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ABSTRACT: Coulomb crystals provide a unique environment in which
to study ion-neutral gas-phase reactions. In these cold, trapped
ensembles, we are able to study the kinetics and dynamics of small
molecular systems. These measurements have connections to chemistry
in the Interstellar Medium (ISM) and planetary atmospheres. This
Feature Article will describe recent work in our laboratory that uses
Coulomb crystals to study translationally cold, ion-neutral reactions. We
provide a description of how the various affordances of our experimental
system allow for detailed studies of the reaction mechanisms and the
corresponding products. In particular, we will describe quantum-state
resolved reactions, isomer-dependent reactions, and reactions with a
rarely studied, astrophysically relevant ion, CCl+.

■ INTRODUCTION
Recent developments in atomic and molecular physics have
rapidly expanded the tools available to manipulate and detect
molecules. This has presented excellent opportunities to probe
the underlying mechanisms of chemical reactions and to apply
the knowledge gained to relevant contexts. Ion-neutral, gas-
phase chemical reactions are a particularly interesting class of
reactions to study; they can be used to understand the
fundamental reaction mechanisms in charged systems as well
as contribute to the understanding of important chemical
environments, such as the Interstellar Medium (ISM).
Historically, understanding the astrophysical environment

has inspired substantial ion-neutral reaction research, from
laboratory measurements to astronomical observations to
computational modeling of this complex space. The complexity
and diversity of the chemical composition of the ISM poses a
scientific challenge, with at least two hundred unique
molecules that have been found in the ISM.1−5 Modeling the
numerous, interconnected reactions that contribute to the
current composition of these regions of space is a complicated
task, and requires extensive knowledge of the identity, density,
and reaction rates of the molecular constituents of the ISM at
the relevant temperatures.6−9 Among the pertinent classes of
reactions, ion-neutral interactions play an important role. Ion-
neutral reactions often have low or no reaction barriers and are
therefore associated with fast reaction rates (≥10−11 cm3 s−1).
This high reactivity, together with many detected ions and
established ionization sources in space, suggests ion-neutral
reactions play an important role on determining the present
composition of the ISM.10−12

The significance of ion-neutral reactions has motivated
substantial theoretical efforts.13 Capture models have been
largely successful in predicting the kinetic trends of ion-neutral
reactions. These models assume an ion-neutral reaction is
dominated by long-range forces and predict rates by estimating
the likelihood that a pair of reactants form an adduct.
Langevin’s reaction rate theory is particularly famous, as it
predicts a temperature-independent reaction rate between ions
and neutrals that is determined by the neutral molecule’s
polarizability.14 Work from Su, Bowers, Chesnavich, and others
extended this theory to reflect that long-range effects,
particularly the neutral-molecule dipole moment, enhance
the likelihood of capture. This leads to an ion-neutral reaction
rate with temperature dependence for many systems.15,16

Similar approaches have been taken in assessing reactions from
a quantum-mechanical perspective, especially including effects
of the neutral-molecule rotation. This has been particularly
necessary, as pioneering tools have enabled reactions at
progressively lower energies. Examples of such theory include
adiabatic capture centrifugal sudden approximation
(ACCSA)17 and statistical adiabatic channel model
(SACM).18 Such theoretical advances have contributed to
our ability to predict the reaction kinetics. These kinetic
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theories of ion-neutral reactions aid tremendously in ISM
modeling, but they are strongest when used in conjunction
with experimental investigations.7

The collaborative relationship of theory and experiment is
perhaps even more evident in foundational explorations of the
reaction dynamics. Product branching and reaction mecha-
nisms can elucidate fundamental principles and parameters
involved in reaction dynamics.19,20 To probe these underlying
mechanisms, experiments with extensive control of reactant
properties and the detection of product characteristics can be
very beneficial. One notable frontier for such investigations is
the boundary between reactions that can be treated as classical
or quantum mechanical.21−23 As such, a recent direction of the
field has been to study this dichotomy of regimes by
controlling and reducing the collision energy, while another
focus has been to study chemical reactivity across isomers,
conformers, and isotopologues. These avenues of inquiry
require fine control over the reactants, detection of the
products, and extensive theoretical work to understand and
analyze the underlying mechanisms.
The experimental realization of ion-neutral reactions has

been achieved with many types of experimental setups, each
with different advantages and limitations.21−23 A few
historically prominent experimental apparatuses include:
selected ion-flow tubes;24−26 uniform supersonic flows
(CRESU);27,28 crossed-beam methods paired with velocity-
mapped imaging;29,30 and Rydberg−Stark deceleration com-
bined with merged beam methods;31−33 as well as trap-based
methods.34−36 Some groups, including ours, utilize radio-
frequency (RF) traps to study ion-neutral chemical dynamics
with Coulomb crystals. The term “Coulomb crystal” refers to
the 3D order that can be achieved by ensembles of cold,
trapped ions. Such an environment allows us to have precise
control over the interactions and to elucidate a new level of
understanding of ion−molecule reactions.
This Feature Article will discuss our own work with cold,

gas-phase ion-neutral chemical reactions in the environment of
Coulomb crystals. We provide a brief overview of our
experimental apparatus, highlighting specific features that
enable investigations of chemical dynamics. In particular, we
discuss Doppler-laser cooling and the opportunities it provides
for quantum-state resolved reactions, describe our high-
resolution time-of-flight mass spectrometer and the isotopo-
logue tagging it enables, and present the use of selective RF
excitations and how we utilized them to trap a unique reactant
ion that is difficult to isolate and critical to study.

■ COULOMB CRYSTALS FOR CHEMISTRY
Before discussing our own work with cold, ion-neutral
chemical reactions, we provide a brief overview of a selection
of previous studies of reactions in Coulomb crystals. While this
discussion is not exhaustive and is not intended as a review, it
is important to illustrate the diversity and versatility of this
experimental design and highlight the excellent progress that
has been achieved by the field. The formation of Coulomb
crystals relies on laser cooling of an atomic species. Alkaline
earth metal ions are a natural choice for laser cooling as there
are relatively simple cooling schemes and readily available
lasers for these atoms. Doppler laser cooling can cool such ions
to mK temperatures; cotrapped ions that are not directly laser
cooled can also reach sub-Kelvin translational temperatures
due to the Coulomb forces between ions in the trap.37−40

Cold, trapped ions at these temperatures form an ordered

crystallike, ellipsoidal structure. An image of a cross-sectional
slice of an ellipsoidal crystal is shown in Figure 1, where

individual ion sites can be viewed by the fluorescence emitted
from the ions. Note that sympathetic cooling allows for only
translation cooling of cotrapped molecules, not cooling of
internal degrees-of-freedom. Electronic and vibrational states
can be allowed to relax in a typical reaction experiment as they
are relatively short-lived compared to the lifetime of ions in the
trap. However, rotational states are often pumped by
blackbody radiation of the room-temperature UHV chamber
walls. When these crystals are formed in dynamic RF traps and
ultra high vacuum (UHV) environments, ion ensembles can be
stable for hours and provide abundant opportunities to
manipulate and probe the system, including studying ion-
neutral, gas-phase reactions.41−45

In one such set of studies of crystals, reactions have
demonstrated isotope-specific dynamics. An early example of
such an investigation is that of laser-cooled Mg+ reacted with
HD, demonstrating a branching ratio of MgD+ to MgH+ of 5
to 1.46 A more recent paper reported an inverse kinetic isotope
effect (in which reactions with the deuterated neutral are
significantly faster than those with the hydrogenated neutral)
for ammonia reacting with rare gas ions Xe+, Kr+, and Ar+.47,48

A small inverse KIE was also observed in a merged-beam
reaction of Rydberg−Stark decelerated He+ with both
isotopologues of ammonia. This study demonstrated a faster
reaction of He+ + ND3 over He+ + NH3.

