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ABSTRACT

Ion-neutral chemical reactions are important in several areas of chemistry, including in some regions of the interstellar medium, planetary
atmospheres, and comets. Reactions of CCl" with C;H, are measured, and the main products include C;H," and C3H™, both relevant in
extraterrestrial environments. Accurate branching ratios are obtained, which favor the formation of C3 H," over C3H* by a factor of four. The
measured rate constants are on the order of Langevin, and complementary electronic structure calculations are used to aid in the interpretation

of experimental results.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008656

I. INTRODUCTION

Chlorine containing compounds have been found to exist in
extraterrestrial environments including the dense and diffuse clouds
of the interstellar medium (ISM).'” Interest in chlorine chemistry in
these environments was initially fueled by detection of HCI, HCIY,
and H,Cl" in these areas.' ® However, these small molecules are
acknowledged to account for only a minor fraction of the overall
chlorine abundance.”'' More recently, CH3Cl was detected toward
the low mass protostar IRAS 16293-2422 and comet Churyumov-
Gerasimento.” Organohalogens, including CF*, have been detected
in these remote environments, but their overall chemical roles are
not completely understood. A possible reservoir containing both
carbon and chlorine is the carbon monochloride cation (CCI* shown
in Fig. 1). CCI" has been proposed as an intermediate in the over-
all chlorine cycle in diffuse clouds, although its overall abundance
is not known. The major predicted pathways to CCI" formation
are through reactions of C* with HCI and H,CL*>'*"" Previous
kinetic measurements, mainly using ion cyclotron resonance (ICR)
spectrometry and selected ion flow tube (SIFT) techniques, found
CCI" to be stable and non-reactive.””'® Products were observed
for reactions with NHs, H,CO, CH;Cl, CHCl;, CCly, CHCL,F, and
CHCIF,.*”"* However, with NO, Hy, CHy, N3, O, CO, and CO», no
reactions were observed.””'® Although only a few reactions with rel-
evant interstellar species have been measured, it is conceivable that
CCI" could undergo reactive collisions with varying neutrals, such

as acetylene (CH; shown in Fig. 1; previously detected and thought
to be abundant).'” > Reactions of CCI" with neutral carbonaceous
species would likely produce larger carbocation species.

Simple carbonaceous species like C;H,, ¢-CsH,", and I-CsH*
(observed cationic reaction products) have long been speculated to
be present in the ISM. Recently, I-C3H"' was detected toward dark
nebula in Orion and confirmed with laboratory spectroscopic mea-
surements.”* >’ The role of C3H," in these environments is less cer-
tain. Both neutral [-C3H; and ¢-C3;H; have been detected toward
dark clouds in the interstellar medium by their radioemission lines.”’
¢-C3H,, in particular, has been detected in diffuse clouds, where ion-
izing radiation is more prevalent, and the role of its cation has been
speculated as its probable precursor. Insight into additional forma-
tion pathways of these fundamental carbocations could prove useful
for refining chemical models that rely on energetic and electronic
information.

Understanding the details of these and other ion-neutral chem-
ical reactions benefits from studies at low temperatures and is
beginning to be explored using new experimental techniques. In
particular, trapped Coulomb crystals have become increasingly pop-
ular as a way of studying cold ion-neutral chemical reactions.” *’
Here, the reactant ion is sympathetically cooled to low translational
temperatures by elastic collisions with co-trapped laser-cooled cal-
cium ions. This technique allows for controlled interrogation of cold
ion-neutral reactions at low pressures and temperatures over long
timescales.
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FIG. 1. Ground-state structures of CCI* and C,H,.

To characterize the CCI" cation and its reactivity in remote
environments, we have measured the reactive pathways of gas-phase
CCl" with C,H, in a linear Paul ion trap coupled to a time-of-
flight mass spectrometer (TOF-MS). The coupled ion trap enables
co-trapping of sympathetically cooled CCl" with laser cooled Ca.
This creates a controlled environment to study reactions with C,H,
that may be present in some areas of the ISM, planetary atmospheres,
or comets. The reaction of CCl"+C,H, leads to a possible path-
way to the formation of ¢c-C3H," and I-C3H" and to a measurement
of the branching ratio of these two products. Complementary elec-
tronic structure calculations are used to aid in the discussion of the
experimental results.

