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The reaction between Ar?* and C,H, has been studied, at centre-of-mass collision energies ranging from
3 to 7eV, using a position-sensitive coincidence technique to detect the monocation pairs, which are
formed. Sixteen different reaction channels generating pairs of monocations have been observed, these
channels arise from double-electron-transfer, single-electron-transfer and chemical reactions forming
ArC*. Examination of the scattering diagrams and energetic information extracted from the coincidence
data indicate that double-electron-transfer is a direct process, which does not involve a collision complex,
and the derived energetics point towards a concerted, not stepwise, mechanism for the two-electron-
transfer. As is commonly observed, single-electron-transfer from C,H, to Ar?* takes place via a direct
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Keywords: mechanism, again not involving complexation. Most of the C;H,* products that are formed in the single-
Ionisation electron-transfer reactions possess significant (12-15eV) internal energy and fragment rapidly within
lon-molecule the electric field of the partner Ar* ion. The chemical reactions appear to proceed via a direct mechanism
Dication involving the initial formation of ArCH*, which subsequently fragments to form ArC*.
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1. Introduction

As discussed in recent reviews [1,2], ethyne (CoH;) is the small-
est stable hydrocarbon, which contains a carbon-carbon bond and
has been studied in depth by many advanced theoretical and exper-
imental techniques. Ethyne also has many technological uses, for
example in arc-welding and as a fuel for flames [3]. In addition,
plasmas composed of Ar and C;H> are used for the surface deposi-
tion of diamond films [4-6]. Ethyne is also an important component
of many planetary atmospheres [7], especially that of Titan [8], and
is also found in the Earth’s atmosphere [1]. All the above are envi-
ronments where the formation of ions may be important, and it is
therefore of fundamental interest to understand the ionisation of
C,H5 and its consequences.

There are a considerable number of studies of the single and
double ionisation of ethyne reported in the literature. Single ion-
isation of ethyne has been extensively investigated using photon
ionisation [9-12], photoelectron spectroscopy ([13-15] and ref-
erences therein) as well as coincidence techniques [16-20], and
the electron ionisation of ethyne has recently been reviewed [21].
Double ionisation of ethyne has been studied via photon ionisa-
tion [22-24], electron ionisation [21], charge stripping [25-27] and
Auger spectroscopy [28-30]. Far less attention has been paid to
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the reactions of ethyne with dications, or the reactions of dou-
bly ionised ethyne itself. Roithova and Schréder have studied
the reactions of various aromatic organic dications with neutral
ethyne [31]. These experiments observed charge-conserving bond-
forming processes, in addition to the expected electron-transfer,
proton transfer, and collision-induced dissociation reactions; for
example C7Hg2* and C,H, react to give CoH;2*. B6hme and co-
workers have studied the reactions of Cgp** and C;o*" (where
x=1-3) with C;H; in a selected ion flow tube and found there was
no simple bimolecular reaction, only three-body adduct formation
[32]. Reactions of Ar2* with C;H, have been studied using an ion
drift tube [33,34] and CoH,* and CoH* were detected as products.
These drift tube experiments indicated the reaction rate coefficient
was large and remained constant over a range of collision energies
below 1eV.

This study will consider three of the general classes of reac-
tivity [35-43] which can occur following collisions between a
dication M2* and a neutral species AB: double-electron-transfer
(DET), single-electron-transfer (SET) and chemical reactions. In DET
two electrons are transferred to M2*, from the neutral, to generate
ABZ*; hence, any monocationic products detected will be due to
the dissociation of AB%*. In SET one electron is transferred to M2*
from AB yielding M* and AB* as the primary products. Both the
DET and SET mechanisms can be further categorized as dissocia-
tive or non-dissociative. If the reaction is non-dissociative then the
ionic products from the primary electron-transfer are formed in
stable electronic states. Conversely, if the reaction is dissociative
one or both of the primary ionic products subsequently fragment
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further. As the position-sensitive coincidence (PSCO) method we
employ detects only pairs of monocations, only dissociative DET
will be detected by our experiments, even if there are non-
dissociative channels operating. However, both dissociative and
non-dissociative SET events can be probed by the PSCO method-
ology. In a “chemical” process new bonds are generated between
atoms from the reactant dication and atoms from the neutral reac-
tant. Again, chemical processes forming pairs of ions can be probed
by the PSCO technique, but reactions, which generate dicationic
products, will not be detected.

