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ABSTRACT

Investigations into bimolecular reaction kinetics probe the details of the underlying potential energy surface (PES), which can help to validate
high-level quantum chemical calculations. We utilize a combined linear Paul ion trap with a time-of-flight mass spectrometer to study iso-
topologue reactions between acetylene cations (CHj ) and two isomers of C3Ha: propyne (HC3H3) and allene (H2C3H,). In a previous study
[Schmid et al., Phys. Chem. Chem. Phys. 22, 20303 (2020)],l we showed that the two isomers of C3Hy4 have fundamentally different reaction
mechanisms. Here, we further explore the calculated PES by isotope substitution. While isotopic substitution of reactants is a standard exper-
imental tool in the investigation of molecular reaction kinetics, the controlled environment of co-trapped, laser-cooled Ca* ions allows the
different isotopic reaction pathways to be followed in greater detail. We report branching ratios for all of the primary products of the different
isotopic species. The results validate the previously proposed mechanism: propyne forms a bound reaction complex with C;H3, while allene

and C;Hj perform long-range charge exchange only.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046438

I. INTRODUCTION

Small organic carbocations and their neutral counterparts are
some of the basic building blocks in organic chemistry and are
found in a plethora of chemical environments. For example, acety-
lene (C,H,) has been observed in the interstellar medium (ISM),”
where it likely plays a central role in the formation of complex
organic molecules through condensation reactions.”” Acetylene
cations (C2Hj3 ) within the ISM are also very likely part of that same
story, as it is produced by reactions with smaller [higher ionization
potential (IP)] cations or direct ionization from starlight.” Charac-
terization and laboratory exploration of such reaction mechanisms
can help to explain the vast diversity of complex organic matter
observed in the ISM.” Apart from C;H, and C,Hj, propyne and
allene (C3Hy) are also expected to play a role in the carbon chem-
ical network, leading to the growth of complex molecules in space.’

Small carbonaceous species are also found in planetary atmospheres,
and their gas-phase reactions are believed to be a major source for
particulate formation. Specifically, C3H4 was recently detected in the
atmosphere of Saturn’s moon, Titan, and posited to be involved in
the formation of tholins that make up its dense haze layer.” Further-
more, all three reactants are common in fuels, which has prompted
many studies on their chemistry within flames.'””"” Our study aims
to add insight into the fundamental mechanisms involved in the
gas-phase bimolecular reaction between C,H; and two isomers of
C3Hj. Reaction mechanisms elucidated from these studies may also
apply to similar carbocation systems in the various environments
mentioned above.

Linear Paul ion traps (LITs) have proven to be fruitful envi-
ronments to study the underlying mechanisms of gas-phase ion-
neutral reactions in detail.'*'" In particular, laser-cooled atomic ions
can be used to sympathetically cool co-trapped molecular ions to
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translational temperatures below 10 K, thus forming a Coulomb
crystal structure. Furthermore, LITs have the ability to purify
reactants using radio frequency (RF) secular excitation, which
enables mass-dependent ejection of ions from the trap.'*'® By
exposing the two-component Coulomb crystal to a neutral reac-
tant gas, chemistry can be observed to occur at very low concentra-
tions (~10° cm ™) and low reaction rates,"” down to the single atom
level.”

In addition to the ability to create clean, cold molecular ion
samples, the LIT offers a way to determine the reaction products by
mass spectrometry. Recently, reaction studies in the Coulomb crystal
environment have been improved by radially coupling a time-of-
flight mass spectrometer (TOFMS) to the LIT.”"?° The low trans-
lational kinetic energies provide the initial conditions necessary for
high mass resolution with - > 1000. The TOFMS also detects
all constituent masses in the ion trap simultaneously. As reaction
product ions are readily co-trapped and sympathetically cooled, one
can follow reactions by monitoring the depletion of reactants and
the growth of product ions simultaneously. Additionally, the use of
Coulomb crystals allows determination of absolute ion numbers.”
This enables a more complete description of reaction kinetics.

Overall, the degree of control and measurement sensitivity
is critical to tracking reaction pathways in the experiment, which
allows us to study the kinetics and dynamics of various isotopo-
logue reactions.”””* Specifically, following the isotopic distribution
of product channels can validate and/or exclude pathways proposed
on the basis of potential energy surface (PES) calculations. In related
work," we used the tools described above to study the previously
unexplored reactions between acetylene cations and two structural
isomers of C3Hy. In the previous experiment, we uncovered isomer
dependent reaction mechanisms that govern the reaction. Namely,
propyne forms a bound reaction complex with C;Hj, while allene
and C;Hj perform long-range charge exchange only. As a follow-up,
the current article investigates the reaction in further detail by utiliz-
ing many isotopologues of the reactants. The kinetics of many iso-
topic substitutions are characterized and used to explore the validity
of the potential energy surfaces presented.

