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The methyl carbocation is ubiquitous in gaseous environments, such as planetary ionospheres,
cometary comae, and the interstellar medium, as well as combustion systems and plasma setups for
technological applications. Here we report on a joint experimental and theoretical study on the mecha-
nism of the reaction CH3* + CH3CCCHj3 (but-2-yne, also known as dimethylacetylene), by combining
guided ion beam mass spectrometry experiments with ab initio calculations of the potential energy
hypersurface. Such a reaction is relevant in understanding the chemical evolution of Saturn’s largest
satellite, Titan. Two complementary setups have been used: in one case, methyl cations are generated
via electron ionization, while in the other case, direct vacuum ultraviolet photoionization with syn-
chrotron radiation of methyl radicals is used to study internal energy effects on the reactivity. Absolute
reactive cross sections have been measured as a function of collision energy, and product branching
ratios have been derived. The two most abundant products result from electron and hydride transfer,
occurring via direct and barrierless mechanisms, while other channels are initiated by the electrophilic
addition of the methyl cation to the triple bond of but-2-yne. Among the minor channels, special rel-
evance is placed on the formation of CsH7*, stemming from H; loss from the addition complex.
This is the only observed condensation product with the formation of new C—C bonds, and it might
represent a viable pathway for the synthesis of complex organic species in astronomical environments

and laboratory plasmas. Published by AIP Publishing. https://doi.org/10.1063/1.4990514

l. INTRODUCTION

The methyl carbocation (or methylium), the simplest
among carbenium ions, is one of the most important reac-
tive intermediates in solution phase organic chemistry, hav-
ing a high chemical and biological activity due its strong
electrophilic character.!=

In the gas phase, the methyl cation is ubiquitous in envi-
ronments fed by high energy sources, and it is an especially
important molecular ion in combustion systems and plasma
setups for technological applications. CH3* is thought to be
present in methane flames*> and, more importantly, in lab-
oratory plasmas, with a particular reference to those used
for methane conversion into higher hydrocarbons® or plasma-
based dry reforming of CO,/CH4 mixtures, i.e., their con-
version into value-added chemicals.”® Methylium ions are
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also typical of astrophysical plasmas, ranging from the var-
ious regions of the interstellar medium (ISM) to planetary
atmospheres, cometary comae, etc. In the ISM, where methyl
cation abundances are inferred by the detection of its singly
deuterated counterpart CHD*, CH3* plays a central role in
the organic chemistry of dense and diffuse interstellar clouds,
where it may be held responsible for the synthesis of methane
and more complex hydrocarbons, according to the various
chemical models proposed for the composition of different
regions of the ISM.?~!> Although the role of the methyl cation
in chemistry of cold clouds via radiative association with
H, and subsequent dissociative electron recombination of the
CHs* cation'®!” has been questioned,lg’19 the reactions of
CH;* with simple molecules (not only H; but also NH3, H,0,
HCN, and CH3OH) need to be included to model the chem-
istry of portions of clouds at elevated temperatures, such as
hot cores, or inner regions of protoplanetary disks.?’

Methyl cation has been detected to be an important ion
in the innermost coma of comet Halley,?! in the ionosphere

Published by AIP Publishing.
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of Jupiter22 and Saturn,? and in the atmosphere of Titan, Sat-
urn’s largest moon, as demonstrated by the Cassini-Huygens
mission.”*! We can speculate that methyl cations may be
present in the atmospheres of planets beyond the boundaries
of our Solar System, where the number of newly discov-
ered extrasolar planets has increased by two orders of mag-
nitude in the last two decades.’”> Amazingly, some of the
detected exoplanets are expected to be C-rich and contain a
high quantity of methane and heavier hydrocarbons, > thus
making the formation of the CH3™" ion feasible and its reac-
tivity relevant for shaping the chemistry and composition of
exoplanets.

On Titan, CH3" is present at intermediate quantities
as a secondary product of the ion and neutral chemistry. In
fact, it is produced by photoionization and electron impact
dissociation and ionization of CHy, as well as from the reac-
tions of No* and N* with CH4.*** CH3* is a key ion in the
chemical models for Titan’s upper atmosphere since, by reac-
tion with CHy, it leads to the formation of CoHs*, one of the
most abundant ions detected in Titan’s ionosphere, and subse-
quently to ethylene CoHy4 and acetylene C, H,, thus opening the
way to the formation of a series of complex hydrocarbons.?>*3
Quite relevant for understanding the chemical evolution of
Titan’s atmosphere is the study of the reactivity of CH3* with
methyl substituted acetylenes [i.e., propyne C3Hy, an abundant
molecule in Titan’s thermosphere and ionosphere, and but-2-
yne (C4Hg)]. Such reactions have been recently suggested*®
to be responsible for the couples of ions (C4H;*/C4Hs* and
CsHo*/CsH;") observed by the ion neutral mass spectrometer
on board of the Cassini probe.?8*3

Methyl carbocations are expected to react via electrophilic
ion-neutral reactions with both unsaturated and saturated
hydrocarbons. In the former case, a 7-electron pair from unsat-
urated hydrocarbons is donated to the electrophile via the
formation of a three-center two-electron bond, while in the lat-
ter case, donation of electrons in sigma bonds can play arole in
the formation of products via complexes having non-classical
structures and delocalized three-center bonds. The reactions of
methyl carbocations with simple hydrocarbons (methane,*’3
ethane,**? propane,* ethene, and ethyne’>°) have been
investigated, by a variety of experimental techniques and theo-
retical calculations, since the very early days of gas-phase ion
chemistry.

This paper presents an experimental study of the reac-
tivity of methyl cations with but-2-yne (C4Hg) by measuring
absolute reactive cross sections and branching ratios (BRs) as
a function of collision energy using two different guided ion
beam setups, as well as a theoretical investigation of possi-
ble reaction pathways using ab initio calculations. While in
one setup, the methyl cation is generated with an uncontrolled
amount of internal excitation using an electron ionization (EI)
source, in the other setup, direct vacuum ultraviolet (VUV)
photoionization with synchrotron radiation of methyl radicals
is used to produce CH3*. This alternative generation method
allows the production of the methyl cation with a controlled
amount of internal excitation, as described in the compan-
ion paper about the reaction of CH3* ions with methane,”’
thus opening the possibility to investigate the effect of inter-
nal degrees of freedom (electronic and vibrational) on the
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reactivity, a subject of extreme interest for the modeling of
high energy environments where the populations of excited
states of ions can be non-negligible.

Il. EXPERIMENTAL METHODS

The reaction of methyl cation CH3* with but-2-yne
(C4Hg) has been investigated by using both the home-built
Guided-lon Beam Mass Spectrometer (GIB-MS) at Trento
(Ttaly) and the CERISES-apparatus,’’>® a GIB-MS apparatus
of the LCP laboratory at Orsay installed for these experiments
on the DESIRS beamline of the synchrotron radiation source
SOLEIL (St. Aubin, France).

A. The Trento GIB-MS setup

The Trento GIB setup was described previously>*~®! and
therefore only a brief summary is here reported. It consists
of a tandem mass spectrometer with an O1-Q1-O2-Q2 con-
figuration (where Q stands for quadrupole and O stands for
octopole). Methyl ions are generated by dissociative electron
ionization (EI) of acetone at energies in the range 45 eV—
55 eV. The first octopole Ol is operated as an ion guide,
while CH3" ions are mass selected by quadrupole Q1 before
being injected into octopole O2, which is surrounded by the
scattering cell filled with the neutral reactant, the pressure
of which is monitored by a spinning rotor gauge (SRG2
MKS Instruments, MA USA). The effective length of the
scattering cell is 12.0(6) cm. In the present case, the cell
is filled with gaseous but-2-yne at variable pressures in the
range 6.0 x 1077 mbar to 7.0 x 10~ mbar. The but-2-yne liquid
sample (SIGMA-ALDRICH 99%) was degassed by repeated
freeze-pump-thaw cycles before injection, and it was kept at a
temperature in the range 250 K-260 K using a water/ice/NaCl
bath.

