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Isomer-Selected Ion-Molecule Reactions of Acetylene Cations with

Propyne and Allene†

P. C. Schmid,a,b,‡ J. Greenberg,a,‡ T. L. Nguyen,c J. H. Thorpe,c K. J. Catani,a O. A. Krohn,a

M. I. Miller,a J. F. Stanton,c and H. J. Lewandowski∗a

One of the fundamental goals of chemistry is to determine how molecular structure in�uences inter-

actions and leads to di�erent reaction products. Studies of isomer-selected and resolved chemical

reactions can shed light directly on how form leads to function. In the following, we present the re-

sults of gas-phase reactions between acetylene cations (C2D
+
2 ) with two di�erent isomers of C3H4:

propyne (DC3D3) and allene (H2C3H2). Our highly controlled, trapped-ion environment allows for

precise determination of reaction products and kinetics. From these results, we can infer details of

the underlying reaction dynamics of C2H
+
2 +C3H4. Through the synergy of experimental results

and high-level quantum chemical potential energy surface calculations, we are able to identify distinct

reaction mechanisms for the two isomers. We �nd long-range charge exchange with no complex for-

mation is favored for allene, whereas charge exchange leads to an intermediate reaction complex for

propyne and thus, di�erent products. Therefore, this reaction displays a pronounced isomer-selective

bi-molecular reactive process.

1 Introduction

Interactions between cold molecules and ions are thought to play
a critical role in astrochemistry, in particular in the formation of
complex molecules.1 The study of such reactions thus has great
promise for obtaining information relevant to the mechanisms
that ultimately underlie the chemical diversity of the interstel-
lar medium.2 Additionally, the field of cold reactions provides a
window through which one can explore hitherto unknown do-
mains of chemistry and gain new insights into molecular pro-
cesses. At low temperatures, interaction dynamics are sensi-
tive to small details of the underlying potential energy surface.
In this context, interesting chemistry has already been observed
through ion-molecule reactions in cryogenic ion traps3 and SIFT
experiments.4 While reactions between ions and nonpolar neu-
tral diatomic molecules – mainly H2 – are within the domain of
Langevin dynamics, the characteristic temperature-independent
behavior breaks down at cryogenic temperatures.5 Further work
in cryogenic systems has revealed subtle and novel effects in ion-
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molecule systems, such as reactive resonances, inverse kinetic
temperature effects (counter to Langevin), and tunneling medi-
ated reactions.6

More recently, the use of Coulomb crystals in ion gas-phase
chemistry has produced significant results in probing the fun-
damental quantum behavior of charged atoms or molecules.6–8

Coulomb crystals are formed when laser-cooled, trapped atomic
cations, like Ca+ or Yb+, reach low enough temperatures to form
ordered structures inside an ion trap potential.9,10 Co-trapping
molecular ions with the Coulomb crystal cools these ions to trans-
lational temperatures similar to the laser-cooled atomic ions.11–13

This provides a low-temperature environment in which chem-
ical reactivity (via ion-molecule reactions) can be probed in a
detailed manner under controlled conditions, even down to the
single ion level.14 On the fundamental level, reactions between
laser-cooled atomic ion and atoms,15–18 as well as di- and tri-
atomic molecules19,20 have been studied. Coulomb crystals have
enable detailed studies on the influence of internal states of
a reactant, the effect of kinetic energy on a chemical reaction
or even the influence of the molecular structure in reactions
with atomic Ca+.21–25 Bi-molecular reactions of sympathetically
cooled molecular ions have recently been studied in this unique
environment.26–29 The wealth of information on chemical reac-
tions can be further increased when the ion trap is combined
with a time-of-flight mass spectrometer (TOF-MS).30–34 These
systems offer the advantage of being able to determine absolute
ion numbers,33 which yields key information about branching ra-

Journal Name, [year], [vol.], 1�8 | 1

Page 1 of 9 Physical Chemistry Chemical Physics



tios and rate constants in (complex) bi-molecular reactions. In
recent studies, we used this experimental system to investigate
the internal-state dependent reactions of laser-cooled Ca+ ions
with O2

35 and NO,36 as well as the bi-molecular reaction CCl+

+ C2H2.37

Here, we report on the investigation of the role of unsaturated
compounds in bi-molecular reactions in organic chemistry, focus-
ing on two fundamental systems: C2H2 and C3H4. Unsaturated
hydrocarbons are key components in single-step reactions that
lead to the growth of complex carbon chains in environments like
the interstellar medium, extraterrestrial planetary atmospheres
(e.g., Titan), and soot formation. Acetylene has been observed
in the interstellar medium (ISM)38 and is a major contributor in
the formation of complex molecules.39–41 Also, the two isomers
of C3H4, propyne (HC−−−C−CH3) and allene (H2C−−C−−CH2), are
of relevance to the ISM and the chemical environment of Titan.42

Additionally, the outcome of the reactions with either propyne or
allene will increase the understanding about the influence of iso-
meric structure in ion-neutral bi-molecular reactions in organic
chemistry.