This article describes a detailed investigation into the chem-
ical kinetics of isomer specific chemical mechanisms observed
in the reactions of acetylene cations with allene and propyne.
After describing the experimental and computational methods, this
paper is divided into two major sections: one for reactions involv-
ing propyne and another for reactions with allene. Within each
section, experimental results are presented first, which includes
a model of the observed reaction kinetics and branching ratios
for primary products. Second is a description of computational
results, specifically, calculations of the relevant potential energy sur-
faces. Third is a discussion of the experimental results and how
the experimental data validate the computational results. Finally,
the paper concludes with a summary and an outlook on future
work.

Il. METHODS

A. Experimental

The details of our LIT-TOFMS apparatus have been described
in previous work."”>**" We will highlight here the key aspects
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FIG. 1. Schematic representation of the LIT-TOFMS apparatus. A cross-sectional
view of the spherical octagon vacuum chamber reveals the ion trap at the center
of our experiment. The Ca* source is an effusive, skimmed beam of neutral cal-
cium generated by a resistively heated oven. The molecular ion source is a pulsed,
skimmed supersonic molecular beam of neutral acetylene seeded in helium. The
neutral beams are intersected by pulsed, focused ionization lasers in the center of
our trap to load atomic and molecular ions. Ca* ions are addressed by continuous-
wave diode cooling lasers. A microscope objective outside the UHV chamber is
used to image the laser-induced fluorescence from Ca*. A pulsed leak valve is
used to introduce neutral reactants into the UHV chamber. Reproduced with per-
mission from Schmid et al., Phys. Chem. Chem. Phys. 22, 20303 (2020). Copyright
2020 The Royal Society of Chemistry.

of the experiment. See Fig. 1 for a schematic layout of the
LIT-TOEMS.

A reaction cycle begins by loading C,Hj ions from neutral
molecules delivered into the UHV chamber (~107!° Torr) via a
pulsed, skimmed supersonic beam of C;H,/C,D; (diluted to ~2%
in helium). Acetylene cations are loaded into the trap by the inter-
section of a focused, pulsed dye laser (LIOP-TEC, 2 m]/pulse) and
the molecular beam at the center of the ion trap. A (1 + 1") reso-
nance enhanced multiphoton ionization (REMPI) scheme is used at
~216 nm to load CzH;‘%l For C;Dj, ~218 nm is used.” Both the
dye laser and pulsed molecular beam valve are run at a 10 Hz rep
rate, which loads hundreds of molecular ions into the trap within a
few pulses. This procedure also incorporates many contaminant ions
likely due to the high reactivity of acetylene cations and the high laser
intensity used. To remove unwanted ions, we implement parametric,
resonant, secular mass excitations.'® ' Quadrupolar excitations of
target ion masses are achieved by amplitude modulation (~100 kHz)
of the main ion trapping radio frequency (RF). The frequencies of
modulations are tuned to eject unwanted masses, thus purifying the
acetylene sample for the reaction study. Typically, 150-250 acetylene
ions remain in the trap after purification.

Calcium ions (800-1000) are then loaded into the trap and
laser cooled to $1 K.”” The cooled calcium ions sympathetically cool
the acetylene ions via the Coulomb-Coulomb interaction to similar
translational temperatures.' This point in a reaction cycle marks the
initial condition (time t = 0) for reaction measurements. See Fig. 2
for a typical, initial, trapped ensemble at t = 0.

The neutral reactant gas is then admitted into the vacuum
chamber by a pulsed leak-valve scheme.”””* This raises the UHV
chamber base pressure of 107" Torr to a constant reactant gas
pressure (51077 Torr) within 2 s, as measured by a Bayard-Alpert
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FIG. 2. (Left) False-color fluorescence microscope image of a typical two-
component Coulomb crystal (prior to reaction) and its corresponding TOFMS trace
(right). The TOFMS data were produced by a single trap loading, i.e., not aver-
aged over multiple experimental cycles. The mass spectrum shows ~240 C,H;
ions co-trapped with ~600 Ca* ions.

hot-cathode ionization gauge. The neutral gas is a mixture of allene
or propyne diluted in helium (ranging from ~5% to 20%). The room
temperature gas reacts with the nearly stationary trapped ions with a
translational kinetic energy corresponding to a reaction temperature
of ~120 K.