The kinetic energy of the projectile ion beam in the lab-
oratory frame, which determines the collision energy, can be
varied from practically O to several tens of eV by changing
the dc bias potential of O2. Laboratory frame collision ener-
gies, Er4p, are converted to the corresponding values in the
center-of-mass (CM) frame, E ¢y, via the formula

m
M+m

where m and M stand for the mass of the neutral target and
the ionic projectile, respectively. Product ions are mass anal-
ysed by Q2 and detected by an electron multiplier. The ratio
between the measured signal intensities of product and reac-
tant ions is proportional to the effective integral cross section
according to the Lambert-Beer law,%2 and the absolute value
of the cross section can be obtained by measuring the ratio of
product and reactant ion intensities as a function of the neutral
gas density, at sufficiently low pressures of the neutral reac-
tants to ensure a single collision regime within the scattering
cell.

Ecy = - Eras,

B. The CERISES setup @ DESIRS beamline,
SOLEIL synchrotron

As the CERISES apparatus is described in detail in pre-
vious papers’®%3 and the companion paper,®’ only the most
important points are recalled here. CERISES is a guided ion
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beam tandem mass spectrometer composed of two octopoles
located between two quadrupole mass spectrometers in a
Q1-01-02-Q2 configuration that permits the investigation
of bi-molecular reactions of mass-selected ions, by measur-
ing parent and product ion yields from which absolute reac-
tion cross sections, BRs, and product velocity distributions
as a function of collision energies and photon energy are
derived.%63

The setup has been recently modified’ with the addition
of a molecular beam chamber to produce hydrocarbon rad-
icals by flash-pyrolysis of organic precursors. In this work,
the CH3® radical is produced using CH3NO; as a precur-
sor in an Ar seeded molecular beam. The CH3® radical is
subsequently photo-ionised with the VUV radiation from the
DESIRS beamline and its cations transferred into the reac-
tive part of CERISES. The internal excitation of the parent
cation can be varied by changing the photon energy from the
threshold ionization of CH3® (about 9.8 eV) to 12.5 eV. This
last limit prevents from any contamination by CH3" ions that
could arise from dissociative ionization of partially pyrolysed
nitromethane precursors, as shown in a previous study using
the same pyrolysis source.** The distribution of the CHj3*
vibrational excitation and hence its mean value have been mea-
sured in a separate experiment as a function of photon energy.>’
The undulator based DESIRS beamline® provides tunable
radiation in the vacuum ultraviolet (VUV) range from about
5 eV to 40 eV. Photons at the desired wavelength are selected
and scanned simultaneously with the undulator peak energy by
a normal incidence monochromator equipped with a low dis-
persion uncoated SiC grating (200 grooves mm™") optimised to
provide photon flux in the 10'? photon/s—10'® photon/s range
with a moderate energy resolution in the 5 eV-20 eV range.
In the present experiments, the monochromator exit slits were
opened to 600 um, which delivers a photon energy bandwidth
of about 52 meV ata photon energy of 12 eV. Second order light
from the undulator was completely removed by an upstream
gas filter filled with Ar at about 0.2 mbar.®® The photon energy
was calibrated by measuring the ionization energy of CHjz
around 9.839 eV® and the two strong absorption lines of
Ar 35?3p8(1Sp) — 35?3p>(PP3/2)4s% [3/2]; and 3s23pS(1Sp)
— 3s23p°(3P12)4s* [1/2]; at 11.624 eV and 11.828 eV,
respectively.®®

For the ion-molecule reaction experiments, the CH3"
reagent ions were mass-selected using Q1 and focused into the
Ol radio frequency guide terminated by a 4 cm long scattering
cell filled with the target gas (but-2-yne in our case) at room
temperature. A Baratron capacitance manometer measured the
absolute value of the neutral gas pressure, adjusted to values
of about 1 x 10~ mbar and 2 x 10~ mbar to ensure single-
collision conditions. The reactant ion kinetic energy, defined
by the dc potential difference between O1 and the center of the
ion source, can be varied between practically zero and 20 eV
in the laboratory energy frame. The typical distribution width
is in the range 0.7 eV-0.8 eV full width at half maximum
(FWHM), leading to a collision energy in the CM frame up to
8 eV, with a width of about 0.55 eV-0.62 eV (FWHM). Reac-
tant and product ions were confined by the radio-frequency
field of O1, guided by O2, mass selected in the Q2 mass filter,
and finally detected by a multi-channel plate operating in the
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counting mode. For the reactive-monitoring experiments, Q1
was set to mass-select the CH3* parent, Q2 was set to the mass-
to-charge ratio of the parent or product ion, and the photon
energy was scanned in steps of 20 meV, while keeping all the
other experimental parameters (neutral gas pressure, collision
energy, focusing ion optics potentials, etc.) fixed. During the
measurement of the ion yields, also photon fluxes were simul-
taneously recorded by photoemission currents from a gold
grid, and the raw data for the measured ion yields were accord-
ingly corrected for the photon flux of the beamline as a function
of the photon energy.®” From the ratio of product to parent
ion yields and the neutral target pressure measurement, the
absolute reaction cross sections are derived following standard
procedures.

lll. THEORETICAL METHODS

All stationary points on the potential energy hypersur-
face, i.e., minima and first order saddle points, corresponding
to transition states (TS), were determined within the Density
Functional Theory (DFT),”® making use of the M06-2X"1-7#
functional with the cc-pVTZ basis set.”> The nature of the crit-
ical points was checked by the vibrational analysis. The opti-
mizations were followed by CCSD(T) [Coupled Cluster theory
with Single, Double and (non-iteratively) Triple excitations]
single-point energy computations, with the cc-pVTZ”> and cc-
pVQZ® basis sets, to finally obtain CCSD(T)/CBS (complete
basis set) energy estimates. The use of DFT for geometry opti-
mization is a standard procedure commonly adopted in the
theoretical chemistry community (see recent examples deal-
ing with hydrocarbon cations’’~7%). Its choice is dictated by
the fact that optimizations at the CCSD(T) level of theory are
computationally very demanding and at the limit of feasibility
for the systems under study.

The total CBS energy (E®) is the sum of the Hartree-
Fock energy and correlation energy, which are extrapolated
separately,

00 __ 00 00
E” = H—F+Ecorr'

For the correlation energy, the two-parameter extrapola-
tion formula proposed by Halkier e al.%® was used,

Ecoer3 _ Ecorry3
o0 X Y
Ecorr = X3 _ Y3
The energy estimate Ey y exploits the energies obtained
with the two basis sets cc-pVXZ and cc-pVYZ (Ex and Ey,

respectively). In this study, X = 3 and Y = 4, and the two-point
formula was thus simply used as

E33% — Eu4°
33 _43
For the Hartree-Fock part, the CBS energy was esti-

mated by using the two-point exponential extrapolation
formula®!