We present an isomer-resolved study of the bi-molecular reac-
tion between two organic molecules acetylene cation and isotope
labelled C3H4 at translational temperatures below 120 K. Specif-
ically, acetylene cations are sympathetically cooled with laser-
cooled Ca+ in a linear quadrupole radio-frequency (RF) trap and
allowed to interact with two distinct isomers of C3H4: propyne
and allene. Although both of these reactions take place on the
same global potential energy surface, strikingly distinct results
are obtained that reveal the underlying molecular complexity. We
observe that both reactions produce C3H +

3 as a primary product,
but only propyne has an additional primary reaction channel lead-
ing to the formation of C5H +

5 . These outcomes are governed by
a difference in the initial stage of the reaction of the two isomers.
For reactions with allene, a direct, long-range charge exchange
takes place, while propyne favors a short-range interaction lead-
ing to the formation of a intermediate reaction complex. From
the combination of experimental results and quantum-chemical
calculations, we are able to resolve the details of potential energy
surfaces and can describe the dynamics of this reaction.

2 Methods

2.1 Experimental

We use a combined ion trap TOF-MS33 for these experiments (Fig-
ure 1). Reaction studies with, and characterization of, our linear
Paul ion trap coupled to a TOF-MS have been described previ-
ously.35–37 Here, we describe the details essential for studying
reactions between C2D +

2 and C3H4. C2D +
2 cations are created

via a 1+1 resonance enhanced multi-photon ionization scheme
at 218 nm43 produced from a nanosecond pulsed dye laser with
100 µJ/pulse. The laser is focused onto a supersonic beam of
argon seeded with 6% C2D2 at the center of the ion trap to load
acetylene cations. Then, neutral calcium is non-resonantly pho-
toionized inside the ion trap volume and co-trapped with C2D +

2 .
Laser cooling reduces the secular temperatures of Ca+ to <1 K.
The C2D +

2 molecules are sympathetically cooled via interactions

with the Ca+ until the ensemble crystallizes with a translational
kinetic energy on the order of < 1K. RF secular excitation is
used to eject unwanted contaminant ions from the Coulomb crys-
tal,44,45 thus creating a pure sample of C2D +

2 and Ca+.

To initiate reactions, the neutral reactant, either propyne or
allene (6% in Ar), is introduced into the vacuum chamber a
constant pressure via a pulsed leak valve scheme.35,46 The neu-
tral gas increases the total pressure in the chamber to around
10−9 Torr, where the background pressure is around 10−10 Torr,
as measured by a Bayard-Alpert hot-cathode ionization gauge. Af-
ter an adjustable reaction time, the trap is turned off and high
voltage is applied to the electrodes to extract all trapped ions into
the TOF-MS. Using a calibrated TOF spectrum, we can determine
the number of both reactant and product ions at each mass, and
thus follow the reaction over time. The total number of ions is de-
termined for every spectrum to assure the number of ions remains
constant during a reaction and no product ions are lost from the
system (see SI for more information).

An example image of a bi-component Coulomb crystal of
C2D +

2 and Ca+ before a reaction is shown as an inset in Figure
1 (exemplary mass spectra corresponding to prior and after reac-
tion are provided in the SI). For the results presented here, we
used fully deuterated versions of acetylene (C2D2) and propyne
(DC3D3), while in case of allene, C2D +

2 was reacted with fully
hydrogenated allene (H2C3H2). In both cases, the isotope tags
were chosen to help elucidate reaction pathways and avoid prod-
uct masses coinciding with Ca+.

microscope objective

to camera

to TOFMS

Ca oven

shutter

Ca skimmer

PZT skimmer

PZT valve

ionization

beams

cooling

beams

ion trapUHV

chamber

pulsed leak valve

C2D2
+

Ca+

Fig. 1 Schematic render of the experimental apparatus. A cross-sectional

view of the vacuum chamber reveals the ion trap at the center of our

experiment. The skimmed, molecular beam enters the trap volume per-

pendicular to the trap axis. Ca+ ions are produced by photoionization

of an e�usive source of calcium. For detection of the ions, either the

�uorescence from the Ca+ ions is collected by a microscope objective,

or the ions are ejected into a TOF-MS, coupled radially to the ion trap.