49 Such isotope effects
are unexplained by classical kinetic reaction rate theories,
which predict slightly slower reactions in the deuterated case.
These inverse cases may be particularly relevant to under-
standing the greater presence of deuterated molecules in the
ISM than is expected from the relative abundances of hydrogen
and deuterium (a phenomenon referred to as deuterium
fractionation).50

Studies have also demonstrated that chemical dynamics can
be fundamentally influenced by the structural and spatial
isomers of the reaction participants. One example from our
group is the reaction of C2H2

+ + C3 H4, which is dominated by
long-range charge transfer for the allene isomer of C3 H4, but is

Figure 1. False-color images of the fluorescence from two Coulomb
crystals, one of pure laser-cooled calcium ions (left), and the other
with cotrapped, sympathetically cooled acetylene ions (right). The
acetylene ions are trapped near the center and, because they do not
fluoresce, are seen as a dark core in the crystal. These images are taken
by an intensified CCD camera using a microscope objective
positioned above the RF trap.
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influenced by short-range effects for propyne.51,52 This
example will be discussed in depth later in this article. Another
example of isomer-resolved chemistry includes the work of
Yang et. al, in which trapped C+ was reacted with water from a
cryogenic buffer-gas beam to form HCO+ and HOC+ at cold
(∼20 K) temperatures.53 The branching ratio of these two
product isomers was determined by a second (“titration”)
reaction with neutral nitrogen gas, as HOC+ reacts to form
N2H+, while HCO+ does not. This reaction demonstrated an
important formation mechanism for HOC+ in an interstellar
medium.
Another class of isomers with chemical ramifications are

stereoisomers, which have the same molecular connectivity but
are distinguished by different spatial arrangement. While
traditionally difficult to isolate, recent work has succeeded in
using highly inhomogeneous electric fields to differentially
deflect the stereoisomers of two molecules, dibromobutadiene
and 3-aminophenol, by their dipole moments, such that
reaction rates can be measured as a function of the relative
population of the two isomers.54,55 Recent studies have
demonstrated an enhanced reaction rate in the isomer with
the higher dipole moment; theoretical modeling of the reaction
attributed this effect to stronger suppression of the centrifugal
barrier and, thus, greater likelihood of capture for the isomer
with the larger dipole moment. Trapping and sympathetic
cooling of individual conformers in a Coulomb crystal has also
been recently achieved.56 Studies of reaction dynamics with
control over isomeric and isotopic variables in Coulomb crystal
environments have proven productive and continue to be an
avenue of interest.
Efforts to tune the energy of the neutral reactant in

Coulomb crystal studies have been fruitful, as well. With the
use of quadrupole guides, several molecules with large Stark
shifts have been filtered to lower velocities. This “Stark
filtering” has been demonstrated for many molecules, the most
common examples of which are CH3F, ND3 and CH3CN.

57−59

A recent application of this method was demonstrated by
Okada et al. in a reaction between cold, trapped Ne+ and
velocity-filtered CH3CN. The reaction demonstrated an
increasing reaction rate with decreasing collision energy over
20 K ≥ T ≥ 5 K (where T = E/kB, E is energy, kB is
Boltzmann’s constant).60

Some methods have further exhibited control over the
quantum state of the neutral reactant with the combination of
an ion trap with a magneto-optical trap (MOT).61 One such
MOT-ion hybrid trap demonstrated a “blockading effect”
whereby the radiative lifetime of an excited state of a reactant is
comparable to the reaction complex lifetime and influences the
reaction dynamics. Puri et al. studied the Ca + BaCl+ reaction
over 15 K ≥ T ≥ 0.2 K and demonstrated the suppression of
the reaction rate at low energies due to the short lifetime of the
Ca excited state.62 Likewise, the quantum state of the ion can
also be manipulated for reactivity studies by utilizing the laser-
cooling cycle required to form Coulomb crystals.57,63−65 This
method will be discussed in more detail later in this article with
an emphasis on our own investigations of the electronic-state-
dependent reaction of Ca+ with NO.

■ A LIT-TOFMS FOR ISM AND FUNDAMENTAL
CHEMISTRY INVESTIGATIONS

A rendering of our experimental apparatus used for gas-phase
reactions of cold, trapped ions with neutral molecules is shown
in Figure 2. This system is under ultra high vacuum (UHV),

with pressures on the order of ∼10−10 Torr. At the center of
this experiment is a linear Paul ion trap, which dynamically
traps ions with a trapping frequency of 3.555 MHz and a
typical magnitude of 300 Vpp. As previously mentioned,
ensembles of laser-cooled calcium ions in this environment
achieve low temperatures and form Coulomb crystals. While
the oscillating RF fields cause “micromotion heating” to
energies equivalent to ≤10 K, the average motion is very small,
resulting in “secular temperatures” in the millikelvin regime.
Reactant ions other than calcium can also be cotrapped and
sympathetically cooled within this Coulomb crystal environ-
ment, such that reactions with any trapped ion species can
occur at translationally cold temperatures.
Several of the components labeled in Figure 2 are used for

loading ions into the trap. A calcium oven serves as an effusive
source of calcium. During loading, a shutter is opened to allow
calcium through a skimmer to the trap center, where the
calcium crosses paths with the ionization laser (tripled
Nd:YAG, 355 nm) in the center of the trap. The trapped
Ca+ ions are cooled by two diode lasers on the Ca+ cooling 397
nm transition, with a 866 nm laser for repumping from the
dark D3/2 state.
In some cases, Ca+ itself serves as the ionic reactant. Other

reactions involve noncalcium “dark” ions coloaded into the
crystal. These dark ions are loaded by seeding a molecule
precursor into a rare gas to produce a cold, skimmed,
molecular beam using the piezoelectric valve and skimmer
shown in Figure 2. The precursor is multiphoton ionized with
ultraviolet (UV) light from a frequency-doubled pulsed dye
laser. In some cases, resonant ionization of the precursor leads
to relatively pure samples of the reactant ion in the trap. In
other cases, the trap contents needed to be filtered or cleaned.
Cleaning of the trap is achieved by taking advantage of the
secular frequencies that are unique to each m/z ratio of ions in
the trap, which can be ejected with dipolar66 or quadrupolar67

excitations. Quadrupolar excitations (also called parametric
excitation) modulate the depth of the trap at the secular