At low collision energies, below 100 eV, SET reactions of dica-
tions can be well explained using ‘reaction window’ models based
on the Landau-Zener theory [40,44,45]. Briefly, for a dication
reaction, this model pictures the electron-transfer occurring at
a curve crossing (Fig. 1(b)) between a reactant potential energy
curve (M2*+AB), which is attractive at significant interspecies
separations, and a product potential (M*+AB*), which is domi-
nated by Coulomb repulsion. The one-dimensional Landau-Zener
model indicates that, for efficient SET, this crossing of poten-
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Fig. 1. Schematic potential energy curves for (a) concerted and (b) sequential
double-electron-transfer following the reaction of M2* with AB. (a) AH, indicates
the small reaction enthalpy which is required for the curve crossing to lie in the reac-
tion window for the concerted mechanism. (b) The competition between single-
and double-electron-transfer, which is implicit if the sequential mechanism for
double-electron-transfer is operating. The sequential mechanism involves an ini-
tial single-electron-transfer to the repulsive potential corresponding to a pair of
monocations. The system may then remain on this potential, resulting in single-
electron-transfer, or cross again to reach an M+AB?* asymptote. AH; and AH,
schematically indicate the limiting reaction exothermicities for which this pair of
curve crossings will lie in the reaction window, a markedly larger range of exother-
micities than for the concerted mechanism illustrated in (a).

tial energy curves (PECs) should occur at interspecies separations
between 3 and 6 A. If the curve crossing is at larger interspecies
separations than the favoured window, the coupling between the
reactant and product potentials is not strong enough for effi-
cient electron-transfer. Conversely, if the curve crossing is at too
small an interspecies separation the coupling between the reactant
and product potentials is strong. However, this strong interaction
results in inefficient net electron-transfer, as the collision system
has to pass through the curve crossing twice, on approach and
separation.

For the DET reactions of dications with neutrals, the simple
one-dimensional reactant and product potentials will have similar
forms at larger interspecies separations, as both are dominated by
dication-neutral polarisation attraction. At low collision energies,
symmetric DET processes have been investigated for atomic species
(e.g., Ne2* + Ne) and the measured cross-sections agree reasonably
well with simple models [46-50]. DET in non-symmetric collision
systems involving dications, at low collision energies, has been
observed before [44,51,52] but not, to our knowledge, investigated
in any great detail. Within the constraints of the one-dimensional
Landau-Zener model, non-resonant DET in low-energy collisions
between the generic chemical species M2* and AB can, in principle,
occur by two routes. The first pathway is that the two electrons are
both transferred at the crossing of the M2* +AB and the M + ABZ*
PECs, Fig. 1(a), a concerted process. Under a one-dimensional sim-
ple electrostatic model, the only differences in the forms of the
reactant and product PECs, beyond the repulsive short-range inter-
actions, are due to the differing polarisabilities of the respective
neutral species. Thus, the concerted DET pathway requires the reac-
tant and product asymptotes to lie close in energy, within 1eV,
to place the curve crossing in the reaction window (Fig. 1(a)).
An alternative DET pathway, which has been proposed before
[44], involves sequential electron-transfer via a repulsive M* + AB*
potential which links the attractive reactant and product poten-
tials, as illustrated in Fig. 1(b). The reactive system first crosses from
the M2* + AB potential to the M* + AB* potential, followed by a sec-
ond crossing to the M+ AB2* surface. Interestingly, this sequential
mechanism implies an intrinsic competition between DET and SET.
Qualitatively, the relevant curve crossings in this sequential model
of DET will lie in the reaction window for a much wider range of
reaction exothermicities than for the concerted mechanism. Thus, if
the sequential DET mechanism was favoured we would expect that
DET should be a common outcome of dication-neutral collisions.
The relative scarcity of dication DET reactions following dication-
neutral collisions, at low collision energies, perhaps hints that the
concerted, “near-resonant”, mechanism is the effective pathway for
these processes [52].

This paper reports an investigation of the reactivity of Ar2* with
neutral CoH,, at collision energies from 3 to 7eV in the centre-
of-mass (CM) frame using a time-of-flight mass spectrometer,
equipped with a position-sensitive detector (PSD). This apparatus
allows the coincident detection of the monocation pairs formed
following the reactive encounters. As well as identification of the
monocation pairs, this PSCO technique allows the determination of
the velocity vectors of the reaction products giving a unique insight
into the dynamics of the dication reactions.

2. Experimental

The PSCO apparatus has been described in detail before in the
literature [35,53-55]. Briefly, dications, and other ions, are gen-
erated from a suitable precursor gas by electron ionisation in a
custom-built ion source. The cations are then extracted from the
ion source and transmitted into a hemispherical energy-analyser
where they are energy-selected to give an ion beam with an energy
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spread of approximately 0.3 eV. At the exit of the analyser, the ion
beam is pulsed by a pair of deflectors which sweep the beam back-
wards and forwards across a small aperture. The pulses of ions then
pass through a series of ion optics, which accelerate and focus the
beam, before it enters a commercial velocity filter which is set to
transmit the dication of interest [56]. The resulting mass-selected
pulses of ions are then decelerated before entering the interaction
region, which doubles as the source region of a time-of-flight mass
spectrometer (TOFMS).