Il. EXPERIMENTAL METHODS

Kinetic data for the reaction of CCl"+ C,H, were recorded
at different interaction time steps by monitoring the masses of all
ions present in a custom built linear Paul ion trap radially cou-
pled to a TOF-MS. Details of the apparatus have been described
previously,”"”"" and only a brief outline is presented here. CCI"
was formed through non-resonant multiphoton ionization of tetra-
chloroethylene (TCE, C,Cls). Vapor from TCE was seeded in a
pulsed supersonic expansion of helium gas (3% TCE in ~1000 Torr
He). The skimmed molecular beam was overlapped with 216 nm
photons from a frequency-doubled, 10 Hz pulsed dye laser (LIOP-
TEC LiopStar; 10 ns pulse, 100 yJ/pulse) in the center of the ion
trap forming C°Cl*, CCl*, C,*, CH", *CI*, and Y CI*. Radio
frequency (RF) secular excitation of contaminant ion masses was
used to eject all cation species from the trap except C**CI* cations
(subsequently denoted as CCI*). Next, calcium was added to the
chamber via effusive beam from a resistively heated oven and non-
resonantly photoionized with 355 nm light from the third harmonic
of a Nd:YAG laser (Minilite, 10 Hz, 7 mJ/pulse). Trapped calcium
ions were Doppler laser cooled with two external cavity diode lasers
(ECDLs) forming a Coulomb crystal composed of Ca™ and a pure
sample of CCl". Both ECDLs were fiber-coupled with one tuned
to the 251/2—2P1/2 transition of Ca* (397 nm; New Focus, 3.5 mW,
600 ym beam diameter) and the other to re-pump Ca* ions back
into the cooling cycle on the 2P,»-2D3); transition (866 nm; New
Focus, 9 mW, 600 ym beam diameter). Both laser frequencies were
measured and locked using a wavemeter (HighFinesse/Angstrom
WSU-30).

Upon formation of a mixed-species Coulomb crystal, the RF
trapping amplitude was dropped to allow any ions in metastable
higher angular-momentum orbits to escape from the trap. This
was repeated three times, leaving only cold Ca® and sympathet-
ically cooled CCI*. During the course of each experimental run,
trapped Ca' ions were monitored continuously via their fluores-
cence using an intensified CCD camera. CCl" and other product ions
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FIG. 2. Measured ion numbers of CCI* (blue crosses), C3H* (green circles), C3Hy*
(black squares), and CsHy* (x = 2, 3, and higher; red asterisks) as a function of
time. Data are normalized by the initial ion number of CCI* (~100). Each data
point represents the mean and standard error from four experimental runs per
time point. The averaged data are fit using a pseudo-first order reaction rate model
(solid lines).

do not fluoresce and were not directly seen in the images, but rather
were inferred due to changes in the shape of the Coulomb crystal.
Non-fluorescing ions were detected and quantified by ejecting the
trapped species into a TOF-MS, which enabled unambiguous deter-
mination of the chemical formula based on the ion mass-to-charge
ratio (m/z).

In a typical experimental run, ~100 CCl* ions (m/z 47) were
loaded and sympathetically cooled by ~800 Ca™ ions (m/z 40). Once
the mixed Coulomb crystal was formed, neutral C,H, (~4.7% in Ar
at 298 K) was leaked into the vacuum system containing the trap at
a constant pressure of ~5(3) x 10~ Torr, measured using a Bayard-
Alpert ion gauge, via a pulsed leak valve scheme.” The gas pulse
duration was one of multiple neutral gas exposure time steps (0 s,
5s5,105s,20s,40s, 80 s, 160 s, and 260 s). At the end of each time
step, a mass spectrum was measured, and ion numbers for each mass
channel were recorded. An experimental run for every time step
was repeated four times, and the number of ions from each mass
channel of interest was averaged at each time step. Each mass chan-
nel of interest was normalized by the initial number of CCl" ions,
and the average normalized ion numbers and standard error of the
mean are plotted as a function of the different time steps as shown
in Fig. 2.