00 —_
E3,4 -

H-F _ po —aX
ENF —ES . +Be™ ¥,

where the empirical parameter @ was kept fixed (a = 1.63),%!
X was the cardinal number of the basis set cc-pVXZ, and the
two parameters B and E;;_, were obtained fitting the sets of
data.
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The M06-2X/cc-pVTZ thermochemical corrections gave
estimates of the zero-point vibrational energy, by which
the energies were corrected to obtain AEzpg[= A(E +ZPE)]
values. These AEzpg values at CCSD(T)/CBS are reported
throughout in the text. Geometry optimizations and thermo-
chemistry calculations were carried out by using the GAUS-
SIAN 09 system of programs.®? Geometries and energetics of
all the optimised structures are reported in the supplemen-

tary material. The Molden package has been used for the
visualisation of molecular structures.®’

IV. EXPERIMENTAL RESULTS
A. GIB-MS at the University of Trento

A mass spectrum of the ionic products for the reaction of
CH3* with but-2-yne (C4Hg), recorded with the Trento GIB-
MS apparatus (EI source), is reported in Fig. 1. The spectrum
was measured at a collision energy in the CM frame Ecyy
of about 0.2 eV and with a pressure of but-2-yne inside the
reaction octopole of about 1.2 x 107® mbar to minimise the
number of secondary collisions. The two most abundant ionic
products are observed at m/z 53 and 54. For the former, a
possible pathway might be an H™ abstraction by the methyl
cation from the neutral compound to give the C4Hs™ ion via
reaction (1), while the latter results from the charge transfer
process, reaction (2). Another product ion with a large yield
is C3Hs* (mm/z 41), which can exist in two different isomers
(allyl and 2-propenyl®*), and might be formed (together with a
C,H, counter-fragment) by the electrophilic addition of CH3*
to the triple bond of C4Hg via channels (3a) and (3b),

J. Chem. Phys. 147, 154302 (2017)
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FIG. 1. Typical mass spectrum of ionic products from mass selected CH3*
ions reacting with but-2-yne, recorded at a collision energy in the CM
frame Ecy ~0.2 eV and with ~1.2x 107 mbar of but-2-yne in the reac-
tion cell. The intensities are normalized to the most abundant product ion (set
at 100).

CH;3" + C4Hg — C4Hs* (m/z 53) + CHy (1)
— C4Hg"" (m/z 54) + CH3 2)
— C3Hs* (m/z 41) [allyl] + CoHy4 (3a)
— C3Hs* (m/z 41) [2-propenyl] + CoHy .
(3b)

Other ions are observed in smaller yields and their
appearance can be explained with some of the following
processes:

CH5* + C4Hg — CoHs* (m/z 29) + CH3;CCH / CH,CCH, (4a, 4b)
—s c—C3H3" (m/z39) + 2 CH3* / Co,Hg / CoHy + Hy (5a, 5b, 5¢)
—s CH,CCH* (m/z 39) + 2 CH3* / C,H¢ / CoH4 + Ho (5d, 5e, 51)
s CH,C(H)C* (m/z 39) + 2 CH;® / CoHg / CoHy + Ha (5¢, 5h, 51)
— CyHy* (m/z 27) + CoHa + CHy / c—C3Hg / C3Hg (6a, 6b, 6¢)
— CsHy" (m/7 67) + Hy @)
— C3H7" (m/z43)+ CoH, . ®)

The formation mechanisms for these channels will be dis-
cussed in Sec. V, where experimental results are interpreted
in light of the potential energy hypersurface obtained from
computational methods. However, it is useful to anticipate
here the results for the reaction enthalpies (A.H°) for chan-
nels (1)—(8): In Table I, a comparison is presented between
reaction enthalpies estimated using experimental values for
the standard heat of formations of reagents and products
(ArH?®) and our calculated values for A.H° and A, Ezpg at the
CCSD(T)/CBS level of theory. To the best of our knowledge,
there are no experimental AyH° values for CsH7™ available in
the literature. Hence the entry about the experimental A, H® is
missing in the table.

BRs for the various ionic products have been derived from
the mass spectra by integrating the areas below each mass
peak. The BR values, reported in Table II, have been obtained
by averaging 3 sets of mass spectra taken at a collision energy
Ecy ~0.2 eV and at three different but-2-yne pressures in the
range 6.4 x 1077 mbar—3.2 x 107% mbar. BRs have been cor-
rected for small contributions (not bigger than 10% of the total
product ion intensities) coming from secondary collisions of
abundant or highly reactive primary products, giving peaks
at m/z 55, 91, and 93. The error bars on the BRs allow the
small corrections for secondary reactions, and more details on
the origin and corrections for such peaks are reported in the
supplementary material.


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024738
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024738
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024738
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TABLE 1. Comparison between experimental and calculated reaction enthalpies A,H° at 298 K for product
channels observed upon reaction of CH3* with but-2-yne. Experimental A, H® are obtained from the experimentally
determined heat of formations A¢H® of reagents and products, while calculated ones refer to our calculations at
the CCSD(T)/CBS level of theory.

AH® (eV)? AH® (eV) AvEzpg (eV)°
mlz Products Equation Expt. Calc Calc
53 [CH3CCCH,]* + CHy (1) —2.49¢ -2.49 -2.48
54 [CH3CCCH3]** + CH3* 2) -0.264 -0.28 -0.30
41 [CH,CHCH,1* (allyl) + C,Hy (3a) -2.56° -2.45 -2.41
41 [CH,=CCHj3]*(2-propenyl) + C,Hy (3b) -2.26° -2.12 -2.10
29 CyHs* + C3Hy (propyne) (4a) —-1.58f -1.59 —1.55
29 C,Hs™ + C3Hy (allene) (4b) —1.54f -1.55 -1.51
39 [c—C3H3]" + 2CH;3*® (5a) +1.278 +1.25 +1.21
39 [c—C3H3]* + CoHg (5b) -2.628 -2.64 -2.59
39 [c—C3H3]" + CoHy + Hp (5¢) -1.218 -1.20 -1.22
39 [HCCCH,]* + 2 CH3* (5d) +2.358 +2.49 +2.42
39 [HCCCH,]* + C,Hg (5e) —1.548 -1.41 -1.38
39 [HCCCH,]* + CoHy + Hp (5%) —-0.128 +0.03 -0.01
39 [CH,=CHC:]* + 2CH3* (52) +4.298 +4.29 +4.23
39 [CH,=CHC:]* + C;Hg (5h) +0.408 +0.40 +0.43
39 [CH,=CHC]* + CoH, + H; (51) +1.818 +1.84 +1.80
27 [CH,CH]* + CoH; + CHy (6a) +0.43M +0.44 +0.39
27 [CH,CH]* + C3Hg (cyclopropane) (6b) -0.59" -0.58 -0.53
27 [CH,CH]* + C3Hg (propene) (6¢) -0.93" -0.93 -0.91
67 CsH;* + H, (7) n.a. -2.51/-3.55 —-2.51/-3.55
43 [(CH3),CH]* + C;H, 8) —2.0f -2.19 -2.17

4ApH® reagents, used for all channels, are the following: Ay H® (CH3*) = 11.35(2) eV® and ArH® (C4Hg) = 1.50(1) DA

YA, Ezpg is the reaction AEzpg (see Sec. I1I).

“No experimental heat of formation value is available for the 7y-methylpropargyl cation, so the calculated value
ArH°(CH3CCCH,*) = 11.14 eV is used from MP2/6-311G(d,p) calculations.®

dObtained using ArH°(CH3) = 1.51(1) eV and AfH°(CH3CCCH3**) = 11.08(3) eV.%

€Obtained using AfH® = 9.75(10) eV for the allyl cation CH,CHCH," and ArH® = 10.1(1) eV for the 2-propenyl cation
CH3CCH,*#* in addition to ArH® (C,Hy ethylene) = 0.544(5) eV.%

fObtained using ArH°® (CHs*) = 9.35(3) eV,3* ArH® (CH3CCH) = 1.92(1) eV,¥ and AH° (CH,CCHa) = 1.970(3) eV.%
£O0btained using AyH® = 11.1(1) eV for cyclopropenylium c—C3H3*, ArH® = 12.19(6) eV for the propargyl cation CH,CCH*,
and AfH® (CoHs™) = 14.125 eV for the CHyC(H)C* cation. The value for this latter ion comes from a theoretical estimate and it
is therefore given with no error bar.$*

hObtained using ApH° (CH,CH™) = 11.71 eV from the theoretical estimate reported in Ref. 84.