To measure the effects of isotope substituted reactants, deu-
terium labeled reactants (CDN isotopes, >98% D) are used. For the
rest of this paper, we will refer to the explicit chemical formulas of
the reactants to emphasize which hydrogen sites were substituted
for deuterium. All of the following combinations of acetylene (C;H;
and C;Dj3), propyne (HC;Hs, DC3Hs, HC3D3, and DC3D3), and
allene (H,C3H; and D,C3D,) were studied.

After the Coulomb crystal is exposed to the neutral reactant
for a variable reaction time of 10-200 s, the pulsed leak valve is
closed and the neutral gas is pumped out of the UHV chamber,
which quickly (<2 s) returns to the base pressure. Subsequently, the
crystal is ejected into the TOFMS to determine the number of ions
in the trap and their mass-to-charge ratios. This concludes a reac-
tion cycle. The cycles are repeated 10-15 times per reaction time
to build up statistics—simultaneously for the reactants and prod-
ucts. The averaged ion numbers as a function of time map out the
reaction kinetics for each pair of isotopologue reactants. Reaction
curves and the corresponding analysis are presented in Secs. III A
and IV A.

B. Computational

The computational methods for the potential energy sur-
faces presented in this paper have been discussed in detail in
a previous publication and supporting electronic supplementary
material." Briefly, the propyne surface was calculated using a
hybrid method designated as coupled-cluster single double triple
[CCSD(T)]/ANO1//ANOO. This means that molecular geometries
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and vibrational analysis are obtained using CCSD(T)/ANOO, and
then, a single point energy CCSD(T)/ANOL1 calculation is per-
formed at this geometry. These results are expected to yield rel-
ative energies accurate to within a few kcal/mol (~100 meV).
For the allene surface, the mHEAT+" method was used to
improve the accuracy of the calculations to about +0.37 kcal/mol
(16 meV). The CCSD(T)™ calculations for the electronic energy
done with the ANOO and ANO1" basis sets use the CFOUR pro-
gram package.”

lll. PROPYNE—HCzH3
A. Experimental results

Over the course of the reaction time, the majority of the trapped
acetylene cations reacted away into product ions. From the observed
products, a reaction model was built and fit to the reaction data.
The model was used to extract reaction rates and primary product
branching ratios. In the following, only the results and analysis for
the specific isotopologue reaction C;H; + HC3;H3 will be described
in detail. However, the results of all the isotopologue reactions will be
reported. Additional propyne isotopologue data and corresponding
analysis can be found in the supplementary material.

The primary product ions for the reaction C;Hj; + HC;Hj are
CsHJ, C3Hj, and CsHZ. Because C3;Hj and Ca* are both mass 40 u,
the two ion species are not readily distinguished from each other in
the TOFMS spectra due to the high abundance of Ca*. The prod-
uct assignment was directly confirmed by the isotopologue reaction
C;D; + DC;3Ds, which shifted the product CsHj to C3Dj (mass
44 u) and allowed the product channel to be assigned unambigu-
ously. The product CsHj can also be inferred by the detection of
heavier-mass product ions, C¢Hi and CgHj, resulting from the
secondary reaction C3Hj + HC;3Hs.” These products are second
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FIG. 3. Example detection of multiple orders of products from C,H; + HC3H3. The
product order is apparent by the delay of onset in appearance and a mass that
is too large to be a product of C,H; + C3Hy. Evidently, CsH3 is first order, CsHz
and CeH7 are second order, and C;HZ and C;H3 are third order. Product chan-
nels have been multiplied by a scale factor to enhance clarity of the differences in
reaction order. Note that not all measured/modeled product channels are shown in
this plot. Solid lines are fits to the reaction model in Eq. (1).
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FIG. 4. Reaction model for propyne. Each arrow represents a bimolecular gas-
phase reaction between a trapped ion and HC3Hs. lons in the same column are
of the same reaction order. The exact relationship between higher-order products
was undetermined and beyond scope of this work. This ambiguity is represented
by the curly brackets.

order in comparison to the primary products because their onset
occurs later in time and their mass-to-charge ratio is too large to
be a direct product of C;Hj + CsHy (see Fig. 3). Of the three pri-
mary order products, only C3Hj was observed to react further with
the neutral propyne in excess in the chamber. Tertiary reactions
with neutral propyne also occurred, which resulted in product ions
C;H: and C;Hj7, as shown in Fig. 3. Isotope substituted reactions
of higher-order are not the focus of this work. However, the iso-
tope shifts observed for the higher-order product channels confirm
higher-order reactions stemmed solely from the product of charge
exchange further reacting with propyne.