In the interaction region the pulses of dications cross an effu-
sive jet of neutral gas. The pressure of the neutral species is low
enough so that any reactions take place under single-collision con-
ditions. The interaction region is initially maintained in a field-free
state, so that any reactions take place at the intended low colli-
sion energy. Once a dication pulse has reached the centre of the
interaction region, a voltage is applied to a repeller plate, which
drives the ions into the acceleration region of the TOFMS. Gener-
ally the repeller voltage is pulsed to +300V to allow the collection
of all the product ions, at the expense of some energy resolution.
If increased energy resolution is required, a lower repeller voltage
(50V) can be used, but under these conditions ions with significant
off-axis velocity components will then miss the detector, limiting
the range of the angular scattering observed.

Approximately 0.5 s after the repeller pulse, a start pulse is sent
to a time to digital converter, which receives stop signals from the
PSD at the end of the TOFMS. The PSD is a commercial wire-round
delay line anode (RoentDek DLD 80) which gives the ion’s time-of-
flight and the position (x, y) of the ionic impact on the face of the
PSD. When two ion signals are detected following a repeller plate
pulse they are recorded as a coincidence, and the positional and
timing information stored. If only a single ion is detected in a pulse
then its TOF is added to a simple TOF mass spectrum. To ensure
that true coincidences are dominant, the experimental event rate
is kept low, so that on average far less than one ion per repeller
plate pulse is detected. This reduces the false coincidence rate to
such an extent that there is rarely a need to deal with such signals
in the PSCO spectrum.

As has been shown before [53], from the positional and timing
information for each pair of product ions detected it is possible to
calculate the x, y and z velocity vectors for each ion in the laboratory
frame. The details of this data treatment have been presented pre-
viously and will not be repeated in detail here [35,53-55,57-59].
Briefly, the x and y velocities are derived from the position of the
ionic impacts at the detector, whilst the z (on-axis) velocity can be
determined from the deviation of the measured ionic TOF from the
TOF the ion would have if it possessed zero initial kinetic energy.
These laboratory frame velocities are then converted to velocities
in the CM frame w(X*) for ease of interpretation. This conversion
is done using the velocity of the CM in the laboratory frame, which
can be determined from the initial dication velocity or the mutual
velocities of the products of a reactive channel that produces only
a pair of monocations [53].

As well as generating just pairs of monocations (two-body reac-
tions), the reactions of dications with molecules will often generate
a neutral species in addition to the pair of monocations, exhibiting
so-called three-body reactivity. Using conservation of momentum
in the CM frame, the CM velocity of the neutral species formed
in such a three-body reaction can be determined from the veloci-
ties of the ionic species derived from the PSCO data. When all the
product velocities have been determined, the correlations between
these vectors can be explored for the different reactive chan-
nels, such correlations have proven to be a powerful probe of
the reaction mechanism [35]. Of course, if a given reactive chan-
nel generates more than a single neutral species, in addition to
the pair of monocations, conservation of momentum cannot be

used to derive the neutrals’ respective velocities. The correlations
between the product velocities are normally displayed via two
classes of scattering diagram. Scattering diagrams in the CM frame
are polar histograms where, for a product ion X*, jw(X*)| is plotted
as the radial co-ordinate and the scattering angle 6 (0° <6 <180°)
between the product’s velocity vector and the reactant dication’s
velocity w(MZ*) is the angular co-ordinate. Typically, the data for
one product is displayed in the upper semi-circle of the diagram
and the data for a second product is plotted in the lower semi-circle.
Internal-frame scattering diagrams are also a powerful method of
inspecting the coincidence data [35]. Here, the scattering of a prod-
uct (e.g., X*) is displayed with reference to the velocity vector of
another product (Y), w(Y). Again, [w(X")| is the radial co-ordinate
and the angular co-ordinate is the angle ¢ (0° < ¢ < 180°) between
w(X*) and w(Y). In such internal-frame scattering diagrams the
scattering data for the second product, again with respect to the
reference species Y, can be displayed in the lower half of the dia-
gram.

In addition to scattering diagrams, the PSCO experiment pro-
vides energetic information on the different reactive channels that
are detected. Initially, the kinetic energy release T can be derived
from the product velocities in the CM frame for a given reactive
channel. Then the translational exothermicity (AEt) for each reac-
tive event can be expressed in terms of Tand the CM collision energy
of the reactive system E¢p:

AEr = Eproducts — Ereactants = T — Ecm (1)

where the energies of the products and reactants, Epqoqyucts and
Ereactants, €an contain contributions from rotational, vibrational and
electronic excitation. If there is no internal excitation of the prod-
ucts or the reactants then AEr is simply the enthalpy of reaction,
AH. As both T and E., can be determined for each reactive event
detected during the experiment it is possible to produce a his-
togram of the AE7 for each reactive channel, which we refer to
as a translational exothermicity spectrum (TES). This spectrum can
provide information on the energies of the electronic, and in an
ideal case the vibrational, states involved [53-55,60]. As discussed
below, for the channels where more than one neutral species may
be formed, it is sometimes possible to use the TES to deduce the
identity of the neutral product(s).