IThe two values refer to the production of two different CsH; ™ isomers, as it will be explained in Sec. V.

JObtained using A¢H® = 8.52(4) eV for the 2-propyl cation [(CH;)ZCH]".88 Note that this value is consistent with another
experimental value Ay H® = 8.48(4) eV from the work of Baer et al®®
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Relative cross sections for channels reported in Table II
have been measured as a function of collision energy, and
results are shown in Fig. 2. The dependence of product ion
abundances on the collision energy usually provides some

TABLE II. Branching ratios for the formation of the main product channels
observed upon reaction of CH3* with but-2-yne. Data have been obtained by
averaging 3 sets of mass spectra taken at a collision energy Ecy ~ 0.2 eV and
three different but-2-yne pressures in the range 6.4 x 10~7 mbar—3.2 x 107°
mbar.

mlz Ton Branching ratios (%)
27 C2H3+ 42+0.7
29 C,Hs* 72+20
39 C3H3* 48+1.0
41 C3Hs* 225+4.6
43 C3Hy* 1.4+0.7
53 C4Hs* 262 +4.2
54 C4Hg** 31.3+£52
67 CsH7* 1.8+03

insights into the reaction mechanisms. Usually, direct pro-
cesses such as charge transfer, H transfer, or H™ transfer exhibit
a small dependence on the collision energy, while complex-
mediated exothermic processes having no significant energy
barriers exhibit strongly decreasing dependencies of cross sec-
tions with increasing collision energy. Conversely, endother-
mic processes (or reactions with high energy barriers) require
some excess energy to occur, hence cross sections are higher
at higher collision energies.

It can be observed that some products (namely, C4Hs™,
C3H5*, C;H5*, CsHy*, and C3H7*) exhibit decreasing values
of the cross sections with the increase of the collision energy,
thus speaking for exothermic processes presenting no energy
barriers along the reaction path and/or processes occurring
via the formation of a collision complex (these points will be
discussed in detail in Sec. V), and are therefore compatible
with channels (1), (3a), (3b), (4a), (4b), (7), and (8) of Table 1.

On the other hand, C3H3* and C,H3™ products show
cross sections that are smallest at the lowest collision ener-
gies reachable with our setup and show an increasing trend
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FIG. 2. Absolute cross sections for reactions (1)—(8) as a function of the
collision energy Ecyy for the reaction of mass-selected CH3* with but-2-yne,
measured using the Trento GIB-MS setup.

when the collision energy is increased. In Table I, channels
from (5a)—(5i) relate to the formation of C3H3* [plus dif-
ferent counter-fragment(s)], which is known to exist in four
isomeric structures: the cyclopropenyl cation (c-C3H3™), the
propargyl cation (CH,CCH™"), CH,C(H)C*, and CH3CC" (in
the order of increasing energy). Only the three lowest energy
isomers have been here considered since the formation of the
CH;CC?* isomer would be too endothermic to be relevant in
the present study. As for the neutral counter-fragment(s), three
possibilities arise: (a) ethane (C,Hg), which would give the
most exothermic channels; (b) ethene (C,Hy4) plus Hp, and
(c) formation of two methyl radicals (CH3*), which would
give the highest energy channels. The experimental findings
of Fig. 2 are compatible with the occurrence of the slightly
endothermic channels (5a) and (5h) or with the presence of
barriers in the exothermic channels (5b), (5¢), (5e), and (5%).
Channels (5d), (5g), and (51) can instead be excluded due to
their too high endothermicities. For a detailed discussion of the
most likely pathways for the production of C3Hs*, we refer to
Sec. V.

In Table I, channels from (6a)—(6c¢) relate to the formation
of the vinyl cation CH,CH™ plus different counter-fragment(s),
namely, (a) ethyne (CoH») plus CHy, (b) C3Hg in the form
of the cyclopropane isomer, and (c) C3Hg in the form of the
propene isomer. While the formation of both C3Hg isomers
are exothermic processes, channel (6a) is slightly endother-
mic and compatible with the experimental findings of Fig. 2.
Also in this case, a detailed discussion of the most probable
pathways for the production of C;H3* will be presented in
Sec. V.

B. “CERISES” guided ion beam apparatus at SOLEIL
synchrotron

The reaction of CH3* with 2-butyne has been studied
also using the reaction monitoring technique with synchrotron
radiation. This technique has been amply used in previous
studies®®° to sample the changes in ion reactivity induced
upon ionization of a neutral precursor with photons of vari-
able energies. In the experiment at SOLEIL, parent and

J. Chem. Phys. 147, 154302 (2017)

product ion yields are monitored in the tandem mass spec-
trometer as a function of the energy of the ionizing photons
(Ephor). It is fundamental to point out that, in such exper-
iments, all parameters possibly affecting the reactivity or
the yield of product ions (such as mass-selection, collision
energy, neutral gas pressure in the reaction cell, collection
optics) are kept constant while the ionizing photon energy is
scanned.

For the eight product channels from reactions (1)—(8),
experimental data in the reaction monitoring method are col-
lected and analyzed in the following way: the primary and
product ion intensities are recorded, at a fixed collision energy
Ecy = 0.3 eV in the CM frame, as a function of the photon
energy from 9.5 eV to 12.5 eV with a step of 0.05 eV, and
from the ratio of product ion intensity over primary ion inten-
sity, the absolute value of the cross sections is obtained using
standard procedures. Note in passing that since the yields of
product ions are normalized over the intensity of the CH3"
parent, results presented in this way are independent of the
variation of the photon flux of the beamline as a function of
the photon energy, hence normalization for the photon flux
recorded by photoemission currents from a gold grid is not
necessary.

Results for product ions at m/z 53 (CH;CCCH,"), 54
(CH3CCCHj3%Y), and 41 (C3Hs™) are reported in Fig. 3, while
results for m/z 29 (C,Hs"), 27 (C,H3zY), 39 (C3Hz™), and
67 (CsH7*) are shown in Fig. 4. All of the reactive chan-
nels presented in Figs. 3 and 4 have cross sections that are
weakly dependent of the methyl cation internal excitation in
the explored photon energy range. Two exceptions are pre-
sented by channels leading to Co;H3* and C3H3* (Fig. 4),
for which cross sections are somehow constant in the range
9.8 eV-10.3 eV, and then they rise with the photon energy. Such
behaviour is consistent with the opening of new reactive chan-
nels at higher photon energies. It is to be noted that the same
two channels are observed to be favored by an increase in the
collision energy (see Fig. 2), thus speaking for a requirement

Cross sections (Az)

2 - —————————————————

10,0 10,5 11,0 11,5 12,0 12,5
Photon Energy (eV)

FIG. 3. Cross sections for the generation of the indicated ionic products
formed in the reaction of mass-selected CH3* with 2-butyne as a function of
the photon energy used to ionise the CH3*® precursor. The collision energy in
the CM frame is fixed at about 0.3 eV. The star symbols indicate data obtained
by measuring absolute cross sections values as a function of collision energy,
at fixed photon energies (only the datapoint corresponding to Ecy = 0.3 eV
is reported).
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FIG. 4. Cross sections for the generation of the indicated ionic products
formed in the reaction of mass-selected CH3 ™ with 2-butyne as a function of
the photon energy used to ionise the CH3*® precursor. The collision energy in
the CM frame is fixed at about 0.3 eV. The star symbols indicate data obtained
by measuring absolute cross sections values as a function of collision energy,
at fixed photon energies (only the datapoint corresponding to Ecy = 0.3 eV
is reported).

of a certain amount of internal or kinetic energy to overcome
reaction barriers or unfavourable thermochemistry.