Figure 2. Schematic rendering of the LIT-TOFMS used for ion-
neutral reactions. Calcium ions are loaded from a effusive calcium
oven source crossed with a tripled Nd:YAG at 355 nm. Reactant ions
are loaded by photoionization of a skimmed molecular beam by the
output of a frequency-doubled pulsed dye laser. Ions can be observed
by fluorescence of the laser-cooled calcium and counted with time-of-
flight mass spectrometry. The microscope objective and pulsed leak
valve are the only parts in the diagram outside of the UHV vacuum
chamber. Adapted with permission from Schmid et al.51 Copyright
2020 PCCP Owner Societies.
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frequency of the contaminant ion and are particularly effective
at cleaning our trap.
Reactions begin after a cold, clean sample of reactant ions

and Ca+ are loaded, and a Coulomb crystal is formed. The t =
0 start of the reaction is defined by the opening of the leak
valve that introduces ∼10−9 Torr of gas through a variable leak
valve backed by a three-way valve. This allows for very fast
(about a second) opening and closing as well as excellent
reproducibility in the gas pressure during each exposure to
neutral gas. The gas introduced is usually a ∼5−15% mixture
of the reactant gas in an inert gas, usually Ar, He, or N2. The
resulting partial pressures generally require an exposure time
on the order of hundreds of seconds for all of the initial ions to
react. This is sufficiently slow to clearly differentiate between
the primary and secondary products.
Ion trap contents are probed with time-of-flight mass

spectrometry (TOF-MS). We choose several time points to
destructively measure the m/z of the ions by quickly (in a
single RF cycle) quenching the RF and sending a high-voltage
pulse to the trap rods. The ions are then accelerated into a
flight tube toward a microchannel plate detector (MCP),
where the signal magnitude and timing are used to determine
the number and m/z of ions, respectively, that were in the trap.
By changing the time at which we eject the ions, we can
determine the number of ions in various product channels as a
function of neutral gas exposure time and delineate the
reaction order of products. Our TOF-MS has a resolution of
m/Δm ≥ 1100, more than sufficient to resolve masses differing
by 1 amu. In addition to high resolution, our TOF-MS
detection is quite sensitive such that we can discern single ion
counts and quantitatively measure the product ions in all mass
channels. Together, these components of the experiment allow
for quantitative measurement of the product masses and
reaction rates for translationally cold, ion-neutral chemical
reactions.
Several experimental studies that have been conducted in

this apparatus have required unique features of the
experimental apparatus. The remainder of this Feature will
focus on three techniques utilized in this experimental
apparatus; each of these techniques will be paired with an
ion-neutral study that we were able to investigate only using
this technique. The next section will discuss the laser cooling
of the Ca+ ions in more detail and describe how this allows
quantum-state resolved reactions in our apparatus. Section will
discuss high-resolution mass spectrometry in more detail,
followed by a discussion of a reaction study that required
reactant deuteration and discrimination between neighboring
product mass channels to determine the reaction mechanism.
Section will describe how we leverage aspects of electro-
dynamic trapping to selectively clean our trap. This technique
allowed us to explore reactions with an ion that has been
historically challenging to isolate in pure samples.

■ DOPPLER COOLING AND QUANTUM-STATE
DEPENDENT REACTIONS

Coulomb crystals are typically created by laser cooling ions,
while they are contained in a strong electrodynamic trap.
Through standard Doppler laser-cooling techniques, ions can
be cooled to millikelvin temperatures. At these temperatures,
the kinetic energy is low enough that the combination of ion−
ion Coulomb forces and the trapping potential result in a
pseudocrystalline structure (Figure 1). The laser-cooled
ensembles have many advantages for reaction experiments,

including operating at low temperatures, visually monitoring
the trapped atomic ions, and allowing quantum-state control of
atomic ion reactions.
The primary reason for laser-cooling is to reach low

temperatures. Direct cooling of the Ca+ ions and sympathetic
cooling of cotrapped “dark ions” enables temperatures below
or on the order of ∼10K, even when accounting for
micromotion heating of the trap. Depending on the neutral
reactant source, the resulting collision energies can be in the
cold or ultracold regime. In our experiments with room
temperature thermal gas, collision “temperatures”1 are
typically around 100−150 K, depending on the mass of the
reactants.
Another advantage of laser-cooled samples is that the atomic

ions scatter many photons in the cooling cycle. In addition,
even very cold ions are spaced ∼10 μm away, allowing for
resolution of their spatial locations. The fluorescence from the
crystal can be imagined onto a camera, yielding images such as
Figure 1. Here, the crystal has been cooled to a sufficiently low
temperature such that each individual ion site can be observed.
Note that although a single ion location can be resolved, ions
do hop between sites and the overall crystal structure can
change as a function of time. These images of the Coulomb
crystal can be used in many ways to study reactions. At a basic
level, one can qualitatively determine the “temperature” of the
crystal by looking at how well the ions are resolved or if the
crystal has melted. These simple checks give the researcher
feedback as to whether the trapping and cooling are working
well.
In addition, the collection of scattered light has historically

been used as a source of information about the constituents of
the ion trap. An early technique to determine the mass of ions
in the trap was to sweep through potential secular frequencies
of ions in the trap, measuring the velocity-dependent amount
of scattered light.68,69 More recently, groups have utilized
images of the Coulomb crystal to infer population of “dark”
reactant and product ions by their deformation of the laser-
cooled ion positions, usually aided by comparison to molecular
dynamics simulations.47,58,59,70,70,71 In our own group, we use
the image of the initial Ca+ crystal to normalize the TOF-MS
data when studying the reaction of Ca+ with nitric oxide (NO),
which will be discussed in the next subsection.
A final advantage of laser cooling, which will be highlighted

in the next section, is the opportunity to manipulate the
quantum-state populations of the laser-cooled ions. The
steady-state excited-state population of laser-cooled ions in
the trap is inherently dependent on the detuning from the
resonance of the cooling lasers. The population in each of the
electronic states can be manipulated to examine the state
dependence of reactions of neutral molecules with laser-cooled
ions. This technique has been demonstrated in ion traps with a
variety of laser-cooled ionic species.57,63,70−74 This includes
two examples studied within our own group: the quantum-
state-resolved study of Ca+ with O2

65 and NO.64 The Ca+ +
NO reaction involved two product states with a discernible
dependence of the P1/2 state population. The experimental
details, results, and chemical relevance of the quantum-state-
resolved measurement of Ca+ + NO will be discussed in the
next section.