Previous studies of the reactions of Ar%*, using both the PSCO
apparatus and employing other experimental techniques, have
shown that the reactant dication beam comprises ions in the three
electronic states arising from the 3p~2 configuration, namely the
3Py10 D, and 1Sq states [54,61,62]. The latter levels lying 1.7
and 4.1 eV above the ground state, respectively [63]. These earlier
investigations indicate these Ar2* states should be present in their
statistical ratio of 9:5:1.

3. Results and discussion

PSCO spectra were recorded following collisions of Ar?* with
C,H; at five different CM collision energies ranging between 3 and
7 eV. Nine different ionic products were detected in the mass spec-
trum, Ar*, CoHy*, CoHY, C*, CHy*, CHY, C*, H* and ArC*. Of course,
itis also possible that long-lived C;H»2* ions are also formed. How-
ever, due to the presence of the strong signals due to CH* product
ions, any long-lived isobaric C;H,2* ions could not be definitively
identified. The coincidence spectrum revealed sixteen different
reaction channels involving the production of ion pairs, the differ-
ent channels and their relative branching ratios are listed in Table 1.
Since all sixteen reactive channels are monitored in the same PSCO
experiment, the branching ratios are readily derived from the coin-
cidence counts for each channel in the PSCO pairs spectrum [35].
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Table 1
Observed channels and their branching ratios following the reaction of Ar?* with
CoHy

Number reaction A:H° (eV) Branching ratio
Double-electron-transfer
C*+H'"+CH + Ar (1) —5.04 0.01
CH* +H* +C + Ar (2) —5.64 0.03
CH' +C"+H + Ar (3) —7.98 0.07
CH" +CH" +Ar (4) -12.11 0.03
Ct+H"+H + Ar (5) —7.54 0.03
CoHY +H™ +Ar (6) -13.33 0.002
Single-electron-transfer
Art +H" + GGH (7) —14.12 0.03
Art +C* +CH, (8) -7.29 0.03
Art +CH" +CH 9) —-7.01 0.22
Art +CH"+C  (10) -8.19 0.03
Art 4Gt +Hy (11) -9.90 0.16
Art +CGH"+H  (12) -11.17 033
Art 4+ CoHy " (13) -16.23 0.02
Chemical reaction
ArC* +H* +C + H(14) -2.50 0.001
ArC* +C*+H + H(15) -4.83 0.002
ArC*+CH"+H (16) —8.96 0.006

The table also lists A.H® [73], the literature value for the enthalpy of reaction. The
branching ratios between the different channels measured at E., =4.73 eV are also
given. The branching ratios are directly derived from the number of counts in the
peaks corresponding to the different reactive channels in the PSCO spectrum.

The sixteen channels arise from the general DET, SET and chemical
reaction mechanisms discussed above and we will now consider
each group of reactions in turn.

3.1. Double-electron-transfer reactions

Following collisions between Ar?* and C,H,, we observe six
reaction channels where the ion pair does not involve an Ar* mono-
cation. These six channels clearly arise from DET processes, that is
fragmentation of C;H,2* formed via the transfer of two electrons
from C,H, to Ar?*. Fig. 2 shows two examples of scattering dia-
grams for these DET processes. Fig. 2(b) clearly shows the isotropic
distribution of the CH* and H* products from reaction (2) about the
velocity of the precursor C;H, molecule w(C,H,), a velocity which
we can derive from the known velocity of the incident Ar2* ion in

the laboratory frame. Fig. 2(a) shows a similar distribution of the
w(CH*) vectors about w(CyH,) for reaction (4); however, for this
channel the dead-time of the detector and the identical mass of the
products restricts the scattering angle for one ion to less than 70°
and the other ion to more than 110° in the laboratory frame. Scat-
tering diagrams for the other DET channels show similar isotropic
scattering of the ionic products about w(CyH>).

In principle there are three mechanisms by which a DET reac-
tion can occur. Specifically, the two direct DET pathways discussed
above, concerted and sequential, plus a possible DET pathway via
a [Ar-C,H,]?* intermediate which involves a longer term asso-
ciation of the reactants. If such complexation was the dominant
pathway, we would not expect the fragment scattering to be cen-
tred on w(C,H>), which is what we observe experimentally (Fig. 2).
The dissociation of a long-lived complex, where the lifetime of
the complex is much greater than its rotational period, to give the
ionic products would result in the scattering of the products to be
centred about the CM [35]. The scattering we observe, where the
ionic products are scattered about w(C,Hs), is exactly that expected
for a direct reaction mechanism, where the pair of electrons are
transferred to the dication at a significant interspecies separation
with little short-range Ar?*-C,H, interaction. If short-lived colli-
sion complex was formed, the products would not be scattered
isotropically about the CM as one would expect for a long-lived
complex. However, the formation of a short-lived complex would
still involve some momentum exchange between the reactants and,
hence, the products would not be scattered about w(C,H,) as we
observe experimentally. Thus, the DET reaction mechanism seems
clearly to involve direct and long-range electron-transfer.