In addition to data taken in the reaction monitoring mode,
product cross sections for reactions (1)—(7) have also been
measured as a function of the collision energy at two fixed
photon energies of 10 and 12 eV, see Figs. 5 and 6. BRs mea-
sured at 10 and 12 eV photon energies, at a collision energy
Ecy ~ 0.3 eV and but-2-yne pressure ~2.1 X 10~ mbar, are
reported in Table III. For the determination of BRs, the same
considerations previously reported in the discussion of Table I1
are valid. It is important to note that at 10 eV photon energy,
the CH3* parent ions are produced with essentially no excita-
tion (mean vibrational energy smaller than 0.16 eV) and that
at 12 eV photon energy, they are partially vibrationally excited
with a mean energy of about 0.6 eV.>’ BRs obtained at 12 eV
photon energy are identical, within the error bars, to data from
the Trento experiment, and this is an indication that some inter-
nal excitation of the CH3* cation is present in the dissociative
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FIG. 5. Absolute cross sections as a function of collision energy for the gen-
eration of the indicated products from the reaction of mass-selected CH3™*
with 2-butyne. The photon energy used to ionise the CH3*® precursor is 10 eV.
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FIG. 6. Absolute cross sections as a function of collision energy for the gen-
eration of the indicated products from the reaction of mass-selected CH3*
with 2-butyne. The photon energy used to ionise the CH3® precursor is 12 eV.

electron ionization of acetone employed in the ion source of
the Trento GIB-MS.

In the rest of this section, trends in the cross sections as
a function the photon energy and collision energy for the var-
ious products are described in detail, starting from the most
abundant products.

1. Products C4Hs* (m/z 53) and C4Hg** (m/z 54)

Products C4Hs* and C4Hg** are among the three most
abundant channels (Table III), in agreement with what is
already observed in Trento (Table II). For both products, cross
sections as a function of the photon energy (Fig. 3), although
data are quite scattered, are practically flat in the explored pho-
ton energy range. For the C4Hs* product, cross sections as a
function of the collision energy measured at 10 and 12 eV pho-
ton energies (black filled squares in Figs. 5 and 6, respectively)
show a rather similar trend, namely, a slight decrease with
increasing collision energy in the range 0 eV-2 eV, followed by
a constant trend at high E¢y,. This trend is in agreement with
data taken in Trento (black filled squares in Fig. 2). Hence,
the experimental evidence is that the internal energy of the
parent cation does not affect the reaction probability, while
there is a negative but moderate dependence on the kinetic
energy.

TABLE III. Branching ratios for the formation of the main product channels
observed upon reaction of CH3™*, formed via photoionization of CH3® radicals
at 10 and 12 eV photon energies, with but-2-yne (at a pressure of 2.1 x 107
mbar) and collision energy Ecy = 0.3 eV.

mlz Ton Branching ratios (%)-10 eV Branching ratios (%)-12 eV
27 C,H3* 26+1.3 54+08

29 CoHs* 50+1.1 6.0+ 1.0

39 C3Hz* 2.1+1.6 6.5+ 1.1

41 C3H5* 30+ 6 23+5

43 C3Hy* n.d. 22+1.0

53 C4H5+ 28+5 24 +4

54 C4Hg* 31+5 31+4

67 CsH7* 1.8+04 1.7+0.3
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For the charge transfer product C4Hg**, cross sections as
a function of the collision energy measured at 10 and 12 eV
photon energies (blue filled circles in Figs. 5 and 6, respec-
tively) show a slow rise with E ¢y, similar to what is observed
in Trento (blue filled circles in Fig. 2). In this case also,
experiments indicate that the internal energy of CH;* does
not affect the reaction probability at Ecy, = 0.3 eV (Fig. 3);
however, the relative increase of the cross section with col-
lision energy is clearly more pronounced at 10 eV photon
energy than at 12 eV. The positive dependence on the collision
energy is at odds with what it would normally be expected
for an exoergic reaction. However, the dynamics of a charge
transfer process is dictated by the position and the nature of
the crossing between two diabatic potential energy surfaces
and by the vibrational wavefunction overlaps (Franck-Condon
factors). It might be possible here that the formation of vibra-
tionally excited levels are more favored than the formation of
ground state levels and, as the exothermicity (0.26 eV) of the
charge transfer is small, this would explain the dependence
observed with E¢y;.°” Finally, the fact that cross sections (for
both C4Hs* and C4Hg** formations) do not decrease at high
collision energies, but remain practically constant up to the
highest energies explored in this study, is an indication that
such channels are formed via a direct hydride (H™) or electron
transfer process rather than via the formation of a collision
complex.

2. Product C3Hs* (m/z 41)

Product C3Hs* is the third most abundant reaction channel
[BR=23(5)% at 12 eV photon energy, Table III], in agreement
with what is already observed in Trento [BR=22.5+4.6%,
Table II]. Cross sections as a function of the photon energy
(open red squares in Fig. 3), despite the large scattering of the
data, show a slight decrease with increasing photon energy,
which maybe due to the competition with other channels open-
ing at higher E ;. Cross sections as a function of the collision
energy measured at 10 and 12 eV photon energies (open red
squares in Figs. 5 and 6, respectively) are largest at the smallest
reachable collision energies and then decrease rapidly when
E cy is increased. A similar trend is observed in the data taken
in Trento (open red squares in Fig. 2) and it is an indica-
tion that the mechanism leading to C3Hs* formation involves
the decomposition of a long-lived collision complex with the
release of CoHy.

3. Product CoHs* (m/z 29)

The ethyl cation C;Hs™ is one of the minor channels of the
title reaction, with a BR=6.0+ 1.0% at 12 eV photon energy
(Table III), in agreement with what is already observed in
Trento [BR =7.2 +2.0%, Table II]. Cross sections as a function
of the photon energy (filled cyan triangles in Fig. 4), despite the
large scattering of the data, are practically flat in the explored
photon energy range. Cross sections as a function of the colli-
sion energy measured at 10 and 12 eV photon energies (filled
cyan triangles in Figs. 5 and 6, respectively) show a similar
decrease with increasing collision energy, in agreement with
data taken at Trento (filled cyan triangles in Fig. 2). Hence,
the experimental evidence is that the internal energy of the
parent cation does not affect the reaction probability, while
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there is a negative but moderate dependence on the kinetic
energy, speaking in favor of a complex mediated reaction
mechanism.

4. Products CyH;* (m/z 27) and C3Hs* (m/z 39)

Products CoH3* and C3H3™ are minor channels (BRs in
Tables II and III). They present a different dependence of the
cross sections as a function of the photon energy with respect
to the other products discussed so far, namely, a practically
flat trend at low photon energies (in the range 9.8 eV-10.3 eV)
followed by an increase with E,j,; at photon energies higher
than a certain threshold value. In the case of C,H3* (red filled
triangles in Fig. 4), cross sections are constant, but non zero, up
to about 10.3(1) eV and present quite a regular rise afterwards.
In the case of C3H3* (open black triangles in Fig. 4), the rise
of the cross section with E,, is estimated at about 10.2(1) eV,
and a linear rise is observed afterwards, with an increase of the
slope above about 11.1 eV photon energy.

For both CoH3* and C3H3™ channels, cross sections as
a function of the collision energy measured with low internal
excitation of the parent (i.e., at E;o; = 10 €V, red filled and open
black triangles in Fig. 5, respectively) are very small (practi-
cally zero for C3H3*) at the lowest collision energy, and then
they rise with increasing E ¢y, as expected for channels that
require overcoming an energy barrier. Hence, the experimental
evidence is that both kinetic and internal energies are efficient
in favoring the production of C3H3* and C;H3*. When some
internal energy is placed into the CH3* reagent (i.e., when
the photon energy is increased to 12 eV, see red filled and
open black triangles in Fig. 6 for C;H3* and C3H3™, respec-
tively), cross sections show an increase by a factor 2 to 3 at
low collision energies (below 1 eV). The trend with increas-
ing Ecy is similar to the 10 eV photon energy data: cross
sections increase with E¢yy, although the relative increase is
smaller than at 10 eV, because some extra energy is provided
to the reacting couple in the form of internal energy of the
methyl cation. Data show that internal energy is more effi-
cient than kinetic energy in promoting the formation of C,Hz*
and C3H;" species: when CH3* has ~0.6 eV in vibrational
excitation (data in Fig. 6), cross sections for the formation of
C,H;5* and C3H3* amount to 2-3 A2, to obtain similar cross
sections when no internal energy is given to CH3* (data at
10 eV, Fig. 5), collision energies larger than 2 eV should be
employed.