From the results of C;Hj + HC;H3, a reaction model was devel-
oped depicting the relationship between the reactant and product
ions (see Fig. 4). The large amount of branching in the reaction led
to very small ion numbers per product channel, especially for higher-
order products. Therefore, detailed relationships between higher-
order products were ambiguous and were left as such in the model
(represented by curly brackets).

In terms of the reaction, the neutral reactant, propyne, was
always considered to be in excess. The pseudo first-order kinetics
model leads to a set of differential equations [see Eq. (1)] that were
fit to the observed reactant and product ion numbers as a function
of time. The following set of equations were derived from the model
in Fig. 4:
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d[C,H,*
% = —(r39 + 140 + 165) [CH2 '],
dl:C3H3+:| +
—_ = = CH,' ],
o r39[CoHa' |
d[CsH,* . .
% =r140[CoH2 ] = r77,79[C3H4 7],
d[CsHs"]

dt
= 17770[CsHa" ] = 18001 [CsHs " + CsH7 '],

(1)
= res[C2H2 '],

d[C¢Hs" + CeHy "]
dt
+ +
Gt + Gl d-: GHr] r89.91[CeHs * + + CeH7 " .

Since the ion numbers were measured explicitly as a function
of time, the only fit parameters (139, 740, 765, 777,79, and rgo01) are the
product channel growth rates in units of s~ .

A critical experimental result is that the total ion numbers are
verified to be constant, which indicates that there are no ion losses
during the reaction. This was achieved by analyzing the total number
of trapped ions as a function of reaction time. The constancy of total
ions also solved an experimental inconvenience: the coincidence of
CsHj ions and Ca™ ions at mass 40 u, which led to issues detecting
small numbers of C3Hj ion numbers. In such cases, the number of
ions in the mass 40 u channel, not corresponding to Ca”, was calcu-
lated by total ion number conservation, as Ca" does not react with
propyne (also verified experimentally). The remedy was also applied
to all product isotopologues coincident with mass 40 u.

Branching ratios for the primary products CsH,Dj (x + y = 5)
and C3H,Dj (x + y = 3) were determined by dividing the respective
product growth rates by the total acetylene loss rate. These results
are reported as percentages in Table I. The branching ratio of the
charge exchange channel can be inferred by subtracting the branch-
ing ratios of the two other primary products from 100%. In all mod-
els, no H/D exchange was included for the charge exchange channel,
C3HxD; (x + y = 4). The total branching ratios into the primary
products do not change much with isotopic substitution. As such,
an in-depth discussion of branching in the propyne reaction can

TABLE 1. Branching ratios for the C3HXD; (x+y=3)and CsHXD;r (x +y = 5) product channels resulting from acetylene cation reactions with propyne. Numbers are the
branching ratios (in %) for each mass channel as determined by the fit of the model. Uncertainties are derived from the 90% confidence interval of the rate fits. Blank spaces

indicate mass channels not detected in the experiment.

C:H.Dj (x+y=3)

CstD; (x+y=5)

Formula C3H;r C3H2D+ C3HD£r C3D§r CsH; C5H4DJr C5H3D§ C5H2D; CsHDZ CsD;r
Mass (u) 39 40 41 42 65 66 67 68 69 70
CzH; + HCsH3 53(8) 21(5)

C,H; + DC3H; 24(5) 37(6) 2(4) 18(5)

C,H; + HC3D; 1(3) 41(5) 17(4) 4(3) 11(3) 7(3)

C,Hj + DCs3Ds 49(6) 15(4) 11(3) 11(4) 3(3)

C,D3 + HC;H; 24(3) 34(4) 4(2) 3(2) 14(2)

C.D} + DC3H; 5(3) 51(6) 14(4) 3(3) 5(3) 10(3)

C,D} + HC3Ds 43(5) 15(3) 14(3) 11(3) 2(3)
CzD;r + DC3D3 37(7) 29(6) 15(5)
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be found in our previous study.' Since the neutral reactant density
remained roughly constant throughout the reaction, it was also pos-
sible to estimate overall reaction rate constants. These are included
in the supplementary material, as they are not the main focus of this
work.