lll. COMPUTATIONAL METHODS

Structures, vibrational frequencies, and relaxed potential
energy scans for CCl*+ C,H, were determined using the MO06-
2X/aug-cc-pVTZ level of theory. Potential energy surfaces were
scanned along bond lengths, rotations, and angles to identify min-
ima and saddle points. The M06-2X stationary points were used for
coupled-cluster singles doubles (CCSD)/aug-cc-pVTZ calculations
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of structures and harmonic vibrational frequencies. The optimized
structures were then used for single point energy calculations at the
CCSD(T) level of theory with extrapolation to the complete basis
set (CBS) limit using the aug-cc-pVXZ (X = T, Q) basis sets.” *
The energies were corrected for vibrational zero-point energy from
the CCSD/aug-cc-pVTZ level of theory. Energies extrapolated to
the CBS limit should account for possible basis set superposition
errors. Structures for CCl" and C,H, are shown in Fig. 1, with
further geometric parameters and calculated harmonic vibrational
frequencies (CCSD/aug-cc-pVTZ) provided in the supplementary
material.

Other computational studies on CCl" itself recommend using
multireference methods.” *’ The computational cost of using mul-
tireference methods for the larger potential energy surface would
be prohibitive, and therefore, we use the CCSD/aug-cc-pVTZ level
of theory, which gives reasonable agreement with previously pub-
lished computational and experimental data for CCl* and C;H; sep-
arately.”” "’ Reported CCSD(T)/CBS//CCSD/aug-cc-pVTZ energies
should be accurate to within 0.04 eV. Computations were compared
to previous theoretical work and experimental data where available
for the reactants and products in order to determine the best level
of theory for accurate energetics. Density functional theory (DFT)
and CCSD calculations were performed using both Gaussian 16 and
Psi4 (version 1.3.2) computational packages.””” Relaxed potential
energy scans for the complexes at the M06-2X/aug-cc-pVTZ level of
theory were undertaken using Gaussian 16.

IV. RESULTS AND DISCUSSION
A. CCI"+C,H, reaction measurements

Using room temperature (298 K) C,H», the average colli-
sion energy with translationally cold (~ 10 K) CCI" is 17 meV
(~ 197 K). The excess collision energy should not be a sig-
nificant source of energy to the reactions as the predicted
products ¢-C3H," +Cl and I-C;H'+HCl are —0.15 eV and
-0.07 eV exothermic, respectively [Egs. (1) and (3)] based on
CCSD(T)/CBS//CCSD/aug-cc-pVTZ level calculations,

CCl" + C;Hy — ¢-C3H, " +Cl  AE = —0.15eV, 1)
CCl" + C;H, — I-C3H," +Cl - AE =0.08eV, )
CCl" + C;H; — I-C3H" + HCl  AE = -0.07 V. (3)

Several other product channels were explored theoretically,
however, their endothermicities were significantly greater than the
calculated average collision energy (greater than 1 eV above the
reactant energies), and therefore, disqualified from the discussion
of products. In addition, the I-C3H," isomer could possibly con-
tribute to the m/z 38 signal, however, the pathway is endothermic by
about 0.08 eV, making it unlikely to be formed [see Eq. (2) discussed
further in Sec. IV B 1].

As shown in Fig. 2, the initial ionic products that are formed
as CCI" reacts away are indeed C3H" and C3H," (m/z 37 and 38,
respectively). At about 40 s, the rates into the primary product CsH*
and C3H," species are overtaken by the rates of these primary prod-
ucts reacting with the excess C,H, present. This is illustrated by
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the turning over of the two corresponding curves (green and black
traces) and growth of the secondary products of larger carbona-
ceous species (red trace), mainly comprising Cs H," and CsH;3". The
red trace plotted in Fig. 2 includes all mass channels above m/z 61,
which should account for any secondary and tertiary (or larger) reac-
tion products. Additions of C,H, to C3;H" (x = 1, 2) have been
characterized previously and are not modeled computationally.”
Experimental reaction rates are determined by fitting the reac-
tion data, as shown in Fig. 2, to a pseudo-first-order reaction rate
model; the fits are represented by solid lines. For the formation of
primary and secondary products, the model is explicitly defined as

d[CT(tT] = —(ks7 + ksg)[CCI*], 4)
‘ﬂ%fr] - k37 [CCI'] = ksy 63[CoH ], (5)
"[C;i‘f” — kss[CCI] = ks ca[CaHL T, (6)