Quantum-State Controlled Reaction of Ca+ with the
NO Radical. Free radicals and ions have been established as
important groups of molecules present in the interstellar
medium.4,5 These molecules are quite reactive, as their
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reactions are usually barrierless at very cold temperatures, and
thus their presence influences the chemical composition of
many regions of space.10,75−77 However, experimental
measurements of ion-radical reactions are rather rare as both
ions and radicals are difficult to create in dense, pure samples.
Coulomb crystals are an advantageous environment for such
reaction studies, as long interaction times and sensitive
detection of products alleviate the disadvantages of low
densities. In the case of Ca+ + NO, we were able to measure
products with reaction rates on the order of 10−12 cm3/s, by
allowing interaction times that were several minutes in length.
This was the first study of an ion-radical reaction with
quantum-state control over the electronic state of the ion.
The importance of the excited-state levels of Ca+ to the

reaction Ca+ + NO can be observed from the energy diagram
shown in Figure 3. The electronic states corresponding to our

laser-cooling scheme are shown on the left. The steady-state
fraction of the population excited to the P1/2 state can be
controlled by adjusting the detuning, Δ, from the S1/2−P1/2
transition. Ca+ may react with radical molecule NO to form
either NO+ + Ca or CaO+ + N, but only from the P1/2 excited
state. High-level coupled-cluster theory and HEAT thermo-
chemical protocol were utilized to determine the thermochem-
istry of this reaction.78 The formation of the CaO+ product was
determined to be exothermic by 45 meV for the reaction from
the excited P1/2 state. The NO+ + Ca, on the other hand, was
calculated to be endothermic by 34 meV. Note that the
reaction of room-temperature NO and cold Ca+ was E̅coll/kBT
∼ 180 K or 16 meV. Some fraction of the reactants were able
to surmount the energetic barrier to form NO+.
We studied the reaction-rate dependence on both the NO

concentration and the fractional population of Ca+ in the P1/2
state. Because the NO was in excess, this reaction was modeled
as a pseudo-first order reaction with a certain fraction of the
total Ca+ ion numbers representing the available ionic
reactants. This can be expressed mathematically,

=
+

+

+
[ ]t k

k k
NO ( )
Ca (0)

(1 exp )k f tNO

NO CaO

NO PNO

(1)

=
+

+

+
[ ]t k

k k
CaO ( )
Ca (0)

(1 exp )k f tCaO

NO CaO

NO PCaO

(2)

where the f P is the fraction of Ca+ in the P1/2 state, [NO] is the
concentration of NO molecules leaked into the chamber, and
the number of NO+(t) and CaO+(t) product ions at time t are
normalized by the number of calcium ions at t = 0, Ca+(0).
This model was used to fit the reaction data and derive the
reaction rate constants kNO and kCaO. An example reaction
curve is shown in Figure 4. The data points and error bars

represent the mean and standard error, respectively, for the
products NO+ and CaO+. The red lines represent best fits of
the data according to the pseudo-first-order reaction-rate
model described by eqs 1 and 2.
However, in order to derive a reaction rate constant from

these fits, we required knowledge of [NO] and f P. We repeated
the measurement over multiple values of [NO] and f P to
determine the overall reaction-rate dependence on the two
independent variables. The dependence of f P on the cooling
laser wavelength was derived using optical Bloch equations.57

The NO concentration was determined by ion gauge readings.
These two studies of the reaction rate should be self-consistent
in their measurements, assuming there are no systematics
present. We found the two independent analyses to be in
agreement, as shown in Table 1.
In summary, this quantum-state resolved reaction study

demonstrated the reactivity of Ca+ in the P1/2 state with the
radical NO. The concentration of NO and the P1/2 fractional

Figure 3. Energy diagram for the reaction of Ca+ + NO. (left)
Relevant energy states of Ca+, with the cooling laser wavelengths
marked on the appropriate energy transitions. (right) The relative
product energy for the NO+ + Ca and CaO+ + N demonstrated
exothermicity for the CaO+ product and slight endothermicity for the
NO+ product from the Ca+ P1/2 state. (Energies not to scale.)
Reprinted from Greenberg, J. et al. Phys. Rev. A 2018, 98, 32702.64

Copyright (2018) by the American Physical Society.

Figure 4. Product NO+ and CaO+ normalized ion numbers as a
function of time. Example false-color fluorescence images of the
Coulomb crystals just before ejecting the ions into the TOF-MS are
shown for t = 50, 200, and 320 s. The dark bands in the center and on
the outside show trapped ions lighter and heavier than Ca+,
respectively. Reprinted from Greenberg, J. et al. Phys. Rev. A 2018,
98, 32702.64 Copyright (2018) by the American Physical Society.

Table 1. Rate Constants and Branching Ratios, with
Statistical Uncertainties from Two Independent
Measurementsa

NO concentration P1/2 fraction

kNO (cm3/s) 2.3(2)× 10−11 2.7(3) × 10−11

kCaO (cm3/s) 4.4(7)× 10−12 7(2) × 10−12

BRNO 0.8(2) 0.8(1)
BRCaO 0.21(5) 0.16(3)

aOne measured the rate dependence on the NO concentration; the
other rate measurement was fit from varying the fraction of Ca+ in the
electronic P1/2 state. Uncertainties represent statistical uncertainties.
Reprinted from Greenberg, J. et al. Phys. Rev. A 2018, 98, 32702.64

Copyright (2018) by the American Physical Society.
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population were independently manipulated to determine the
reaction rate constants and branching ratios. The measure-
ments agreed within the statistical uncertainty, demonstrating
that the electronic states were carefully and effectively
controlled to manipulate the reaction rate. This reaction not
only demonstrated a quantum-state controlled reaction but
also was the first reported example of such control in an ion-
radical chemical reaction.

■ TOF-MS AND ISOMER-SPECIFIC CHEMISTRY
The second technique utilized in our experimental apparatus
that we highlight in this Feature is time-of-flight mass
spectrometry, which is a relatively new addition to chemical
reaction studies in Coulomb crystals. (It is, however, not new
to ion traps, where it has been extensively used for ion
spectroscopy.79−81) As previously mentioned, the m/z of ions
in a trap was historically determined using the scattered light
from trapped, laser-cooled ions. This can be achieved by
observing scattered fluorescence while an additional excitation
is swept over the secular frequencies of applicable ions
masses.68,69 This method can achieve good resolution with
careful implementation in two-ion systems; however, this
technique is poorly suited for quantitative measurements of
ions in three-dimensional Coulomb crystals, where Coulomb
coupling impacts both the position and widths of the motional
resonances, complicating the accuracy and hindering the
precision of this method.82 For this reason, groups that study
chemical reactions in Coulomb crystals now typically detect
reaction products with image analysis of the Coulomb crystal
or with time-of-flight mass spectrometry.
Recent advances in the efficiency of molecular dynamics

simulations have enabled groups to simulate images of the
Coulomb crystal to infer population of “dark” reactant and
product ions by their deformation of the laser-cooled ion
positions.47,48,58,59,70,71 This can be a powerful technique,
particularly as images of the crystal can be compared within the
same reaction sequence, eliminating the uncertainty from
variations in ion loading numbers. This technique has only
been demonstrated for reactions with laser-cooled
ions,47,58,59,71 or with single-product reaction mechanisms,
such as charge-exchange or hydrogen abstraction pro-
cesses.48,58,59,70 While this method has the benefit of being
nondestructive, it is not suitable for all reactions, especially
those with multiple product ion channels. Also, achieving
accuracy to single ion numbers is very difficult.
A more flexible and high-resolution approach for ion

detection is time-of-flight mass spectrometry (TOF-MS).
Most groups that conduct reaction studies in Coulomb crystals
have developed and coupled TOF-MS systems to their linear
ion trap.83−85 Our own linear ion trap is coupled to a TOF-MS
that has a mass resolution of m/Δm > 1100.44 This is more
than sufficient to resolve neighboring masses for our typical
range of m/z < 100. With high-resolution detection across this
full span of masses, we observe both the growth of product
ions, as well as the decay of reactant ions. From these
simultaneous measurements, we are able to determine
conservation of total number of ions throughout the reaction,
which is necessary to accurately measure branching ratios. In
contrast to imaging methods, mass spectrometry measure-
ments are destructive in nature. As such, an investigation of a
full reaction requires a mass spectra to be measured multiple
times at several time points.