B. Computational results

The computationally predicted pathway has been discussed
in detail in a previous publication and supporting supplementary
material.’ Briefly, the CCSD(T) PES follows a short-range, bound
reaction complex (INTO in Fig. 5). The relevant intermediates, prod-
ucts, and transition states are well below entrance channel energy,
and thus, the reaction rapidly flows between the various station-
ary points on the surface, and nearly complete isotope scrambling
is expected. The C3 and Cs products of this initial reaction between
propyne and acetylene cations match the experimentally observed
m/z signal.

C. Discussion

In this section, we discuss how, and to what extent, the results
of the propyne isotopologue reactions are consistent with the predic-
tions based on the PES. The most illuminating results that validate
the bulk of the proposed PES come from primary product distribu-
tions of the isotopologue reactions. The masses observed and those
not observed tell a convincing story about the close range interac-
tions between acetylene cations and propyne. Specifically, the dis-
tribution of products for the CsH,Dy (x + y = 5) product channel
exhibited all of the isotopic combinations of hydrogen and deu-
terium possible (see Table I). These H/D scrambled products sug-
gested the formation of a CsH¢ complex with a PES conducive to
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rapid H/D exchange, such as that in Fig. 5. One of many examples
of isomerization that leads to exchange can be seen in the ring open-
ing step between INT2 and INT4. The origin of the H/D on the end
of the carbon backbone cannot be traced back to either acetylene
or propyne. Combined with similar pathways on the PES, any of
the hydrogen/deuterium atoms from either reactant could end up
in the final product. Because there is only loss of a single hydro-
gen from the system to form C5H,CD;r (x + y = 5), a maximum of
two isotopic arrangements can exist for each isotopologue reaction
excluding the fully hydrogenated and deuterated cases (shown in
Table I).

The C3H,Dj (x + y = 3) product distributions complement the
results of CstD; (x + y = 5). We observed all combinations of
hydrogen and deuterium allowed by the reactants (see Table I). The
combined observations of CSHXD;r (x +y=5)and C3HxD; (x+y
= 3) product channel isotopic distributions validate the proposed
PES pathways. Some of the branching ratio confidence intervals
include zero. The signal-to-noise ratio of the TOFMS signal for these
product channels was good enough to determine they were all, in
fact, non-zero. The 90% confidence interval is overly conservative
for such small ion numbers, and this result is not a reflection of the
model failing.

The experimental results also shed light on the possibility that
both long-range and short-range charge exchange could lead to the
CsH; product. By long-range, we mean no bond is formed between
reactants in the process of charge exchange. An exclusively long-
range charge exchange mechanism would show no signs of H/D
scrambling in the isotopic distribution of charge exchange prod-
ucts. By short-range, we mean the CsH{ bound complex (INTO)
is formed (see Fig. 5), and the reaction exits the surface via either
PRD4 or PRDO, which ultimately produces a C3H; product. The

RN

® + 9@ PRD2
9 1.48
_—

FIG. 5. Potential energy surface (PES)
connecting the acetylene cation and
propyne to experimentally observed pri-
mary products. The energy of each
stationary point is calculated using
CCSD(T) in the scheme described in the
main text. All energies are relative to
separated acetylene cation and propyne.
Dashed lines between stationary points
indicate reactions that occur via a barri-
erless process. The “@+” symbols on the
minima indicate radical cations. Equiv-
alent symbols on transition states are
omitted for clarity. Note that the ini-
tial point of the PES, PRDO, represents
the energy of the reaction after charge
exchange has taken place. Reproduced
with permission from Schmid et al., Phys.
Chem. Chem. Phys. 22, 20303 (2020).
Copyright 2020 The Royal Society of
Chemistry.
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products would have the possibility to H/D exchange and pro-
duce a broad spectrum of isotope-shifted products. We investi-
gated this second possibility by adding isotope-scrambled charge-
exchange product channels, C3HXD; (x + y = 4), to our reaction
rate models. In all cases, the rates of the added channels were not
statistically different from zero. Additionally, three reactions were
measured where such an isotope-scrambled signal should occur
in background-free mass channels. Namely, C,Dj with HC3H3,
DC;3H3, and HC3Dj; could result in the products C3D,Hj (mass 42
u), C3DsH" (mass 43 u), and C;3Dj; (mass 44 u), respectively. None
of these products were observed. These two results suggest that only
long-range charge exchange occurs in this system, and if a bond
is formed, PRD3: C3HXD; (x + y = 3) or PRD5: CSHXD; (x+y
= 5) is favored. Notably, this is thermodynamically consistent with
the PES.