The microscope objective and pulsed leak valve are the only parts in the

diagram outside of the vacuum chamber. The inset is a false-color �u-

orescence image of a typical bi-component Coulomb crystal of Ca+ and

C2D
+

2
after loading and puri�cation.
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2.2 Theoretical

The potential energy surface of the reaction between propyne
and acetylene cations, which proceeds via C5H+

6 interme-
diates, is calculated using a hybrid method referred to as
CCSD(T)/ANO1//CCSD(T)/ANO0. The geometry optimization
of the minima and transition states is performed using CCSD(T)
in conjunction with the double-ζ , ANO0 basis. The electronic
energy is then calculated at this geometry with CCSD(T) and
the triple-ζ , ANO1 basis set. Harmonic zero-point corrections to
the electronic energies are obtained with CCSD(T)/ANO0, and
frequency analysis performed to confirm if the optimized struc-
ture corresponds to a minima or transition state. All quantum-
chemical calculations are performed in the frozen-core approxi-
mation with the CFOUR package. It is expected that this method
will yield relative energies accurate to within a few kcal/mol.
RRKM rate calculations (including an asymmetric Eckart tunnel-
ing model) are then performed within the rigid-rotor harmonic-
oscillator approximation, and unimolecular product branching ra-
tios determined via the kinetic Master-Equation at 0 Torr.47

The potential energy surface of the reaction between allene
and acetylene cations, which does not proceed through a C5H+

6
intermediate, involves species small enough to be treated with
the mHEAT+ model chemistry. The details of mHEAT+ are dis-
cussed elsewhere.48 This method should obtain relative energies
to within 0.016 eV of experimental values. The frequencies of all
stationary points are analysed to characterize them as minima or
transition states.

3 Results

3.1 Acetylene and propyne

Three primary products are observed from the reaction C2D +
2 +

DC3D3: C3D +
3 , C3D +

4 , and C5D +
5 . Figure 2 shows the mea-

sured ion numbers (normalized to the initial C2D +
2 ions) of re-

actants and products as a function of time. Secondary reaction
products, C6D +

5 and C6D +
7 , from the reaction C3D +

4 +DC3D3
are also observed, but have been omitted from the figure for clar-
ity (see SI for details on secondary products). Neither C3D +

3
nor C5D +

5 products are observed to react further with neutral
DC3D3. In Figure 2, this is evident by a lack of ion depletion in
the product channels at long reaction times. In contrast, C3D +

4
can be readily identified as an intermediate product, leading to
mentioned higher-order reaction products. Due to the high de-
tection sensitivity of our apparatus,33 we can verify that no ions
are lost from the trap over the course of a reaction (see SI for
detailed information), and thus we can exclude the presence of
additional, and unaccounted for, reactions.

The data are fit to extract reaction rates assuming pseudo first-
order kinetics, where DC3D3 is in excess, using the following

model:

C2D +
2 +DC3D3 −−→ C3D +

3 +C2D3

−−→ C3D +
4 +C2D2

−−→ C5D +
5 +D

C3D +
4 +DC3D3 −−→ higher order products.

(1)

Reaction rate constants are determined by dividing out the con-
centration of the neutral reactant. This result is consistent with
the Langevin model to within experimental accuracy and can be
found in the SI.
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Fig. 2 Primary product formation from the reaction C2D
+

2
+DC3D3 as

a function of time. Each point represents the mean and standard error of

seven measurements. The secondary reaction products C6D
+

5
andC6D

+

7

have been omitted for clarity (see SI for further details). Ion numbers

are normalized to the initial number of C2D
+

2
in the trap (typically

∼ 150 ions). Reaction time corresponds to the amount of time the pulsed

leak valve is open, and thus propyne is in the chamber.