5. Product CsH;* (m/z 67)

Despite being a minor channel (BR < 2%, see Tables 11
and III), the formation of CsH;* from the title reaction is of
particular relevance because it is the only product of condensa-
tion with the formation of new C—C bonds and a mass increase
with respect to the reagent masses. Hence, it can be a viable
pathway in the synthesis of complex organic species, as it
will be discussed in Sec. VI. To ensure that the signal at m/z
67 is not due to secondary reactions its pressure dependence
was carefully checked and compared with that of m/z 53, 54,
and 93: the dependence was found compatible with the occur-
rence of a primary process giving CsH7*. Cross sections as
a function of the photon energy (open blue circles in Fig. 4),
despite the significant scattering of the data, are practically flat
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in the explored photon energy range. Cross sections measured
at 10 and 12 eV photon energies show no sizeable depen-
dence on the collision energy (open blue circles in Figs. 5 and
6, respectively), and a similar trend is observed for the data
taken in Trento (open blue circles in Fig. 2). Hence, the exper-
imental evidence is that neither internal energy of the parent
cation nor collision energy has a sizeable effect on the reaction
probability.

V. THEORETICAL RESULTS AND DISCUSSION

To shed light on the formation mechanisms of the ionic
products observed in both experiments at Trento and SOLEIL
synchrotron, high level (CCSD(T)/CBS) electronic structure
calculations of the most relevant stationary points on the poten-
tial energy hypersurface have been carried out. Attention was
focused on the products corresponding to peaks at m/z 67, 54,
53,41, 39,29, and 27, which will be discussed separately in the
following. The overall energy profile is shown in Fig. 7, and
the experimental and calculated energies of the final product
channels have been given in Table I. A couple of CCSD/cc-
pVTZ optimizations (structure 6 and TS 6-7) were carried
out for comparison with the M06-2X geometries. The maxi-
mum difference for bond lengths was 0.02 A (1%) and <4°
(~3%) for angles. Despite the limited extent of the compar-
ison, the small geometrical variations support the accuracy
and reliability of the M06-2X geometries and the validity
of our choice of theoretical methodology. In fact, CCSD(T)
optimizations, in spite of a much higher computational cost,
would have not provided any additional insight. The figures
with CCSD and M06-2X optimized parameters are reported
in the supplementary material.

A. Products C4Hg"* (m/z 54), C4H5* (m/z 53),
and C,H;* (m/z 27)

The step (0-1) is a simple charge transfer leading to
a CH3CCCHj3** radical cation maintaining the structure of
the corresponding but-2-yne neutral: formally, one electron is

—
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transferred from but-2-yne to the methyl cation, as exemplified
by reaction (2), exoergic by 6.8 kcal mol™! (0.3 eV).

The step (0-3) is a formal hydride abstraction from but-
2-yne to the methyl cation, bringing to methane plus but-2-
yn-1-yl cation (3 in Scheme 1), i.e., reaction (1). The reaction
occurs without any barrier on the potential energy surface and
it is exoergic by 57.2 kcal mol~! (2.48 eV). The exothermic
nature of the step and the fact that the mechanism does not
involve the formation of an intermediate complex is consistent
with the experimental results, in particular with the negative
but moderate dependence of the cross sections on the collision
energy.

Further evolution of the C4Hs* isomer corresponding
to structure 3 via intermediate 4 leads to the vinyl cation
[CH,CH]* plus ethyne (5 in Scheme 1). We note in passing
that the C4Hs* potential energy surface was also studied by
Cunje et al. at the HF and MP2 levels.’>°® Hence, our cal-
culations propose that the [CH,CH]* product is formed via
the overall endoergic reaction (6a) (see Table I). We note that
although channels (6b) and (6¢) are exoergic, we have not been
able to identify a viable pathway leading to the formation of
C3Hg isomers as counter-fragments of the [CH,CH]* product.
Our experimental results are consistent with calculations: in
fact, the experimental threshold observed at 10.3(1) eV pho-
ton energy (Fig. 4) is in good agreement with the calculated
endothermicity for process (6a) (A, H° =0.44 eV, Table I). The
observation of constant but non-zero cross sections below the
appearance threshold can be reconciled taking into account the
mean collision energy, Ecy ~ 0.3 eV, and the kinetic energy
spread of the primary CH3* beam, having a FHWM (about
0.5-0.6 eV in the CM frame, see Sec. IV) of the same order
of magnitude of the endothermicity for process (6a). In the
data as a function of the collision energy (Fig. 5) when no
internal energy is stored in the parent cation, a clear increase
is observed in the cross sections at collision energies above
0.8 eV, in line with the predicted endothermicity, and low but
non zero values are measured below these energies due to the
kinetic energy spread.
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SCHEME 1. Formation of C4Hs* (m/z 53) and CoH3™
(mlz 27): energies are given in kcal mol~!. The zero
energy value is identified with the reactants’ energy so
that the reported energies refer to A,Ezpg values of
Table I. Numbers in bold are labels for the different
structures, as reported in Fig. 7.

+ HC=CH
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®CH3 + H3C—=—==0CH3; —» CH; + H3C——==—CH,
00.0 3 —57.2 (m/z 53)
R @ @
HsC—==—CH. HoC-CH=C=CH,
-29.0
H5;C ———CH> H,C=CH-C=CH, ———» HC=CH,
3 4 —63.8 (m/z 27)

B. Products CsH;* (m/z 67) and C3Hs* (m/z 41)

The electrophilic CH3* addition to but-2-yne generates
an intermediate 86.6 kcal mol~! more stable than the reac-
tants (pathway 0 — 6 in Scheme 2). CsH;™" is produced by H,
loss from such an intermediate, via reaction (7). Depending
on which methyl group is involved (blue or red hydrogens,
in Scheme 2), two different isomers can be obtained: the lin-
ear 3-methyl-1-butyl cation (structure 7) and the 1,2-dimethyl
cyclopropyl cation CH3C3HCHj3 (structure 8). The H; loss
barriers for the two competitive reactions (6 — 8 and 6 — 7)
are not too dissimilar but the isomer on the left (8) is more
stable than 7 by about 23.7 kcal mol™' (1.03 eV). Because
of the low pressure at which our experiments are performed,
and therefore the low collisional frequency, it is reasonable

5 9.0 (m/z 27)

to assume that the system is not at the thermal equilibrium.
The excess of rovibrational energy would allow it to easily
overcome both barriers and consequently both isomers can
form.

Alternatively, structure 6 can evolve into a very stable
intermediate (9 in Scheme 2) that opens the way to other exper-
imentally detected species at m/z 41 (C3Hs*), m/z 39 (C3H3™),
and m/z 29 (C,Hs*), whose formation pathways are described
in the following.

Structure 9 can rearrange into the prop-1-en-2-yl cation
(C3Hs* m/z 41) plus ethene CoHy (structure 10a). This channel
has been indicated as reaction (3b) and its overall exoergicity
is —48.3 kcal mol™! (=2.10 eV). The [CH,=CCHj3]* cation
could isomerise to a more stable allyl cation [CH,CHCH,]*
(—55.5 kcal mol™!), with an energy barrier for H migration of

SCHEME 2. Formation mechanism of
C5H7+, C3H5+, C3H3+, and C2H5+Z
energies are given in kcal mol™'. The
zero energy value is identified with the
reactants’ energy so that the reported
energies refer to A.Ezpg values of
Table 1. Numbers in bold are labels for
the different structures, as reported in
Fig. 7.