Naturally, the detection of product m/z ratios with high
precision has been important for all of our reaction studies;
however, the high precision within our system has been
particularly important for studies in which mass shifts from
deuterated reactants elucidate the product identity or reaction
mechanism. This has been exemplified by two reactions
investigated by our group, reactions of the acetylene cation
with acetonitrile,86 and with isomers of C3H4.

51,52 The details
of the experimental and computational exploration of the latter
are the topic of the next section.

Isomer-Specific Dynamics in the Reaction of C2H2
+ +

C3H4. The C2H2
+ + C3H4 reaction is relevant to astrochemistry

for a few reasons. Hydrocarbons are abundant throughout the
regions of space. In particular, acetylene (C2H2) has been a
molecule of interest since its early discovery in the ISM in
1989.87−91 Reactions between acetylene and other hydro-
carbons are key to understanding carbon chain growth.10,92,93

This interest in progressive addition to hydrocarbons extends
to allene and propyne as well.89,93 The opportunity to compare
reactions with the two isomers, their products, and the impacts
of deuteration is beneficial for modeling and understanding
this class of hydrocarbon reactivity.
In addition to its astrochemical importance, the reaction of

acetylene cation with C3H4 demonstrated isomer-specific
dynamics that were discerned with the use of high-resolution
mass spectrometry. We reacted acetylene ions with two C3H4
isomers: propyne (also called methyl acetylene, HC3H3) and
allene (also called propadiene, H2C3H2.) The isomers
demonstrated two inherently different reaction mechanisms
and product branching ratios.51,52 With isotope substitution,
there were 12 different reactions that were investigated, which
included two isotopologues of acetylene (C2H2

+, C2D2
+), two

isotopologues of allene (H2C3H2, D2C3D2), and four
isotopologues of propyne (HC3H3, DC3H3, HC3D3, DC3D3)
as shown in Figure 5. Comparison of product isotopologues

across these reactions was instrumental in identifying the
contrasting reaction mechanisms for allene and propyne. The
ability to effectively interpret the results of such isotopologue
substitution was dependent on the quality and fidelity of our
mass spectrometry.
The experimental results will be discussed first, followed by

the calculated potential energy surface. Both the experimental
and theoretical results revealed consistent evidence of a
significantly different reaction mechanism for the reaction of

Figure 5. Diagram demonstrating the isomers and isotopologues of
the reactants we studied. On the left, the two isotopologues of
acetylene ions are depicted, which were reacted with four
isotopologues of propyne and two isotopologues of allene.
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acetylene with propyne and allene. Potential causes for this
difference will be discussed last.
Normalized ion numbers as a function of time that the ions

were exposed to the neutral reactant gas are shown in Figure 6.
The diversity of the reaction products is distinctly different for
the two reactions. In the case of acetylene cations reacting with
propyne, the primary products include three channels: C3D3

+,
C3D4

+, C5D5
+; in contrast, acetylene cations reactions with

allene produced almost solely C3H3
+ (with a few percent yield

of C3H4
+). The presence of C5D5

+ is notable, as it is a product
that requires a reaction complex to form. In studying all the
isotopologue combinations, a greater contrast between the
dynamics of the two reactions becomes evident. For the

propyne reaction, the product mass channels split in the case of
mixed reactant isotopologues (where reactants contained both
hydrogen and deuterium,) indicating “scrambling” of hydrogen
and deuterium in a reaction complex. This scrambling of
product isotopologues is consistent with a reaction mechanism
wherein short-range charge transfer is followed by bond
formation. Such a mechanism is also supported by the
observation of the C5D5

+ product, which requires reaction
complex formation to form. This overall trend in the propyne
reaction contrasted with the case of allene, where no observed
scrambling of hydrogen and deuterium was observed. Instead
the reaction of d0-allene or d4-allene with acetylene formed
C3H3

+ or C3D3
+, respectively, regardless of the acetylene

Figure 6. Normalized relative populations of m/z as measured by mass spectrometry, plotted with respect to the time exposed to the neutral
reactant. (a) Reaction C2D2

+ + DC3D3 produces multiple primary products: C3D3
+, C3D4

+, and C5D5
+. Note that C3D4

+ further reacts with DC3D3
to form the second-order products C6H5

+ and C6H7
+, which are not shown in this figure. (b) Reaction C2D2

+ + H2C3H2. Most of the products are
C3H3

+. While a very small amount of C3H4
+ is also produced, it undergoes a secondary reaction fairly quickly and does not accumulate in significant

numbers. Adapted with permission from Schmid et al.51 Copyright 2020 PCCP Owner Societies.

Figure 7. Potential energy surface bridging the close-range charge exchange complex of acetylene cation and propyne to experimentally observed
products. “INT” refers to intermediate states, “TS” to transition states, and “PRD” to products. All energies are shown relative to the original
acetylene cation and propyne energy in eV. However, PRD0 (top left) is already after the initial charge exchange between C2H2

+ + HC3H3, at ∼1
eV exothermicity. Dashed lines between stationary points indicate that reactions occur via loose transition states. Adapted with permission from
Schmid et al.51 Copyright 2020 PCCP Owner Societies.
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isotopologue. This precluded a reaction mechanism whereby
the hydrogen and deuterium atoms could exchange, inferring a
long-range charge transfer process that led to no complex
formation.
The potential energy surfaces (PESs) for the two reactions

are also quite different. Details regarding the theoretical
methods can be found in the original paper, as well as previous
work by Nguyen and Stanton.51,52,94 The potential energy
surface for the acetylene cation and propyne reaction will be
discussed first, followed by the surface for the acetylene cation
and allene reaction.
The PES for C2H2

+ + d0-propyne is shown in Figure 7. The
first state after the charge transfer is PRD0, which is already ∼1
eV exothermic with respect to the original reactants. PRD0 is a
possible product that is detected with a small branching ratio.
The majority of the C3H4

+ and C2H2 collisions form a C5H7
+

complex, (INT0.) From INT0 several exothermic pathways to
products are possible, and all of these products are observed in
the experiment. The predicted products are C3H4

+ (PRD0,
PRD4), C5H5

+ (PRD1, PRD3, PRD5), and C3H3
+ (PRD2),

agreeing with the experimental observations. Overall, the PES
supports the description of the acetylene cation and propyne
reaction as being dominated by charge transfer followed by the
formation of an association complex to produce the
experimentally measured product ions.
As with the experimental data, the PES for the acetylene

cation and allene reaction shown in Figure 8 also contrasts

with the propyne reaction. The first notable difference from
the propyne reaction is seen in the first intermediate state,
INT1. The charge exchange is exothermic by −1.71 eV and
results in Jahn−Teller distortion of the molecule to shift the
symmetry from D2d to D2. This distortion has ramifications for
the reaction mechanism, as it suggests that the energy gained
from the charge transfer is more likely to be localized in the
allene cation than in the propyne case, as propyne does not

undergo a significant structural change when ionized. This
distortion in the allene cation discourages bond formation.
This also enables the available energy to be used in
isomerization. This is indeed the pathway demonstrated
theoretically: the PES shows unimolecular isomerization of
the allene ion through two submerged barriers (TS1 and TS3)
and a slightly endothermic (180 meV) barrier (TS3) to lose a
hydrogen and form C3H3