3.2 Acetylene and allene

In contrast to the propyne results, C2D +
2 reacts with H2C3H2 to

produce mostly a single primary product, C3H +
3 . C3H +

3 is not
observed to react further with allene and continues to reside in
the trap. Of the energetically allowed products, C5HxD +

y (x+y =
5) products are notably missing, which would be analogous to the
product C5D +

5 in the propyne case. Figure 3 shows the primary
product channel as a function of time, as well as the depletion of
reactant C2D +

2 . Unlike in the propyne case, there is not enough
accumulation of C3H +

4 in the trap to be able to directly measure
this channel. A small quantity of heavier product carbocations
(C6H +

5 and C6H +
7 ) are also detected. They are assumed to be

the result from a secondary reaction between C3H +
4 and neutral

H2C3H2. It is important to note that all higher order products are
the fully hydrogenated versions, with no deuterium from C2D +

2
incorporated. This indicates that there is no bond formed with
C2D +

2 in the reaction process and points to a different reaction
mechanism than in the case of C2D +

2 +DC3D3. Again, the data
are fit to extract reaction rates assuming pseudo first-order kinet-
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ics, where allene is in excess, using the following model:

C2D +
2 +H2C3H2 −−→ C3H +

3 +C2D2 +H

−−→ C3H +
4 +C2D2

C3H +
4 +H2C3H2 −−→ higher order products.

(2)

As for propyne, reaction rate constants were calculated by di-
viding out the neutral allene concentration. These results are also
consistent with Langevin capture theory predictions, and can be
found in the SI.
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Fig. 3 Primary product formation from the reaction C2D
+

2
+H2C3H2 as

a function of time. Each point represents the mean and standard error of

10 measurements. Higher-order products have been omitted for clarity.

Ion numbers are normalized to the initial C2D
+

2
in the trap, ∼ 160 ions

in these measurements. Reaction time corresponds to the amount of

time the pulsed leak valve is open, and thus allene is in the chamber.

4 Discussion

4.1 Acetylene and propyne

The experimentally observed formation of the primary prod-
ucts C3D +

3 and C5D +
5 from the reaction of C2D +

2 with
DC3D3 is indicative of a reaction pathway featuring a “long-
lived,” bound reaction complex between reactants. Fig-
ure 4 displays a potential energy surface calculated with a
CCSD(T)/ANO1//CCSD(T)/ANO0 scheme that comprises the
salient stationary points (minima and transition states) for this
system, where the (zero-point corrected) energies refer to the
non-deuterated species. Given the considerable internal energy
of the intermediate species on the PES, discrepancies between the
deuterated and non-deuterated reaction kinetics is anticipated to
be small. .

The formation of the acetylene-propyne cation complex (cul-
minating in complex INT0 in Figure 4) is initiated by a charge
transfer from C2H +

2 to HC3H3. This process is highly exothermic
(by roughly 2 eV); the lack of collisional cooling in the Coulomb
crystal, coupled with barrier heights below the entrance energy,
enables the vibrationally hot complex to rapidly interconvert be-
tween the many minima displayed in Figure 4. This reaction ulti-

mately produces the observed primary reaction products C5H +
5 ,

C3H +
4 , and C3H +

3 via the loss of a hydrogen atom (PRD1, PRD3,
and PRD5), the loss of an acetylene neutral (PRD4), and the loss
of a vinyl radical (PRD2), respectively.

The product yields can be simulated by employing a chemical
master equation model at the low-pressure (collisionless) limit,
in conjunction with RRKM theory,47 the details of which are de-
scribed in the SI. We estimate that reactions between C2H +

2 and
HC3H3, which proceed through the complex displayed in Figure
4, result in product ratios of roughly 2:3 C3H +

3 to C5H +
5 (see

SI), in contrast to the experimentally observed product ratios of
8:3 C3D +

3 to C5D +
5 . We note that there is a maxima in the ex-

perimentally observed population of m/z 44 (C3D +
4 , most likely

DC3D +
3 ), at ∼ 20 seconds. These ions go on to react with neu-

tral DC3D3, leading to the depletion of signal of m/z 44. This
suggests that another pathway may be in play, namely one where
charge transfer between C2D +

2 and DC3D3 may occur, but for-
mation of a reactive complex is suppressed. Combinations of
long-range charge exchange mechanisms and short-range, bound,
complex formation can be dependent on the reaction impact pa-
rameter. These effects have been studied in other ion-molecule
systems, which investigated velocity map imaged (VMI) products
from crossed-beam experiments.49 Without a measured angle-
dependent reactive cross-section, it is difficult to predict a priori
the percentage of DC3D +

3 molecules that would take this sec-
ond path. Bi-molecular reactions between HC3H +

3 and neutral
HC3H3 have been studied previously,50–52 and shown to produce
a wide range of products, including C3H +

3 and C5H +
5 , as well as

higher order products C6H +
5 and C6H +

7 .