Considering the direct DET mechanisms described above, and
illustrated in Fig. 1, the concerted DET process can be envisaged
as occurring at a curve crossing between the Ar?* +C,H, and the
Ar + C,H,2* potentials [40,64]. For the collision system under study
we calculate that for the curve crossing to lie within the reaction
window the product and reactant asymptotes must have a sep-
aration of less than 1eV. Conversely, the sequential DET process
(Fig. 1) involves two separate curve crossings, and should allow a
wider range of exothermicities for efficient DET than the concerted
mechanism. Thus, determining AEy for the different DET process,
and hence the exothermicity of the primary DET process, should
provide an insight into the DET mechanism.

y =1
3cm us

Fig. 2. CM scattering diagrams for the formation of (a) CH* and CH* and (b) CH* and H* following DET reactions of Ar?* with C;H; at a CM energy of 7.09 eV. In these diagrams
the angular co-ordinate is the scattering angle 6 between the reactant ion velocity and the velocity of the product [0° <6 < 180°], and the radial co-ordinate is the magnitude
of the CM velocity of the product. The CM is marked by the dot Data for one product is plotted in the upper half of the figure and for a second product in the lower half. In
(a), due to deadtime losses at the detector, only the forward and backward scattered ions can be detected.
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Table 2

Measured Kinetic energy releases for the fragmentation of C;H,?* formed by DET to Ar?*

Reaction CyHy2* kinetic energy

release (eV)?

CyH,2* precursor
state energy (eV)

DET exothermicity (eV) Kinetic energy release from

photoionisation (eV) [22]

C* +H* +CH + Ar(1) 5.7 434

CH* +H* +C + Ar(2) 56 434

CH* +C* +H + Ar(3) 7.0 424

CH* +CH* +Ar  (4) 72 385

Co* +H* +H + Ar(5) 6.5 424
)

CH* +H" +Ar (6

0.0 5
0.0 7
1.0 5.7
49 5.4
1.0 6
- 5.5

The corresponding C;H,2* precursor state energies are also shown and the derived exothermicity of the primary DET process (see text for details). The kinetic energy releases
reported for the same fragmentation reactions induced by double photoionisation are also listed.
2 Kinetic energy releases measured in this experiment. The KER values are an average of those measured for all five collision energies used in this study.

To determine the energy of the C;H,2* ions formed by the pri-
mary DET process, we can work in the frame of the reactant C;H,
molecules, as defined by w(C,H>), and evaluate the kinetic energy
released in the dissociation of the C;H,2* from the relative veloc-
ity vectors of the ionic fragmentation products. Table 2 lists the
modal value of such kinetic energy distributions for the different
DET channels. As expected, these kinetic energy distributions do
not vary significantly with varying collision energy. Table 2 shows
that the kinetic energy releases we determine for the different DET
channels are broadly comparable to those for the same dissociation
processes observed when CyH,2* is formed by photoionisation at
48eV [22]. However, the relative intensities of the DET channels
we observe differ markedly from those reported from photoionisa-
tion experiments. Where double ionisation of C;H; occurs via DET,
in our experiments, the formation of CH* + C* +H (reaction (3)) is
the major fragmentation channel. The fragmentations of C;H,2* to
form CH*+CH*, C;* +H*+H and CH* + H* are each approximately
half as intense as reaction (3), whilst the formation of C;H* + H*
is weak. These branching ratios for the dissociation of C;H;2* are
in contrast to those for the dication formed via photoionisation at
48 eV, where the dominant dissociation channel is C;H* + H*, fol-
lowed by CH* + CH* formation and the production of C;* +H*+H
[22].

The explanation for the different fragmentation patterns
observed for C;H,2* formed by DET and by photoionisation is read-
ily apparent if we estimate the precursor state energies (Table 2)
for the C;H,2* electronic states that are formed in the primary DET
process; the states which dissociate to yield the observed monoca-
tion pairs. Such state energies are estimated by adding the modal
kinetic energy release we measure for the fragmentation of C;H,2*
to the energy of the dissociation asymptote, expressed relative to
the ground state of C;H,. It is important to note that such precur-
sor state energies place a lower limit on the energy of the C;Hy2*
state which dissociated to give a particular ion pair, as they assume
the fragmentation products are in their ground states. Such precur-
sor state energies are listed in Table 2 and clearly show that, apart
from reaction (4), the DET process are populating C,H,2" states
lying approximately 42-44 eV above the ground sate of C;H,. In
contrast, the non-resonant photoionisation experiments discussed
above populate a range of dication states, which may be at markedly
lower energies than the photon energy [22]. In particular, the pho-
toionisation experiments populate lower lying states of C;H,2*,
which favour the dissociation to CH* + CH*, C;H* + H* and CH,* +C.
In fact, theoretical investigations indicate that the dominant source
of the CH,* +H* channel is the ' Ag state of C;Hp%* at 32 eV from
which ethyne can rearrange to the vinylidene structure [65]. This
lower energy state is clearly not populated in DET between Ar%*
and CyH,. The precursor state for formation of CH* +CH* (4) in
the DET reactions (Table 2) appears to lie at approximately 38 eV,
markedly lower than the other precursor state energies we deter-
mine. Of course, this estimate of the precursor energy for reaction