+. This barrier is too high for the ∼10
meV translational energy to surmount; yet, the alternative is
relaxation to C3H4

+ (INT3). As C3H3
+ is the most abundant

product, it suggests that the lifetime of C3H4
+ is sufficiently

long for the hydrogen to tunnel. This is consistent with the fact
that the low pressure system (≤10−9 Torr) significantly
reduces the probability of energy quenching from back-
ground-gas collisions.
In addition to the Jahn−Teller distortion of allene, there are

a few other distinctions between the C3 H4 isomers that may
contribute to the differing reaction mechanism. The first factor
is the exothermicity of both reactions. The acetylene−allene
charge transfer is more exothermic than that of the acetylene-
propyne. This would indicate that long-range charge exchange
is kinetically preferred for allene over propyne by the
generalized Mulliken−Hush treatment of electron transfer.95

A second consideration is the dipole moments of propyne and
allene. Larger dipole moments result in greater Langevin
capture radii, which increase the likelihood of an association
complex. While the dipole moment for propyne is small, allene
does not have one. Consequently, this Langevin capture
picture also suggests that propyne is more likely to form a
bonded complex than allene. It should be noted that there is
also a possibility that the allene and acetylene ion reactions
may take place on an excited potential energy surface, which
could influence the reaction mechanism as well. However,
further exploration of this concept was beyond the scope of the
original theoretical work.
In summary, we were able to determine contrasting reaction

mechanisms for the reaction of the acetylene ion with two
different isomers of C3H4. This was initially detected by
studying the branching of the product with respect to reactant
isotopologues, and further verified by theoretical potential
energy surfaces. In the propyne case, a short-range charge
transfer was followed by a reaction complex formation. This
contrasted the case of acetylene ion and allene, where the
product was either C3H3

+ or C3D3
+ and indicated long-range

charge transfer and unimolecular isomerization. Our high-
resolution TOF-MS was critical for identifying and quantifying
neighboring mass channels and enabling this analysis to take
place.

■ RADIOFREQUENCY TRAPPING AND CHEMISTRY
WITH CCL+

Methods for studying ion-neutral chemical reaction studies
can, broadly speaking, be split into two categories: beam- or
flow-based methods and trap-based methods. Each approach
has advantages and trade-offs, but the concern of this section is
the advantages of trapped ion studies. The primary advantages
of working with trapped ions in ion-neutral chemical physics
studies are the stability of the trap, the broad mass range of the
trapping fields, and the ability for selective ejection (cleaning)
of ions from the trap.
One advantage of working with ion-neutral studies on ion

traps is the inherent stability of ion traps. Trapped ions in
sufficiently deep RF potentials and under (very clean) UHV

Figure 8. Potential energy surface showing a pathway from d0-allene
and d2-acetylene reactants to the observed C3H3

+ product. “INT”
refers to intermediate states, “TS” to transition states, and “PRD” to
products. The reaction proceeds via quantum tunneling through TS3
to form a nearly isoenergetic product. The + between molecules for
the initial reactants and INT1 denotes that the energies were
calculated with the two molecules at infinite separation. Adapted with
permission from Schmid et al.51 Copyright 2020 PCCP Owner
Societies.
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conditions can be trapped for days. As such, even very slow
reactions can be observed without systematic losses of ions
from the trap. In addition, when ions are loaded into the trap
in excited electronic or vibrational states, it is technically trivial
to wait and allow the system to relax to a distribution
characteristic of the ambient temperature of the ion trap. This
is true even for excited states with lifetimes on the order of
seconds. This capability greatly simplifies the loading of ions
from ionization schemes that can leave ions in excited states,
which has historically complicated measurements in beams and
flow tubes, where the timings from excitation to reaction are
preset by the dimensions of the apparatus.
Another advantage of RF traps is the range of m/z ratios that

can be trapped within an ion trap. The exact range depends on
the number of poles in the trap, the depth of the trap, trap
dimensions, and the frequency. As an example, for our RF
frequency of 3.555 MHz, we can trap down to m/z 12 (but
lower masses cannot be stably trapped), and up to m/z ∼ 300
(where higher masses would have a trap depth less than 2 eV.)
In practice, we have worked with m/z 17−136, ammonia to
xenon. An important result of this large working range is not
just the flexibility in the ions that can be loaded as reactants
but also the ability to trap a large range of relevant products,
even when the reaction is quite exothermic. This is important
for identifying the products as well as the measurement of
branching ratios. Since we detect the reaction products as well
as the reactants, we can expect the total number of ions in our
trap to remain constant. Observation of charge conservation in
the trap lends credibility to any claims about product identity,
order, and branching ratios.
Electrodynamic traps contribute some challenges and

opportunities due to the heating of trapped ions. Linear
quadrupole ion traps have micromotion heating of the ions
that increases the further ions off the trap axis as the magnitude
of the RF increases. For this reason, traps with more poles,
especially 22-pole ion traps, are a favored alternative to
quadrupole traps, as they contribute significantly less to
micromotion heating due to the very flat potential (low RF
magnitude) near the center of the trap. However, optical access
is very limited and the confining potential is relatively weak.34

Thus, quadrupole traps have the benefit of being more easily
translationally cooled without the added complexity of
techniques such as buffer gas cooling. Although ions in a
quadrupole trap experience more micromotion heating, they
have harmonic secular frequencies associated with their m/z,
which can allow for selectively ejecting particular ions from the
trap. This technique can be applied to produce a clean reactant
sample before the start of a reaction. This can done by driving
a dipolar excitation,66 where the location of the trap center is
oscillated at the secular frequency of the unwanted ion or a
quadrupolar excitation,67 in which the trap depth is modulated
at the secular frequency. (Typical secular frequencies are on
the order of ∼100 kHz in our ion trap.) In our experiment, we
found quadrupolar excitations to be more effective at ejecting
ions without ejecting nearby masses. This cleaning technique
was also used in by Puri et al. in the reaction of BaOCH3

+ +
Ca(3PJ) in an atom-ion hybrid trap.96

It should be noted that the ability to clean an ion sample is
not unique to ion traps. The same principle that allows
cleaning from an ion trap forms the basis of filtration with
quadrupole mass filters, a technique featured in reactions with
ion beams and selected ion flow tube experiments.25,97

Likewise, ion storage ring methods also allow for mass

selection of reactant ions.98 These experiments operate under
somewhat different environmental conditions from Coulomb
crystals (such as higher background pressure, larger collision
energies, etc.) However, Coulomb crystals do uniquely pair
this capability with the other described features of this
apparatus. Since linear ion traps do allow this selectivity of
ion reactants, it is a natural feature to utilize in Coulomb
crystal studies.
Therefore, this technique has become a routine step in our

ion loading process for all reaction studies but was critical for
our investigations of the ion CCl+. As will be discussed in the
following section, this ion is interesting for astrochemistry but
is difficult to isolate and study experimentally. In particular, we
determined a laser ionization scheme to produce CCl+ ion
from a tetrachloroethylene (C2Cl4) precursor. This scheme
uses nonresonant photoionization with UV light, which
produces a variety of fragments: 35Cl+, 37Cl+, C2

+, C35Cl+,
C37Cl+, C2

35Cl+, C2
37Cl+, etc. An example mass spectrum

before cleaning can be seen in Figure 9a. The effectiveness of

secular excitation cleaning can be observed from the example
spectrum in Figure 9b. The high purity with which we prepare
C35Cl+ or C37Cl+ in our trap allowed us to investigate CCl+ by
reacting it with three molecules: acetylene (C2H2),

99

acetonitrile (CH3CN),
100 and benzene (cC6H6

+).101 All three
of these reactions demonstrated interesting and astrochemi-
cally relevant products that indicate the reactivity of CCl+ with
astrochemically relevant neutral molecules. These studies were
only feasible due to the secular frequency cleaning technique
that is enabled by the harmonic potential of the trap. The
details of the CCl+ reaction with acetonitrile will be discussed
in the next section.