In the current study, the form of the reaction curves for the
primary products (C3D +

3 and – especially – C5D +
5 ) and the

corresponding reaction rates show that these reactions are pre-
dominantly first order in the reactant. This is possible only
by the formation of a reaction complex in the first reaction
step of C2D +

2 + DC3D3, as shown in Figure 4. The reaction
C3D +

4 +DC3D3 is not observed to contribute to the primary prod-
uct channels C3D +

3 or C5D +
5 . This is consistent with previous

studies of the reaction in the gas phase.52

4.2 Acetylene and allene

In contrast to DC3D3, only C3H +
3 is formed as a primary prod-

uct (with appreciable yield) in the reaction between C2D +
2 and

H2C3H2. It is significant that only fully hydrogenated C3H +
3 is

observed, as this suggests that no reaction complex between the
two reactant species is formed. Otherwise, we would expect H/D
exchange in the C3HxD +

y (x + y = 3) product channel and the
reaction would enter the potential energy surface displayed in
Figure 4 at PRD4, which would invariably lead to some C5HxD +

y
(x+ y = 5) products.

The lack of reaction complex formation suggests that the reac-
tion C2D +

2 +H2C3H2 behaves differently than that with DC3D3.
We propose that C2D +

2 and H2C3H2 must undergo exclusively
long-range charge transfer. A potential energy surface of the sub-
sequent reaction of (undeuterated) H2C3H +

2 cation is displayed
in Figure 5. It should be noted that this process (and the C2H +

2 -
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Fig. 4 Potential energy surface connecting the short-range charge transfer complex of acetylene cation and propyne to experimentally observed

products. The energy of each stationary point is calculated using CCSD(T) in the scheme described in the text. All energies are relative to separated

acetylene cation and propyne. Dashed lines between stationary points indicate reactions that occur via loose transition states. For the sake of clarity,

PRD0 (top left) is already after the initial charge exchange between C2H
+

2
+HC3H3.

allene surface in general) was first studied by Mebel and Ban-
drauk,53 but was recalculated here with a higher level of theory
(mHEAT+, see Methods section,). If nearly all of the energy re-
leased in the charge-transfer process is transferred into C3H +

4 in-
ternal degrees of freedom, the H2C3H2 cation first isomerizes to
INT3 in Figure 5, and then tunnels through TS3, passing through
a post-reactive complex (PRC1) before fully dissociating a hy-
drogen and forming cyclic C3H +

3 (PRD1). These products are
exothermic to the initial reactants by 0.016 eV (1.56 kJ/mol).
H2C3H +

2 is a Jahn-Teller system and distorts significantly from
the geometry of the neutral, so this is a plausible explanation,
since the distortion allows the energy from charge-transfer to
populate the internal degrees of freedom necessary to undergo
the isomerizations in Figure 5. An analogous process has also
been suggested in a VMI study of the charge transfer reaction
C+ +NH3.54 In this case, the authors observed evidence of a res-
onant energy transfer from the excess charge-exchange energy
into the umbrella bending mode that connects the geometry of

NH3 to NH +
3 .

Almost all H2C3H +
2 cations undergo the proposed mechanism

leading to the very stable cyclic C3H +
3 , save for a small pop-

ulation of C3H +
4 that goes on to react with H2C3H2 neutrals

to form larger products (C6H +
5 and C6H +

7 ). While it is some-
what surprising that all the internal energy available from direct
charge transfer is converted to internal energy of the H2C3H +

2
cation, our observations are consistent with the appearance po-
tential of C3H +

3 observed in photoionization studies of H2C3H2.
These studies determined the appearance energy at just 1.79 eV
above the threshold for ionization.55 If the excess energy from
the charge transfer is localized completely in H2C3H +

2 , it would
be approximately 1.71 eV above this threshold, and the results
observed here can be perhaps understood. In the photoionization
experiments, samples of H2C3H2 were ionized and detected much
more quickly than the ions studied in this experiment, which al-
lows more time for the H atoms to tunnel through the barrier.
Thus, the tunneling process in the creation of c−C3H +

3 (TS3 in
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Fig. 5 Potential energy surface connecting d0-allene and d2-acetylene to the experimentally observed product. The energy of each stationary point is

calculated using the mHEAT+ method. Note that the reaction proceeds via quantum tunneling through TS3 to form a nearly iso-energetic product.

Figure 5) is apparently quite efficient, and leads to a nearly 100%
yield under the conditions of the Coulomb crystal experiment.