®CHz + H3C—=—=—CH3
00.0
0 po 1€ 40.9 e
-45. ) -40. _
“H, -~ CHs *)7H2 C=CH
HsC CH3 HsC HsC
8 —81.8 (m/z 67) 6 -86.6 7 =581 (m/z 67)
J-64A7
CH,CH3 5.3 H,C @
H3C—= = AN ——— HyC=C-CH3 + H,C=CHH
H HiC CHs
12 —80.6 9 —102.0 10a —48.3 (m/z 41)
J-69.3 —H, [+5.2
H3C—=CH + ®H,C—CHs; H,C Hy H,C=C=CH®
H,C® CHs
13 —35.7 (m/z 29) 11 —0.3 (m/z 39)
18 —86.4

/

H,C—=CH, + ®HHC-CH

\65‘2

H

CH3

19 —34.7 (m/z 29) 20 —79.5

53] H
HQCfC*CHz? 423,

3, HpC=C-CHH + H,CCH,

10a —48.3 (m/z 41)
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19.1 kcal mol™! (structure 10b, not reported in Scheme 2 but
shown in Fig. 7). Hence, also reaction (3a) is overall exoergic
(by —2.41 eV) and it presents only submerged barriers. As a
consequence, the observed product at m/z 41 could be either
[CH,=CCH3]* or [CH,CHCH,]*. We note in passing that the
calculated energy difference between the two C3Hs™ isomers
as well as the barrier for isomerization are in perfect agreement
with the experimental values reported in the work of Holmes
et al.®* Another possibility to obtain structure 10a from rear-
rangements of 9 is proposed in Scheme 2 (via intermediates
18 and 20). However, due to the presence of three transition
states, we expect that reaction (3b) will mostly proceed from
structure 9 via the direct pathway 9 — 10a.

Theoretical calculations predict that the formation of
C3;Hs* and CsH7* is occurring via a complex-mediated mech-
anism going via the stable structure 6 (see Scheme 2) and pre-
senting only submerged barriers afterwards. Measured cross-
sections as a function of the collision energy for the C3Hs*
product are indeed consistent with the proposed mechanism,
showing a marked decrease with increasing Ecys (see open
red squares in Figs. 2, 5, and 6). On the contrary, the colli-
sion energy dependence for CsH;* is practically flat (open
blue circles in Figs. 2, 5, and 6). In addition, C3Hs* and
CsH;* products have very different branching ratios: while
C3;Hs* is one of the three most abundant products [BR is
22.5 +4.6% in Trento], CsH;™ is a minor channel (BR <2%).
Such findings could be reconciled with the proposed path-
way having structure 6 in common, if the “rate determining
step” is not related to the formation of adduct 6. In fact,
even though structure 7 or 8 (giving CsH7* in any of the two
isomers) is more stable than structure 10a ([CH,=CCHj3]*
plus ethane), the calculated energy barriers for H, loss from
6 (45.7 kcal mol™! and 41.6 kcal mol™' to give 7 and 8,
respectively) are consistently higher than the barrier for iso-
merization of 6 into 9 (21.9 kcal mol™!). Hence, it is expected
that most of the reactive flux reaching 6 will be channeled into
the formation of 9 from which the abundant product C3Hs*
is subsequently formed. The high barriers present towards
decomposition of 6 into CsH;* plus H, imply an increas-
ing probability for this step with increasing Ecys. Then, as the
cross section is proportional to the product of the probability of
the barrierless and exothermic formation of adduct 6 (strongly
decreasing with collision energy) by the probability of decom-
position into products, it might explain the rather flat trend
observed for CsH;* cross sections as a function of the collision
energy.

C. Products C3H;* (m/z 39) and CyH5* (m/z 29)

The loss of an H, molecule from the prop-1-en-2-yl cation
[CH,=CCH3]* (10a) leads to a propargyl cation [HCCCH,;]*
(11), with an energy barrier of 53.5 kcal mol™! [reaction (5f),
Scheme 2]. Although the process is practically thermoneutral
(exoergicity —0.3 kcal mol™, i.e., —=0.01 eV), it presents an
energy barrier at 5.2 kcal mol™!(0.23 eV) relative to reagents.
Incidentally we note that propargyl is one of the four known
C3H3* isomers,”®!% the most stable being the cyclopropenyl
cation c—C3H3*. However formation of the latter (structure
2a) is energetically daunting since it requires to go via an
intermediate (structure 2) having an endothermicity of 97.6
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kecal mol™, i.e., more than 4 eV (see details of our calcula-
tions in the supplementary material). Such enormous endother-
micity makes this pathway unfeasible under our experimen-
tal conditions, as well as at the low temperatures of Titan’s
atmosphere.

For the sake of completeness, pathways for the formation
of the fragment at m/z 39 (in any of its isomeric forms) in asso-
ciation with the neutral counter-fragment C,Hg have also been
searched, but none were found. Therefore, channels (5b), (5e),
and (5h) (see Table I) are not operative for the title reaction.
Channel (5¢) can also be excluded since the isomerization of
the propargyl cation [HCCCH,]" into the more stable cyclic
isomer is hampered by a barrier of 85.2 kcal mol™! (3.7 eV)
according to our calculations.

Our experimental results for C3H3" formation are com-
patible with the proposed mechanism for reaction (5f): cross
sections as a function of the photon energy (see Fig. 4) present
a step-like increase at 10.2(1) eV (i.e., about 0.3 eV higher
than threshold for the formation of the CH3* parent), followed
by the linear rise. The calculated kinetic energy barrier for Hp
loss from structure 10a (0.23 eV) is slightly lower, but any-
how compatible, with the observed experimental threshold. As
already mentioned for the [CH,CH]" channel, the observation
of constant but non-zero cross sections below the appearance
threshold is due to the mean kinetic energy of the primary
CH;* beam and its spread, which is of the same order of mag-
nitude of the energy barrier for the process (5f). The observed
change of slope in the cross section at about 11.1 eV photon
energy (i.e., about 1.2 eV higher in energy than the ionization
energy of the CH3* radical) could be related to the increase in
the mean internal energy of the CH3* cation that is observed
to start around 11.0 eV.

The mechanism bringing to the ethyl cation C;Hs* plus
propyne (13) goes from 9 via intermediate 12 and involves
complicated rearrangements as detailed in Scheme 2 and in
the supplementary material. The overall reaction (4a) has
an exoergicity of —35.7 kcal mol™! (~1.55 eV) and only
presents submerged barriers. An alternative mechanism for
the production of C;Hs* plus a different C3Hy isomer (allene,
CH,=C=CH,) as counter-fragment goes via the pathway
9 — 18 —19. The overall process (4b) is exoergic by —34.7
kcal mol™! (—1.51 eV). Due to their very similar exoergicities
and the exclusive presence of submerged barriers, channels
(4a) and (4b) are both possible under our experimental condi-
tions. Calculations compare well with the experimental find-
ings for the product at m/z 29: cross sections show a decrease
with increasing Ecys (see Figs. 2 and 5) as expected from
exothermic channels stemming from the barrierless formation
and decomposition of an addition complex between reactants.
Formation of CoHs* is a minor reaction channel, with a BR
consistently smaller [7.2 +2.0% in Trento and 6.0 + 1.0% at
Soleil with 12 eV photon energy, see Tables II and III] than the
previously described C3Hs*, despite the fact that both prod-
ucts stem from the same intermediate 9 via overall exothermic
mechanisms. Nonetheless, while the latter can form via the
direct and irreversible decomposition of 9 into 10, the for-
mer requires overcoming at least one transition state, either in
going from 9 to 18 or in going from 9 to 12, with the additional
possibility of going back easily to 9.