Figure 9. TOF traces for an ion trap (a) before and (b) after cleaning
using RF excitations. After cleaning, only Ca+ (m/z 40) and CCl+ (m/
z 47) remain in quantities greater than a few ions. Also included as an
inset is a false-color CCD image of the ions, showing that the
Coulomb crystal is deformed by the heavier CCl+ ions that sit around
the outside of Ca+ in the radial direction. Reprinted from Krohn et al.
J. Chem. Phys. 2021, 154, 074305100 with the permission of AIP
Publishing.
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The Isotope-Resolved Reaction of Acetonitrile with
CCl+. CCl+ is of particular interest for astrochemical
investigations as a potential reservoir for chlorine in space.
However, it has been absent from ion-neutral gas-phase studies
for all but a few select reactions. One major contribution to the
scarcity of previous research on CCl+ reactivity is the difficulty
in isolating it in most experimental platforms. CCl+ needs to be
created by fragmentation from a precursor and, thus, requires
significant filtering of the other fragments produced from its
generation. Such filtering had not been feasible in most ion-
neutral reaction experiments until now.
Nevertheless, many chlorine-containing compounds have

been discovered in the ISM,102−108 and, thus, understanding
the reactivity of CCl+ is important for understanding chlorine
chemistry in space. CCl+ itself has yet to be detected, although
it is expected to be present and is usually included in
theoretical models of ISM chemistry.109−111 While CCl+ has a
demonstrated formation reaction from C+ + HCl,112 CCl+
itself has only been reacted with a limited scope of
astrochemically relevant molecules. A series of experiments
demonstrated the reactivity of CCl+ with NH3, H2CO, CH3Cl,
CHCl3, CCl4, CHCl2F, and CHClF2,

111,113−116 the first three
of which are demonstrated to be in the ISM. However, CCl+
was shown to be unreactive with NO, H2, CH4, N2, O2, CO,
CO2, HCN.111,115,116 In the 30 years since these experiments,
CCl+ has been effectively overlooked in laboratory ion-neutral
molecular reaction studies despite several gaps in our
knowledge of its reactivity.
Our study of CCl+ with acetonitrile (CH3CN, CD3CN) is

the first experiment of an ion-neutral reaction between CCl+
and a nitrile. We chose to react with a nitrile due to the
importance of this group of molecules to astrochemistry. From
smalls cyanides (HCN as well as DCN) found in the Orion
Nebula decades ago117,118 to the recent discovery of
benzonitrile,119 nitriles are well-established for their presence
in the ISM and their notable role in prebiotic chemistry120 and
tholin formation89 in planetary atmospheres. Acetonitrile has
been detected in many regions of the cosmos, including the
diffuse ISM,121 cold and dark molecular clouds,122 low mass
protostars,123−125 hot cores,126−128 as well as several
comets.129−131 It is a critical astrochemical participant, and
thus, its interactions with organohalogens are vital to
understand.
This section will first provide an overview of the

experimental results from mass spectrometry, demonstrating
the information provided by clean selection of either chlorine
isotope. Then, the energetics and potential energy surface are
discussed, demonstrating how the theoretical calculations
provide additional information on the reaction mechanism.
The CCl+ + CH3CN reaction showed two primary products

(m/z 27 and m/z 62), which both reacted to a secondary
product (m/z 42.) These products were identified as C2H3

+,
HNCCl+, and CH3 CNH+, respectively. This was a nontrivial
assignment, as there are multiple possibilities for these
products. However, when comparing the mass shifts due to
C37Cl+ and/or CD3CN substitution, we were able to determine
the number of hydrogen or chlorine atoms in each product,
leaving these as the only possible chemical formulas for the
products. The resulting normalized ion numbers plotted
against the reaction time are shown in Figure 10. As can be
seen from this plot, the solid lines that denote the pseudo-first-
order rate reaction model fit the experimental data well. This,
as well as the functional form of the growth in each mass

channel, supports the reaction model shown in Figure 11. This
assigns the two primary product channels to C2H3

+ + NCCl

and HNCCl+ + C2H2, with both ionic products reacting with a
second acetonitrile to produce terminal products CH3CNH+ +
C2H2/NCCl.
Identification and verification of these products also

included a check of the exothermicity of all of the products.
Both the primary products are exothermic, as can be seen from
the potential energy surface shown in Figure 12. This potential
energy surface was calculated at the [CCSD(T)/CBS//MP2/
aug-cc-pVTZ] level of theory to investigate the dynamics and
kinetics of the reaction. The surface includes four labeled
products, as there are two different isomers possible for both
C2H3

+ and C2H2.
As well as demonstrating a lack of barriers to the reaction,

the PES provided insight into the reaction mechanism and
kinetics. The first step of the reaction was determined to be
INT1 regardless of the reactant approach direction. This is
perhaps unsurprising, as chlorine has high electronegativity.

Figure 10. Normalized data from mass spectra demonstrating the
change in ion trap masses as a function of exposure to CH3CN. CCl+
decay and primary products C2H3

+ and HNCCl+ are formed. Both
primary products react with a second CH3CN to form CH3CNH+.
Each point and error bar represent the mean and standard error for 10
repetitions at each time point. Solid lines represent the best fit of the
pseudo-first-order reaction rate model. Reprinted from Krohn et al. J.
Chem. Phys. 2021, 154, 074305100 with the permission of AIP
Publishing.