4.3 Isomer Dependent Pathways
The different proposed mechanisms for reactions between acety-
lene cations and propyne/allene, in the gas-phase, are driven by
the different structure of the two isomers of C3H4. Here, we dis-
cuss the likely contributing factors that lead to a predominantly
long-range, charge transfer interaction with allene, and a short-
range, complex-forming interaction with propyne.

First, the acetylene cation charge transfer reaction with allene
is overall more exothermic than that with propyne. The gener-
alized Mulliken-Hush treatment of electron transfer processes in-
forms us that the reaction rate associated with long-range charge-
transfer processes scales with the square of the overall reaction
exothermicity.56 Long-range in this context means the interaction
potential between the molecules is weak (perturbative). Thus,
long-range charge exchange will be kinetically preferred for al-

lene as compared to propyne.

Second, because propyne has a (small) dipole moment, its
Langevin capture radius will be larger than that of allene, which
has no dipole moment. A larger radius of Langevin capture means
that the formation of a close-range, bound complex will be kinet-
ically more competitive to long-range charge transfer for propyne
than it is with allene. Thus, the Langevin capture picture of the
two reactions complements the Mulliken-Hush treatment.

Finally, there is a large difference in structure between neutral
allene and its cation state, whereas there is almost no structural
change between neutral propyne and its cation state. The rela-
tively large distortion of allene upon ionization allows for almost
all of the excess charge-transfer energy to be localized on the al-
lene cation. The energy localization likely prevents the formation
of a short-range, bound complex. This is in contrast to propyne
where the charge-transfer energy is not localized by a Jahn-Teller
distortion, and thus can be more easily shared across the resulting
reaction complex.
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These three considerations are all consistent with allene favor-
ing a long-range charge transfer process, while propyne tends to
form a reaction complex, as is observed in our experiment. In
addition, a referee has shrewdly pointed out that the approach
of C3H4 to C2D +

2 takes place on an excited state potential en-
ergy surface, which will interact — perhaps via a seam of conical
intersections — with the ground state that comprises the charge-
transferred C3H +

4 and C2D2 species. The nature of this interac-
tion or conical interaction might very well play a role in the qual-
itatively different behavior for the propyne and allene isomers of
C3H4 in the reaction with C2D +

2 . Such an investigation provides
a fourth possibility and is an appropriate topic for future study,
but lies outside the scope of the present research.

It is due to the unique experimental environment provided by
the Coulomb crystal – in particular the lack of internal cooling
from collisions with a neutral background gas, which is common
in typical ion cyclotron resonance (ICR) experiments – that the
differences in product formation between these C3H4 isomers can
be observed. The charge transfer is just exothermic enough to
make unimolecular dissociation of H2C3H +

2 possible, a process
that likely would not occur in most other experiments since the
hot ions would be subject to collisional cooling.

5 Conclusions

In conclusion, we have have studied the isomer-specific reac-
tion mechanism for the bi-molecular reaction between acetylene
cations with two distinct isomers of C3H4, propyne and allene.
For the reaction with propyne, we observed charge transfer and
formation of a bound reaction complex that dissociated into two
charged reaction products: C3D +

3 and C5D +
5 . In contrast, the

reaction with allene exhibited only long-range charge transfer
followed by a tunneling mediated unimolecular decomposition.
This reaction mechanism resulted in a single charged product:
C3H +

3 . The formation of a reaction complex in this system is
hindered. High-level quantum chemical calculations were pre-
formed to map out the potential energy surface for each reaction.
Together with experimental results, we demonstrated that for this
gas-phase reaction, the initial entry on to the PES is pivotal to the
types of products formed. Thus, for the reaction between acety-
lene cations and propyne/allene, isomeric structure determines
the outcome of the reaction.

In the future, reaction studies will be extended to probe the in-
fluence of the neutral reactants’ quantum state and the collision
energy on the reaction pathways. The additional control will be
provided by using a travelling-wave Stark decelerator,57,58 which
will be coupled to the ion trap, similar to other work.59,60 The
Stark decelerator will allow a smooth variation of the speed of
the neutral reactant down to 10 ms−1, thus enabling reaction dy-
namics studies with sympathetically cooled molecular ions at tem-
peratures as low as 10 K. Additionally, the molecules in the beam
produced by a Stark decelerator can be in a single quantum state.
These capabilities open up the possibility to study the influence
of both external and internal degrees of freedom in ion-molecule
reaction experiments.
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