There is, however, a difference between the experimental
results and predictions of the PES. A notable mass 40 u product for
both reactions C,Dj + DC3D; and C,D; + HC3Djs exists. In both of
these reactions, the product C3H,D* would correspond to mass 40
u but should not be possible because there are not two hydrogens in
either reaction. We have gone to considerable effort to track down
the identity or origins of this product and believe it to be the result of
a neutral gas contaminant, specifically in the deuterium substituted
propyne gases. Since the energetic differences for C;H,Dy (x +y = 3)
products are negligible compared to the overall exothermicity, one
could expect their branching ratios to conform to a random sam-
pling of the available hydrogens and deuteriums from the various
isotopologue reactants. In all cases, the observed branching ratios of
mass 40 u products from all deuterated propyne gases were larger
than such combinatoric expectations. The unknown product was
confirmed to come from reactions with acetylene cations (not Ca*).
The unknown product mass was always 40 u without any isotope
shift between the two reactions above, and not observed to react
further with propyne (or the proposed neutral contaminant). We
also performed control experiments using non-diluted samples of
the deuterated propyne gases (HC3;D3 and DC3D3). The results were
identical product branching ratios to those presented in Table I,
which used mixtures diluted in helium. The consistency between
those tests rule out contaminants from our gas delivery system and
gas mixing procedures. We also observe the contaminant product
with reactions with deuterated allene, which will be discussed later
in this paper.

Mass 40 u could also conceivably come from the neutral reac-
tant H/D exchange in the lines that deliver the gas to our vac-
uum chamber (e.g., DC3D3 - DC3;D,H — DC3;DH;). While we can
expect some H/D exchange occurring within the gas delivery lines,
its resulting signals are evidently negligible. We see this in the reac-
tion C,D; + DC3D; (see Table I) where one would expect to see
mass 41 u (C3HD3) from a single H/D exchange, but there was no
observed product. We would further assume that one H/D exchange
should be more likely than two, which would be needed to produce
mass 40 u (C3H,D"). Thus, H/D exchange of neutral propyne in the
gas delivery lines can be neglected in the course of the analysis.

These observations combined lead us to conclude that our
deuterated gases contained some contaminant that competed with
the C;Hj + C3Hy reaction studied in this paper. However, we have
deduced enough about the contaminant reaction, particularly from
the heavily deuterium substituted reactions, that we are certain the
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contamination affected only the branching ratios pertaining to mass
40 u. We also remain confident in our assignments of product
masses to chemical formulas.

IV. ALLENE—H,C3H;
A. Experimental results

The measurements of the reaction of acetylene cations with
allene followed the same procedure as described for propyne above.
Following the structure of Sec. 1], we will describe only the results
and analysis for the specific isotopologue reaction C,H; + H,G3H,
in detail. We also report the results but do not discuss the details
of the other isotopolouge combinations measured. As before, addi-
tional allene isotopologue data and corresponding analysis can be
found in the supplementary material.

The observed primary product ions for the reaction C;Hj
+ HyC3H, were C3H3 and C;Hj. Compared to the reaction with
propyne, CsHi was notably not observed. In terms of charge
exchange, similar to the propyne case, C3Hj] and Ca” are both mass
40 u, which were not readily distinguished from each other. The
assignment of this product could not be directly confirmed by the
isotopologue reaction C;D; + D2C3D;. The lack of build-up of mass
44 u observed is likely due to a smaller rate into the channel than
rate out as compared with propyne. The C3Hj charge exchange
product was still inferred by the existence of heavier-mass prod-
uct ions, C¢Hi and C¢Hj. These products were the result of the
reaction C;Hj+ H,Cs H,," and were evidently second order in com-
parison to the primary products. In addition, they are too massive to
be products of C;H; + C3Hy (see Fig. 6). C3Hj was not observed
to react further with the neutral allene in excess in the chamber.
We also observed tertiary reactions resulting in product ions C;Hz
and C;Hj. Isotope substituted reactions of higher-order were not

+ +
200 1xC,H, 1xC Hy
-
2
2 150
=
Z
g f
+ +.
; 100 | 5x(CeHy + CHY)
=2
<
@
50 + ]
5x(C,H} +C_HD)
0 A N L N
0 50 100 150 200 250

Time(s)

FIG. 6. Detection of multiple orders of products from the reaction C,H; + H,C3H,.
The product order is apparent by the delay of onset in appearance. Additionally,
the product masses for secondary and tertiary order products are too heavy to
be a product of the bimolecular reaction C;H; + CsHs. Evidently, C3H3 is first
order, C¢Hz and CsH3 are second order, and C;H? and C;H7 are third order.
Product channels have been multiplied by a scale factor to enhance clarity of the
differences in reaction order. Lines are fits to the reaction rate model [Eq. (2)].
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the focus of this work. However, the isotope shifts observed for
the higher-order product channels confirm higher-order reactions
stemmed solely from the product of charge exchange reacting with
allene.