Figure 11. Diagram of the proposed reaction model for CCl++
CH3CN, identifying the reaction order and the identity of product
ions. Each arrow indicates a reaction with a neutral CH3CN molecule.
Below the molecule, the numbers represent the measured m/z ratios
for each product.
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This results in a pull of electron density away from the C2−N3
triple bond and toward the chlorine group (See Figure 12 for
labeling of atoms). After a hydrogen passes from C1 to C2
(TS1-INT2), the newly formed N3−C4 bond is shorter and
stronger than the C2−N3. Ultimately, this originally strong
C2−N3 triple bond is cleaved for all product pathways, and the
nitrogen and chlorine atoms end up on the same molecule for
all products. The surface splits from INT2 with the paths
primarily differing in the behavior of the hydrogen atoms, as
the C2−N3 bond stretches and eventually breaks. Four
different product isomer combinations can be found. While
we cannot distinguish between the two isomers of C2H3

+

(PRD2, PRD3) or C2H2 (PRD1, PRD4), we can measure the
branching ratio of these two ionic products and compare them
with Rice−Ramsperger−Kassel−Marcus (RRKM) and master
equation (ME) theory calculations.
The kinetic behavior of this reaction was probed with

statistical reaction rate theory calculations to compare with the
experimental results. More details about the theoretical
methods can be found in the original paper.100 The reaction
rates for C2H3

+ and HNCCl+ for unsubstituted reactants were
experimentally measured as 1.6(5) and 2.2(5) × 10−9cm3/s,
respectively (Table 2). This corresponds to a branching ratio
of 43:56, which was well predicted by theory.100 Note that this
reaction is faster than the Langevin predictions at 1.11 × 10−9

cm3/s. This likely results from the dipole moment and large
dipole-locking constant (c) for acetonitrile, leading to a kinetic
rate predicted by Average-Dipole-Orientation Theory (ADO)
of 3.74 × 10−9 cm3/s. This is in good agreement with the
experimental measurement of 3.8(4) × 10−9 cm3/s (Table 2).
This suggests that for this reaction, there is very little reverse
dissociation back into reactants; that is, capture nearly always
leads to products.
The ability to compare the kinetics across different isotope

substitutions also proved insightful. While theory only explored

reactions with the abundant isotopologues, an interesting
extension would be to compare calculated branching ratios
with deuterium and/or 37Cl. Experimentally, we see an
interesting trend in the kinetic rates. As can be seen in Table
2, substitution with heavier isotopes appeared to correlate with
higher reaction rate constants. A caveat must precede this
discussion. Reaction rate constants are subject to systematic
errors in the measurement of the neutral gas pressure. This is
particularly true for UHV measurements with ion gauges.
However, these systematic errors are more likely to affect
absolute measurements of rate constants than comparisons
across different isotopologues (CH3CN, CD3CN) of the same
gas at similar pressures. For these reasons, the enhancement of
the reaction rate by up to a factor of 1.6 may be noteworthy.
This observed enhancement contrasts with expectations of
ADO theory, which predicts small (<5%) reductions in rate
constants with heavier isotopes. Inverse kinetic isotope effects
are rather rare, but are suspected to play a role in deuterium
fractionation in the ISM. While further work is required before
a definite identification of an inverse KIE, this measurement is
intriguing.

Figure 12. Potential energy surface for CCl+ + CH3CN, depicting stationary point geometries connecting the reactants (REA) to the products
(PRD1, PRD2, PRD3, and PRD4). For these geometries, the bare “+” refers to infinite distance between the ion-neutral pair, while the “⊕” symbol
indicates the ion of the ion-neutral pair. “INT” denotes intermediate states, while “TS” labels transition states. Geometries were calculated at the
MP2/aug-cc-pVTZ level, with [CCSD(T)/CBS//MP2/aug-cc-pVTZ] energies. Reprinted from Krohn et al. J. Chem. Phys. 2021, 154, 074305100

with the permission of AIP Publishing.

Table 2. Rate Constants for Isotopologue Variations of CCl+
+ CH3CN Primary Productsa

Reactants C2X3
+ XNCCl+ Total

CCl+ + CH3CN 1.6 ± 0.5 2.2 ± 0.5 3.8 ± 0.4
C37Cl+ + CH3CN 2.9 ± 0.7 3.0 ± 0.7 5.9 ± 0.3
CCl+ + CD3CN 2.4 ± 0.5 3.0 ± 0.5 5.4 ± 0.3
C37Cl+ + CD3CN 2.9 ± 0.8 3.4 ± 0.8 6.3 ± 0.3

a“X” represents a hydrogen or deuterium from acetonitrile. Rates are
in units of ×10−9 cm3/s, and the reported statistical uncertainty is the
calculated 90% confidence interval. Reprinted from Krohn et al. J.
Chem. Phys. 2021, 154, 074305100 with the permission of AIP
Publishing.
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In conclusion, we demonstrated the reaction of CCl+ with an
astrochemically relevant molecule. For the unsubstituted
reactants, RRKM and ADO theory predicted the experimen-
tally measured branching ratios and reaction rate constant,
respectively. A preliminary indication of an inverse kinetic
isotope effect was observed with the deuterated and 37Cl-
substituted reactants reacting faster. Not only does this
reaction further indicate that CCl+ could be quite reactive in
the ISM, but it also demonstrated a notable mechanism driven
by the electronegativity of the chlorine. The interaction of the
organohalogen cation with the simple nitrile may suggest a
trend relevant to reactions of CCl+ and CF+ with other nitriles
in the ISM.
This reaction of CCl+ + CH3CN was part of a larger effort of

our group to measure reactions of CCl+ with astrochemically
relevant molecules. Features of our RF trap were employed to
produce this ion with sufficient purity in two different
isotopologues. This procedure significantly influenced the
depth of information that was obtained from these endeavors.
CCl+ has not yet been seen in the ISM, but we hope that
recent spectroscopic measurements by Asvany et al. will aid in
the search for it.132 In any case, the understanding of its
potential for participation in reactions in the ISM and of its
gas-phase chemical reactivity has improved in the past few
years.

■ CONCLUSION
Studying ion-neutral reactions is an exciting pursuit, yielding
insights into foundational chemical physics principles and
providing clues for understanding the chemical evolution of
the interstellar medium. There are many fruitful ways to study
ion-neutral reactions, all of which yield certain benefits and
drawbacks. In this work, we featured our LIT-TOFMS and
surveyed its specific features, including control over quantum
states, use of high-resolution time-of-flight mass spectrometry,
and advantageous use of ion-specific heating in the trap. This
has resulted in our demonstration of quantum-state-specific
reactions, isomer-sensitive reaction mechanisms, and products
and our exploration of the reactivity of an elusive and
astrochemically relevant ion. Coulomb crystals provide an
excellent environment for studies relevant to chemistry in
space. Specifically, they allow ion-neutral studies to be
conducted in a low-pressure environment without interruption
from background gases. This environment provides a unique
opportunity to investigate the chemistry that occurs in cold
and diffuse environments in space. An example of a more
specific challenge includes investigations of the chemistry of
methanol cation (CH3OH+.) This ion is an abundant molecule
of prebiotic interest in astrochemistry that is found in cold dark
clouds.133 Significant research has been devoted to under-
standing the formation of methanol as it relates to gas-phase
chemistry and chemistry on the surface of dust grains and gas-
phase chemistry.134,135 Studies of CH3OH+ with astrochemi-
cally abundant molecules like NH3, H2, and H2O in a Coulomb
crystal environment may illuminate possible gas-phase
interactions of the methanol cation after its formation.
There are exciting future directions for the field of ion-

neutral chemistry in Coulomb crystals. One example is the
construction or operation of cryogenic ion traps for studies of
ion-neutral reactions.136−138 Such an environment reduces the
temperature of the neutral molecules as well as eliminates the
excitation of ion rotational states by blackbody radiation by the
chamber walls. A cryogenic ion trap thus reduces and allows

for more control of the collision energy of chemical reactions
in the ion trap. Such advancements will allow investigations of
ion-neutral chemical dynamics at lower energies and
conditions even more equivalent to the interstellar medium.
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