(4)assumes that the CH* products are formed in their ground states,
but does agree well with an electronic state at 37 eV implicated in
the formation CH* and CH* via photoionisation [22]. However, it is
also possible that reaction (4) results from C;H,2* precursor state(s)
at a similar energy (42-44eV) to the other DET channels, but this
precursor state dissociates to form vibronically excited CH* ions.

We can now determine the overall exothermicity of the primary
DET process for each DET channel (given in Table 2) as the difference
between precursor state energies of the primary C;Hy2* species
and the double ionisation potential of Ar. The small primary DET
exothermicities we determine for all the channels, except reaction
(4), are consistent with a concerted DET process (Fig. 1a). Indeed,
the concerted picture of the DET process has been used to ratio-
nalize such reactions for highly charged ions [51]. The larger DET
exothermicity we observe for the formation of CH* with CH*, where
the difference in energy between the C;H,2* precursor state PEC
and the reactant PECis around 5 eV, could indicate a sequential DET
mechanism is operating for this reaction. However, as described
above, a concerted mechanism populating a C;H,2* precursor state
at 42-44 eV which dissociates to form excited CH* ions is also pos-
sible and, given the primary exothermicities observed for the other
DET channels, perhaps more likely.

3.2. Single-electron-transfer reactions

There are seven channels (Table 1) in the PSCO spectrum (7)-(13)
which can be attributed to transfer of a single electron from C;H, to
Ar2*; six of these channels correspond to dissociative SET (7)-(12)
together with a non-dissociative channel (13). For several of the
dissociative SET channels there may be more than one neutral
fragment formed along with the detected ions. For example, for
production of the Ar* and CH* ion pairs (9) the accompanying neu-
tral(s) could be CH or C and H. By comparing the translational
exothermicity, derived from the PSCO spectrum, with the litera-
ture exothermicities it is often possible to deduce which neutral(s)
are formed in such channels. In the example above, the literature
enthalpy of reaction is calculated to be —7.0 eV if CH is the neutral
or —3.5eV if C and H are formed. The observed average transla-
tional exothermicity is approximately 6 eV, indicating that for this
channel the neutral formed is CH. Similar arguments can be used
to deduce neutral products for all the other SET reactions listed
in Table 2. In all cases the assigned neutral products are strongly
favoured by the TES derived from the PSCO spectrum.

The scattering diagrams derived from the PSCO data for the
non-dissociative SET reaction (13) show strong forward scattering,
as has been observed before for such processes [35,40,54,55,66].
That is, the Ar* product has a velocity which is predominantly
directed in the same direction as w(ArZ*). Similarly, w(C,H,*) is
strongly aligned with the direction of w(CyH>). Such scattering is
consistent with the standard mechanism of such dication electron-
transfer processes, where the reaction is direct and the electron
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Fig. 3. CM and internal frame scattering diagrams for Ar*, CH* and CH formed via SET at a CM energy of 7.09 eV. (a) A CM scattering diagram, see caption to Fig. 2 for details.
(b) The internal frame scattering for CH* and CH with respect to the velocity of Ar*. In (b) the angular co-ordinate is the scattering angle ¢ between the velocity of one product
and the velocity of Ar* [0° < ¢ < 180°], and the radial co-ordinate is the magnitude of the CM velocity of the product. Data for CH* relative to Ar* is plotted in the upper half

of the figure and for CH relative to Ar* in the lower half.

is transferred at significant interspecies separations, although
electron-transfer at short range has also been observed before [59].

All six dissociative SET channels exhibit very similar scattering
diagrams and representative examples, for reaction (9), which gen-
erates Ar* + CH* + CH, are shown in Fig. 3. Fig. 3(a) shows that the Ar*
product is again strongly forward scattered in the CM frame, whilst
the CH" is scattered in the opposite direction, in the direction of
w(CyH;). Such strong forward scattering has also been observed
before for dissociative SET processes, and is consistent with rapid
direct transfer of an electron to Ar?* from C,H,* at a significant
interspecies separation (3-6A), forming an excited monocation
which goes on to dissociate when well separated from the other
ionic product [35,55,66].