As was the case for propyne, the results of C;H; + H,C3H,
were utilized to develop a reaction model, which depicted the rela-
tionship between reactant and product ions (see Fig. 7). Due to
product branching, detailed relationships between higher-order
products were ambiguous and were left as such in the model (rep-
resented by curly brackets). Unlike the propyne case, there was no
H/D scrambling for higher-order products, and chemical formulas
could be assigned to the products. Nonetheless, precise reactant-to-
product relationships for higher-orders were avoided in the model
by summing products of higher-orders together.

The pseudo first-order reaction model led to the following set
of differential equations [Eq. (2)], in the same way as for the propyne
case:

+
% = —(r30 +140)[C2H2 '],
d[C3H3™]
dt

= r40[CoH2 "] = r77.70[CsH4 '], (2)

=r[CH, "],

d[C3H4+]
dt
d[CsHs+ + C6H7+]
dt
d[C7H5+ + C7H7+]
dt

= 17779[C3Ha" ] = 13901 [CsHs " + CsH7 "],
= rs9,91[CsHs ' + CsH7 ']

The ion numbers were measured explicitly as a function of
time, leaving the product channel growth rates (r39, 49, 177,79, and
rg901) as the only fit parameters. Absolute reaction rate constants
for each isotopologue reaction are included in the supplementary
material.

Branching ratios were determined for the primary product
C3Hj3 in a manner identical to propyne. The results are reported as
percentages in Table II. The branching ratio of the C3Hj channel,
and its analogous isotopologues, can be inferred by subtracting the
branching ratios in Table II from 100%.

B. Computational results

Figure 8 shows the PES of C,D; and H,CsH, calculated at
the mHEAT+ level of theory.”” In stark contrast to propyne, the
only primary product outside of charge exchange was C3H3/C;D3
with no evidence of H/D scrambling. This suggested that no close

+allene +

—> C3H
3413

+allene CGH; +allene

+ C7H;
CH; — C3Hf — —_—
CeH¥

C,H

FIG. 7. Reaction model for allene. Each arrow represents a bimolecular gas-phase
reaction with a trapped ion and H,C3H,. lons in each column are of the same
reaction order. The exact relationship between higher-order products was unde-
termined and beyond scope of this work. This ambiguity is represented by the
curly brackets.
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TABLE II. Branching ratios for the isotopologue reactions of acetylene cations and
allene. Numbers are the branching ratios (in %) for each mass channel as determined
by the fit of the model. Uncertainties are the 90% confidence interval of the branching
ratio fit. Blank spaces indicate mass channels not included in the model, as they were
not detected in the experiment.

Products C3H§ C3I‘12D+ C3HD; C3D§
Mass (u) 39 40 41 42
CzH; + H2C3H2 90(10)

CoH; + D2CsD; 28(7) 6(5) 51(9)
CzD;r + H,CsH, 90(20)

C;Dj + D,CsD; 20(6) 6(6) 60(10)

range reaction complex between the two species was formed. Oth-
erwise, the reaction would proceed on the identical reaction path-
way on the PES of propyne, starting at PRD4, as shown in Fig. 5.
This would invariably lead to some CsHa products and/or isotope
scrambling of C3Hj products, similar to propyne. Thus, the allene
reaction pathway must be described by a different portion of the
full PES than propyne. Zero-point energy corrections were explored
for deuterium substitutions on the entire surface, and it was deter-
mined that the thermochemistry of the ¢-C3Hj (PRD1) product
channel reaction remains exothermic for any choice of the studied
isotopologue reactants.