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024738
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SCHEME 3. Formation mechanism of C3H7*: energies are given in kcal
mol~!. The zero energy value is identified with the reactants’ energy so that
the reported energies refer to A,.Ezpg values of Table I. Numbers in bold are
labels for the different structures, as reported in Fig. 7.

D. Product C3;H;* (m/z 43)

A small amount of signal is detected, in the Trento exper-
iment, at m/z 43 (even at the lowest C4Hg pressure of 6.4
x 1077 mbar) and it is assigned as the C3H7* cation, with a
BR = 1.4(7)% (Table II). The collision energy dependence
of the cross section for m/z 43 product is quite similar to
that for m/z 41, showing a sharp decrease with increasing
Ecy. In the SOLEIL experiment, a small peak at m/z 43
is visible, when 12 eV photons are employed, with a simi-
lar BR [2.2 +1.0%, see Table III]. The C3H;* cation could
form, in association with C,H, as counter-fragment, via the
bimolecular process (8), which is exothermic by about 2 eV
if the C3H;* ion has the structure of the 2-propyl cation (see
Table I). We have explored theoretically such processes, and a
viable mechanism for channel (8) was found, as described in
Scheme 3.

The proposed mechanism entails the formation, series of
rearrangements and decomposition of the already mentioned
complex 6 between CH3* and but-2-yne, in a process that is
overall exoergic by 50 kcal mol™! (2.19 eV) and presents only
submerged barriers. Such a mechanism is consistent with the
observed collision energy dependence of the cross sections and
with the small BR observed for the C3H;" channel. In fact, the
series of 1,2 H shifts rearrangements stemming from 6 could
be responsible for the low amount of reactive flux following
the pathway 6 — 14 — 15 — 16 — 17 (see Scheme 3). On
the other hand, the absence of signal at m/z 43 in the SOLEIL
experiment at 10 eV photon energy might be ascribed to low
sensitivity since the branching ratio of this product is very
small.

VL. CONCLUSIONS

The reactivity of methyl cations (CH3*) with but-2-
yne (C4Hg) has been investigated experimentally by guided
ion beam mass spectrometric techniques using two different
setups: in the Trento experiment, methyl cations are gener-
ated, with an uncontrolled amount of internal excitation, by
electron ionization, while in the SOLEIL experiment, direct
VUV photoionization with synchrotron radiation of methyl
radicals—produced by a molecular beam pyrolysis source—is
used to produce CH3*.

Primary product channels have been identified; branch-
ing ratios have been measured, as well as absolute reactive
cross sections as a function of collision energy, in the thermal
and hyperthermal energy ranges. The experimental studies are
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combined with a synergic theoretical investigation of possible
reaction pathways, thus permitting a detailed understanding of
the reaction mechanisms.

The two most abundant channels are charge transfer
leading to the CH;CCCH3** radical cation (plus CH3®) and
hydride abstraction from but-2-yne to the methyl cation giving
C4Hs* (plus CHy). Both processes occur via a direct mecha-
nism and are exothermic and barrierless. Other channels are
initiated by the electrophilic addition of the methyl cation to
the triple bond of but-2-yne, leading to the formation of a com-
plex (structure 6) that can rearrange into two even more stable
complexes (structures 9 and 14).

The synthesis of CsH;" bears a special astrochemical
interest because it is the only product of condensation with
the formation of new C—C bonds. Hence, it can be a viable
pathway for the synthesis of complex organic species, as put
forward in the work of Ali et al.,*® where the authors pro-
pose that the reactions of methyl cations with methylacetylene
and dimethylacetylene in Titan’s upper atmosphere might be
responsible for the two couples of ions (C4H7*, C4Hs*) and
(CsHo*, CsH7*) observed in the mass spectra of Titan’s iono-
sphere from the Ion and Neutral Mass Spectrometer on board
of Cassini,2*3!

CH;* + CH;CCH — CH3C3H,* + Ho, )
CH;3" + CH3CCCH3; — CH3C3HCH3;™ +H,.  (10)

Such predictions are based on an analogy with the
bimolecular reaction of CH3* with CoH,: kinetics’2>* and
dynamics studies,” supported by ab initio calculations of
the potential energy surface,’® indicate that the formation of
Cs;H3™ (plus Hy) is the only reaction channel, and both the
cyclic and the linear C3H3™ isomers are generated in the uni-
molecular decomposition of the short-lived collision complex
C3Hs*. However it should be noted that in the CoH, case,
both the charge exchange and the hydride abstraction reac-
tions (leading to C;H,* and CoHY, respectively) are strongly
endothermic (by about 1.56 eV and 1.9 eV, respectively), hence
“complex-forming” is the only viable reaction channel at low
collision energies. When moving from C,H; to CH3CCH
and CH3CCCH3;, hydride abstraction and charge exchange
reactions'?! become energetically possible and, since they
are driven by long-range interactions, their occurrence draws
reactive flux from the complex-mediated mechanism, thus
decreasing the probability of reactions (9) and (10). Our study
demonstrates that this is indeed the case for but-2-yne, for
which production of CsH7* (plus Hy) is a minor channel hav-
ing a BR < 2%. Another idea that is put forward in the work
of Ali er al.*® concerns the structures of the C4Hs* and CsH;*
species emerging from reactions (9) and (10). The authors’
assumption that the potential energy characteristics of the sys-
tem CH3* + CH3CCCHj should be similar to those for the
CH3* + C,H; system (for which experiments show that with
decreased reagents relative collision energy, the formation of
the cyclopropenyl cation is favored with respect to the lin-
ear [CH,CCH]" isomer>>) led them to speculate that although
both linear [C(CH3),CCH]* and cyclic CH3;C3HCH3* iso-
mers are accessible, the product branching ratios of cyclic to
linear structures are strongly temperature dependent. Hence,
as the temperature of the reactive system decreases down to



154302-13 Cernuto et al.

the expected temperatures of Titan’s atmospheres or interstel-
lar clouds, the kinetics of formation of the cyclic isomer is
dominant. For the CH3* + C,H; system, calculations from
the work of Lopes et al>® show that the cyclic isomer is
approximately 27.4 kcal mol~! more stable than the linear
propargyl cation, and the barrier to the formation of c—C3;H3*
(plus Hy) is 45 kcal mol~! below the energy of the reactants,
while the corresponding barrier for the formation of the lin-
ear one [CH,CCH]* (plus Hj) is only 24 kcal mol~! below
the energy of the reactants. Our calculations for the CH;*
+ CH3CCCHj3 system indicate that the cyclic dimethyl deriva-
tive is similarly more stable than the linear [C(CH3),CCH]*
one (by approximately 23.7 kcal mol™!). However, the energy
barriers for the formation of cyclic and linear species from
structure 6 differ only by approximately 4.1 kcal mol™!, with
the cyclic isomer having the smaller barrier. On such a basis,
we do not expect a strong preference for the formation of
the cyclic isomer when the title reaction is occurring at low
temperatures.

Our joint experimental and theoretical study describes for
the first time the reaction of methyl cations with dimethyl
substituted acetylene, with a complete understanding of the
reaction mechanisms. They might contribute to improving
models of hydrocarbon growth in gaseous environments fed
by high energy sources, such as terrestrial and planetary iono-
spheres, cometary comae, the interstellar medium, as well
as combustion systems and plasma setups for technological
applications.

SUPPLEMENTARY MATERIAL

See supplementary material for the following: I. Correc-
tions to BRs for secondary reactions. II. Comparison between
geometries optimized with M06-2X/CC-pvTZ and CCSD/CC-
pvtz methods. III. Additional product pathways for CzHs*
isomers. IV. Details on the CoHs* production pathways. V.
Geometries (Cartesian coordinates) and energetics of the opti-
mized structures for reagents, products, intermediates, and
transition states.
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