One notable feature of the internal frame scattering diagrams
for the dissociative SET channels (Fig. 3(b)) is that the velocities
of the neutral species and monocation formed from the dissocia-
tion of the excited ethyne monocation (Co;H,**) are not uniformly
distributed about the same point in the scattering diagram. If the
CoHy** ion were to dissociate when effectively separate from the
Ar”* ion, the velocity vectors of the dissociation products would
be isotropically distributed about w(CyH,**), as has been observed
before for analogous reactions [35,55]. The expected velocity of the
primary CoH,** ion, w(CyH,**), can be determined by conserva-
tion of momentum from the known value of w(Ar*) and is marked
in Fig. 3(b). We observe a distinct asymmetry in the distributions
of the ionic and neutral products about w(C;H,**). The dissociation
of the C;H,** ion close to the Ar* ion, where the mutual electro-
static repulsion is significant, readily accounts for this observed
asymmetry in the distribution of the products about w(C,H;**). In
this situation, the ionic fragment receives an extra impulse due to
the Coulombic repulsion from the Ar* ion, whilst the neutral frag-
ment does not. Using a simple electrostatic model for the repulsion
between Ar* and CyH,* it is possible to predict the approximate
separation between Ar* and CoH,** at which the hydrocarbon ion
must dissociate to obtain the measured fragment velocities. This
model indicates that the dissociation of C;H,** must take place
rapidly, within 500fs, and within approximately 20A of the Ar*
ion.

The ionisation energy of C;H, is 11.40eV[9] and the ionisa-
tion energy of Ar* is 27.63 eV. These ionisation energies result in
approximately 16 eV of excess energy to distribute between product
translation and the internal energy of the nascent C;H,* prod-

uct following SET, if the Ar?* and Ar* species are in their ground
electronic states, as is shown below. In fact, from the average
Ar* velocity for the dissociative SET channels we can deduce, by
conservation of momentum, that approximately 4 eV of energy is
deposited into the translation of the CoH,**ion, still leaving approx-
imately 12 eV as internal energy. This significant internal excitation
of the nascent CoH,** product explains the dominance of dissocia-
tive SET in the Ar2*/C,H, collision system (Table 2). The extent of
dissociative SET from Ar2* + CyH, is in dramatic contrast with that
observed in the complimentary reaction between C;H,2* and Ar;
here, the SET reaction is exothermic by only approximately 4 eV
and the product CoH,** ion can have little internal energy and so
non-dissociative SET dominates [60].

As with the fragmentation of C;H,2* formed by DET, we can
compare the observed fragmentation patterns for the C;H,** ions
formed by SET with the fragmentation of this ion when formed by
photoionisation. However, care must be taken in this comparison
as in the SET reaction we are observing the decay of CoH,* ions
formed with, on average, approximately 12 eV of internal energy.
In contrast, C;H,* ions formed in non-resonant photoionisation
experiments, where the photoelectron can carry away significant
amounts of energy, are not constrained to such a specific internal
energy content [9,10]. The appropriate comparison for the frag-
mentation of C;H,** formed in the SET process is with CoH,* ions
formed with known and comparable internal energies [16-20].
Such studies show that if the C;H,** has enough internal energy
to dissociate to CoH* +H", long-lived C;H,* products are hardly
observed [17,20]. Thus, the photoionisation results indicate that if
CyHy** is formed in the SET process with 12 eV of internal exci-
tation, no long-lived C;H,* ions should be detected. However, we
still clearly observe long-lived Cy;H,* ions from non-dissociative
SET reactions (13), with a branching ratio of approximately 0.025
(Table 2). A ready explanation for our observation of these long-
lived C,H,* ions is the presence of excited Ar?* states, from the
3p~2 configuration, in the reactant dication beam. The reaction of
Ar2*(1D,) with ethyne is sufficiently exothermic to form the ground
electronic state of CoH,* together with the first excited state of
Ar*(2S). This non-dissociative SET reaction has a literature enthalpy
of —4.5eV, a value in excellent agreement with the translational
exothermicity we observe for this channel; an exothermicity which
places this reaction in the favoured “reaction window” for electron-
transfer. Thus, is seems clear that the long-lived C;H,* ions we
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observe arise from SET reactions of excited states of Ar?*. Con-
versely, the experimentally determined exothermicities for the
dissociative channels, channels which dominate the SET reactivity
(Table 1), show that they are reactions of C;H, with Ar?* in its 3P
ground state and that the Ar* products formed are not electronically
excited.

Unfortunately, no studies of the dissociation of energy-selected
CoHy** ions have been performed for ions with a comparable
(12 eV) internal energy to the C;H,** ions formed by the SET reac-
tions. Energy-selected studies of photoionisation of C;H, at 21 eV,
where the CoHy* ion is formed with 9.6eV of internal energy,
observe just CoH* as the final ionic product [17]. As expected, due
to their larger internal energy content, the C;H,** ions generated
by SET between Ar2* and C,H, exhibit significantly more extensive
fragmentation (Table 1) than CoH,** ions formed with 9.6 eV inter-
nal energy. The major products of the dissociative SET reactions are
CyH*, CH* and C,*, with H*, C* and CH, ™ also detected. The branch-
ing ratios between these different dissociative SET channels vary
little with collision energy over the range (3-7eV) investigated;
the relative insensitivity of the cross-sections of SET reactions to
the collision energy in this energy regime has been noted before
[67].