C. Discussion

We now discuss the experimental results from the allene iso-
topologue reactions in the context of the PES. The results of the
allene isotopologue reactions (see Table II) bolster the mechanism
proposed in our previous study: long-range charge exchange, fol-
lowed by unimolecular decay of the allene cation.' Primarily, C;D}
products proceed from reactions with D,C3D,, and likewise, C;H3
products follow from H,C3H,. The unimolecular decay is mediated
by tunneling through the isomerization barrier TS3. While tunnel-
ing of a D atom should be much less efficient than an H atom, it
is still observed experimentally by the formation of C3Dj3 (see also
TS3 in Fig. 8). We posit that deuterium tunneling is due to the fact
that, kinetically, the only other option is vibrational relaxation into
C3Dj. Given the extremely low background pressure environment,
<1077 Torr, the vibrationally excited C;D} would not relax from
background gas collisions on a short enough timescale to prohibit
tunneling, even for a D atom. We can also conclude that the deu-
terium tunneling timescale remains shorter than that required to
relax via emission of light.

The other two observed products from the reactions with
D,C3D,, masses 40 u and 41 u, were not predicted by the pro-
posed reaction mechanism. Mass 41 u in its small quantities was
very likely the result of neutral reactant contaminants in the form
of H/D exchange in the gas delivery lines. Mass 40 u, however, is
observed in such abundance that it must be the result of a different
neutral contaminant. The product is almost certainly the result of the
same contaminant reaction described in Sec. I1I C. We assume the
neutral reactant to be an unidentified contaminant in our D,C3D,
sample, as the mass 40 u product does not occur when using the
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H,CsH, sample (see Table II). Neither purification of our neu-
tral gas samples nor further means of identifying the contaminant
were available in our current experimental setup. A sufficiently short
wavelength vacuum ultra-violet light source™ could help in future
endeavors.

V. SUMMARY AND OUTLOOK

Isotopic substitution is a powerful and well-tested method
for gaining insight into chemical reaction processes. We applied
this methodology to bimolecular reactions of C;H; + C3;Hj in
the gas phase in the extremely isolated and specific environment
of a Coulomb crystal. For reactions with different isomers of
C3H,, propyne and allene, branching ratios and isotopic prod-
uct distributions were measured for the primary products. We
determined a fundamentally different mechanism leading to iso-
mer specific reaction products. Together with high-level calcula-
tions, we gained understanding into the isomer specific reaction
mechanism.

The reaction between acetylene cations and propyne, and their
isotopologues, confirms the formation of a bound reaction com-
plex. This complex dissociates into the primary products: C3Hj
and CsHz. Meanwhile, the other primary product, charge exchange
to C3Hj, occurs dominantly from longer range collisions. The
results of the isotopologue reactions were used to validate the cal-
culated PES, which demonstrated pathways with extensive H/D
exchange.

The reaction between acetylene cations and allene, and their
isotopologues, shows only C3Hj as its major product channel with-
out H/D scrambling. This suggested that no short-range reaction
complex is formed, but only long-range charge exchange took place.
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FIG. 8. PES connecting reactants C,D3
and H,C3H, to experimentally observed
primary products: C3Hj CsHj. The
energy of each stationary point is cal-
culated using the mHEAT+ method.*
All energies are relative to separated
acetylene cations and allene. The “@+”
symbols indicate radical cations. Repro-
duced with permission from Schmid
et al., Phys. Chem. Chem. Phys. 22,
20303 (2020). Copyright 2020 The Royal
Society of Chemistry.

These results are consistent with the calculated PES, which shows
that the stable C3H3 product is accessible to it. The energy of the
charge-transfer process is converted almost entirely into vibrational
energy.

Given the added insight from isotopologue reactions in the cur-
rent system, this methodology will become an indispensable tool in
the characterization of future reactions studied in our ion trap. The
ability to unambiguously assign reaction products will aid in model-
ing reaction pathways contributing to ISM chemistry, interactions in
isolated environments, and testing quantum chemical calculations.
Further revelations of unique ion-molecule reaction mechanisms
will contribute to the basic understanding of how chemical bonds
are formed and broken.

In the future, we plan to couple a Stark decelerator to slow
the neutral reactant and control the collision energy available for
its reaction.””** This will enable reaction dynamics with enhanced
energy resolution as compared to the current experiment. Isotopic
substitution will be another useful handle in such experiments that
allow for precise changes in reaction energetics through zero-point
energy corrections. While such changes in energy are typically small,
the highly controlled reaction environment of a combined ion trap—
Stark decelerator apparatus will have the goal to leverage those
changes to do precise thermochemistry measurements; the result-
ing experiments may set new benchmarks for theory and quantum
chemical calculations.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional reaction curves
and absolute rate constant estimations.
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