d[czilt{” = ka7 63[C3H"] + k3g 63[CsH2 "], (7)

where the product ions of C3H" (m/z 37), CsHy" (m/z 38), and
CsHy' (x=2,3,and higher; m/z > 62) at time t are normalized with
respect to the number of CCl* (~100) ions at ¢ = 0. Rate constants are
estimated using the measured concentration of neutral C;H, ~ 5(1)
x 10® cm?. Tt should be noted that the uncertainty quoted here s sta-
tistical. There is larger systematic uncertainty introduced by using an
ion gauge in the 10~ '° Torr regime. The resulting reaction rates and
rate constants are given in Table I. These calculated rate constants
are on the order of the rate calculated using Langevin collision the-
ory, 1.1 x 10~° cm® s™'. The experimentally measured rate constant
for CCI" reaction is still at least five times higher than that predicted
by Langevin. It is possible that this reaction is not fully described
using Langevin collision theory, but it is more likely that this dis-
crepancy is due to the systematic inaccuracy of measuring neutral
gas pressure using a hot cathode ion gauge around 10™'° Torr.”
Even with this discrepancy, the measured relative rates for forma-
tion of C3H," and CsH" can still be used to determine an accurate
branching ratio.

From the calculated rate constants, the branching ratio between
the two primary products is determined to be about 4:1, with the CI

TABLE |. Results from the fits to the pseudo-first order reaction rate models for
the formation of primary and secondary products from the reaction of CCI* + C,H,.
Incluged asre the rate constants for the single pressure measurement of C,Hy ~ 5(1)
x 10° cm®.

Species m/z k(™ k/(C3H,) (em® s7h)
C;H* 37 0.5(3) x 107 0.9(5) x107°
CsH,* 38 2.0(3) x 1072 4(1)x107°
CsH™ 62 (and larger) 4(1)x107? 6(2)x107°

*Formation of CsHy " and higher order products from both C3H," and C;H".
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loss product channel (formation of C3H, ") favored over the HCl loss
product channel (formation of C;H").

Further confirmation of the primary and secondary products
was obtained by reaction of CCl* with deuterated acetylene (C;Dy),
where the product masses shifted to m/z 38 for C;D* and m/z 40
for C3D," as expected. Additionally, for both reactions with C;H,
and C,D», the total ion numbers as a function of trap time were
monitored to ensure conservation of trapped ions. These data are
included in the supplementary material.

B. Modeling the CCI* + C;H; reaction

In order to determine the relative energetics of the different
pathways, an abridged potential energy surface of the CCI" + C,H,
reaction was explored; the key features of one possible reaction
scheme that leads to the preferable primary products (C3H," and
C3;H") are shown in Fig. 3. Starting from the two reactants, at
varying approaches, an intermediate complex can be exothermi-
cally formed, which should have excess internal energy [equilib-
rium structure is shown, 4.73 eV [CCSD(T)/CBS]]. Excess internal
energy in the intermediate complex may be deposited into its vibra-
tional modes, eventually leading to either Cl loss, through a barrier-
less dissociation, or HCI loss, which requires some rearrangement.
Both channels are discussed in detail below. Geometric parame-
ters (CCSD/aug-cc-pVTZ) and energies [CCSD(T)//CCSD/aug-cc-
pVTZ] of each stationary point are given in the supplementary
material.

1. Cl loss

One possible pathway, in which the reaction of CCl" + C;H,
proceeds, is through a low energy, though highly excited intermedi-
ate complex (equilibrium structure is shown as [2] in Fig. 3), which

relative energy / eV

5l -473

FIG. 3. The main features of the potential energy surface for one plausible reac-
tion pathway of CCI* + C,H, calculated at the CCSD(T)/CBS//CCSD/aug-cc-pVTZ
level of theory. The favored Cl loss product, dissociates without a barrier, forming
c-C3H,* +Cl [8]. The HCl loss channel leading to I-C3H* + HCI [7] involves a few
stationary points with lower energies than the dissociation limit of —0.1 eV. Here,
the bare “+” indicates infinite separation.

