported in Table S2 of the
Supplementary Material. From such a comparison, it was concluded that the accuracy of
the relative energies at the wB97X-D/cc-pVTZ level of theory is not satisfactory, and thus,
the relative energies were all recalculated using a composite method denoted as G4 [92] to
obtain more accurate energies, and only the latter results are presented in Section 3.

Reaction enthalpies (AH3g) have also been calculated for comparison with literature
values using both wB97X-D/cc-pVTZ and G4 levels of theory.

6. Conclusions

Absolute cross sections and branching ratios for the reaction of the ethyl cation with
ethyne have been measured as a function of collision energies, in the hyperthermal en-
ergy range (from ~ 0.07 to ~ 5 eV in the CM frame), under a single collision regime
using a guided ion beam tandem mass spectrometer. The CoHs" reactant ion is gener-
ated via dissociative ionization of CoHsBr using tunable VUV radiation in the energy
range 10.4-14.0 eV. The two main product channels are [C3H3z]* plus CH4 (BR = 0.76 + 0.05)
and [C4H5]" plus Ho (BR = 0.22 £ 0.02), where the reported values have been determined at
a photon energy Ey,; = 11.3 eV and a collision energy in the CM frame Ecps = 0.08 eV. Ata
higher internal excitation of CoHs™ and/or high collision energy, we observed an additional
endothermic channel giving CoH3™ in association with either Co;Hy or CoHjy plus Ha.

Ab initio calculations of the most relevant stationary points on the potential energy
surfaces allow for the rationalization of experimental results. Both channels stem from
a common covalently bound intermediate, CH3CH,CHCH®, from which barrierless and
exothermic pathways exist for the production of both cyclic and linear isomers of both
main channels. From a comparison between the MIKE spectra of C(CH3)(CH)," and
C(CD3)(CD;y)2* and the calculated PES, we are able to conclude that, for both mass channels,
the predominant isomer is the lower energy cyclic one, and that the contribution from the
tunneling mechanisms is minimal.

However, the main result of this study is the re-evaluation of the product BRs for
the two main reaction channels. Present experimental values, supported by theoretical
calculations, indicate that that c-C3Hz* plus CHy channel is the dominant one, at odds
with previous literature data [39] where [C4H5]" plus H, was indicated as the primary
product channel. Though the formation of c-C3Ha(CH3)* plus Hj is the most exothermic
pathway, the barrier to fragmentation (—0.11 eV) is significantly higher than that required
for c-C3H3" formation (—1.06 eV), with the additional rearrangement required prior to
fragmentation further enhancing the relative kinetic inhibition for this channel.

To assess the implications of our study on the modeling of Titan’s atmosphere, a
sensitivity test was performed using the Titan photochemical model of V. Vuitton and
collaborators [6] to estimate the changes in the density of ions and neutrals when the BRs
for the title reaction are replaced with the present values. The photochemical model was
run using the two different sets of BRs, as reported in Table 2, with the results summarized
as follows. In each case, the densities that are reported are given as an integration over the
atmospheric column, peaking around 1000 km and negligible below 700 km, as illustrated
in Figures 39-42 of the cited work [6]:
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e Thedensity of [C3H3]" ions is increased by ~ 30% when our new BRs are used, despite
the fact that the main formation reaction for [C3H3]* in the model is CoHy* + CoHy —
[C3H3]" + CHj3 and not the title reaction. This is a relevant difference that should be
considered in light of the fact that a change in the abundance of [C3H3]* can induce
changes in other species, such as the recently detected c-C3H> [43].

e The density of the [C4Hs5]" ion decreases by about a factor of 2 when our new BRs
are used. The repercussion on the production of [C¢H7]" is lower (with a maxi-
mum change of ~ 20%), as the main formation reaction for this ion is [C3Hs]* +
CH3CCH — [CgH7]* + Hy rather than [C4Hs]* plus CoHy. However, it still marks
a significant change to the predicted density of this key astrochemical species in
Titan’s environment.

Beyond the atmosphere of Titan, present results have implications for the chemical
evolution of a range of different astrochemical environments due to the near-ubiquitous
observation of both reactants. Notably, while the radioastronomical detection of the sym-
metric ion c-C3H3" is difficult, its linear isomer HyCCCH™* has been very recently detected
in a cold dense molecular cloud core [93], while both c-C3H, and HoCCC isomers have long
been detected in the ISM [94,95]. Finally, the observation of a third product, CoH3", at high
internal and collision energies, has implications for the modeling of high-energy plasmas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules29040810/s1, Supplementary Material pdf file containing:
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M5-W5.gif 18 [58,69,70,96-98].
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