ARTICLE scitation.orgljournall/jcp

then leads to a barrierless dissociation into the favored products,
c-CsH," +Cl, residing ~0.15 eV below the reactants. The c-CsHy™"
isomer is favored over the I-CsH," isomer by about 0.23 eV [22
kJ/mol; CCSD(T)/CBS//CCSD/aug-cc-pVTZ], and the barrier to
rearrangement from linear to cyclic has been calculated in previ-
ous studies to be between 1.62 eV and 1.75 €V.”” Indeed, it may be
possible that both isomers are present, however, as noted above in
Eq. (2), the I-C3H," +Cl products are slightly endothermic, by about
0.08 eV, making I-CsH, " unlikely to be formed. We assume the reac-
tants have internal rotational energy corresponding to room temper-
ature. A Boltzmann distribution at 300 K thus predicts ~11% of reac-
tants have enough total energy to form I-C3H,". This pathway was
not explicitly pursued in the current computational study. Future
computational efforts could be invested in modeling this pathway,
and possible future experimental work could focus on differentiat-
ing the potential isomers in each mass channel possibly using spec-
troscopic techniques. This would aid in further understanding the
potential energy landscape of this reaction. Such investigations are
beyond the scope of this work.

2. HCI loss

The other primary product channel observed in the reaction
of CCI* + C,H,; is the formation of C3;H* through HCI loss. Here,
I-C3H" is the only low energy isomer considered. This pathway
goes through the same cyclic intermediate as the Cl loss channel
([2] in Fig. 3). From the cyclic structure, several rearrangements
are required before eventually losing neutral HCI from I-C;H'. A
few shallow minima were found where the HCI moiety rearranges
along the conjugated pi-system of I-C3H"; the lowest energy isomer
is shown ([6] in Fig. 3). The structures and energies of these different
isomers are given in the supplementary material.

The experimentally observed branching ratio favors ¢-CsH,"
over [-C3H' by about a factor of four. In the absence of Rice-
Ramsperger-Kassel-Marcus (RRKM) theory/master equation sim-
ulations, it is difficult to probe the potential energy surface bar-
riers and their possible contribution to this observed branching
ratio between the two primary product channels. The comparison
is supported by the increased number of steps required for the HCI
loss channel compared to the Cl loss channel. It should be noted
that the barrier height of the H abstraction before HCI loss ([3] in
Fig. 3) is variable based on the level of theory employed, with the
CCSD(T)/CBS level giving the largest barrier. The uncertainty in the
level of theory (0.04 eV) could push this barrier slightly endothermic,
which would further kinetically favor the Cl loss channel.

V. CONCLUSIONS

The reaction of C;H, with sympathetically cooled CCI" was
examined using a linear Paul ion trap coupled to a TOF-MS.
Although CCI* has been previously predicted to be non-reactive,
it is clear that collisions with C,H; result in either Cl or HCI loss.
The primary products formed from these two loss channels are the
astrochemically relevant c-C3H,"* (with possibly some contribution
of I-C3H,") and I-CsH", respectively. The rate constants measured
for the formation of the two primary products are on the order of
those predicted through Langevin modeling. Furthermore, the Cl
loss channel, occurring through a barrierless dissociation pathway, is
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favored by a factor of four compared to the HCl loss channel, which
requires several rearrangements before losing HCI.

The theoretical work presented in this study would benefit
from further exploration at a higher level of theory, possibly with
multireference methods to characterize CCl" and its initial com-
plexation with C;H,. In addition, kinetic modeling, possibly using
RRKM theory, would be beneficial for a comprehensive comparison
to experimentally measured branching ratios.

In the future work, we plan to explore further the reactivity
of CCI* with other astrochemically relevant neutrals. In addition,
a natural extension to this work would be to study similar reac-
tions of CCl" with more control over the neutral reactant, using
state-selected neutral molecules from a traveling wave Stark decel-
erator.””"" This will allow further study of ion-neutral reactions in
low temperature regimes, where the internal quantum states and
external motion can be controlled with high precision.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: (i) reaction
curves from reactions of CCl* + acetylene (C2H;) and CCl" + deuter-
ated acetylene (C;D;); (ii) measured total ion numbers (a sum of
all detected ion channels in a given TOF-MS trace) for each reac-
tion; (iii) full calculated potential energy surface at the CCSD/aug-
cc-pVTZ level of theory with additional structural and energetic
information provided for each stationary point.
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