Previously the SET reactions of Ar* and C;H, have been inves-
tigated from near-thermal energies to 1eV in a drift tube [33,34].
These drift tube experiments found that the reaction was rapid but
saw only C;H,* and CoH* as products, with C;H,* being the major
product. The obvious reason for the difference between the PSCO
experiment, where extreme fragmentation of CoH,** is seen, and
the drift tube results is the high buffer-gas pressures employed in
the latter technique. These high pressures can lead to collisional
stabilisation of any internally excited product ions.

Asecond estimate of the internal energy of the precursor C;H,**
products from dissociative SET can be made by addition of the mea-
sured AEr values for the different channels to the energy of the
appropriate dissociation asymptote. This estimate places a lower
limit on the internal energy of the C;H,** ion, as it assumes all
the products are formed without any internal excitation. For all
the observed dissociative SET channels, the above approach derives
precursor CoH,** states lying 12-15 eV above the energy of ground
state CoHy*, 23.5-26.5 eV above the ground state of CoHj. Satisfy-
ingly, this range of precursor state energies is consistent with our
initial estimate of the internal excitation of the C;H,** ion made
above, via conservation of momentum. The C2 Eg state of CoH, ™ lies
approximately 24 eV above the ground state of C;H,, in precisely
this energy regime, together with a manifold of quartet electronic
states which have been the focus of recent interest [68]. The disso-
ciation of the C2 E;r state, and higher lying doublet states, is thought
to play a major role in the fragmentation of C;H,* ions with inter-
nal energies similar to the primary products of the SET reactions we
have identified above. The predissociation of these doublet states
by the quartet states has also been investigated [68-70], and seems
to contribute significantly to the yield of CH* dissociation products
[70]. Thus, the increased propensity for the Co;Hy** ions formed
by SET to dissociate to yield CH*, in comparison with CoH,** ions
with a lower internal energy content, is consistent with the known
behaviour of the electronic states of CoHy* lying 12-15eV above
the ionic ground state.

3.3. Chemical reactions

Following collisions of Ar2* with C;H,, three channels involving
the formation of ArC* are detected (14)—(16). Indeed, the formation
of new chemical bonds involving rare gas atoms, following the colli-
sions between dications and neutral molecules, has been observed
before [71,72]. Previous studies of the dynamics of bond-forming

1.0 cm ps”

Fig. 4. Internal frame scattering diagram for CH* and H relative to the velocity of
ArC* for the chemical reaction (16) following collisions of Ar?* with C;H, at a CM
energy of 4.73 eV.

reactions of molecular dications have shown that most, but not all,
of these bond-forming processes proceed via complexation [35,42].
The scattering diagrams for the chemical channels forming ArC*
(Fig. 4) are, surprisingly, very similar to the scattering diagrams for
the SET reactions. Specifically, in the CM frame the ArC* product
is forward scattered, in the direction of the original Ar?* velocity,
whilst the second ionic product (H* or C* or CH*) is scattered in
the opposite direction. This scattering indicates that the reaction
is effectively direct, involving little or no complexation. A mecha-
nism consistent with the observed scattering is one in which Ar2*
strips a CH™ group from C,H, to form ArCH** and CH*. The ArCH**
subsequently dissociates to ArC* which we observe in coincidence
with CH* (channel 16) or the products of the dissociation of the
CH* ion (H*, C*, channels 14 and 15). This proposed mechanism is
supported by the internal frame scattering of CH* and H relative
to w(ArC*) for reaction (16) (Fig. 4). This internal frame scattering
diagram shows that the velocity of CH* is strongly anti-correlated
with that of ArC*, and the velocity of the H atom is broadly corre-
lated with that of ArC*. This scattering is consistent with the initial
separation of ArCH* and CH* and the subsequent dissociation of
ArCH*.

Another possible mechanism for the formation of ArC* is that
the Ar?* abstracts a carbon anion from CyH, to form ArC* and
CH,*. Such a mechanism might be possible if the presence of the
Ar%* induces isomerisation of the ethyne to a vinylidene structure.
Such an isomerisation would perhaps be expected to proceed via a
long-lived complex. Indeed, calculations of the C;H,2* + Ar poten-
tial energy surface [60] show a route to formation of ArC* with CH,*,
which involves the formation of a complex. However, the clear
signature of a direct reaction mechanism given by the observed
experimental scattering (Fig. 4) and the correlation of the velocity
of the neutral species with the ArC* product strongly indicates that
the formation of ArC* proceeds via initial formation of ArCH*, and
not by transfer of a carbon anion.

There is no experimental enthalpy of formation for ArC* avail-
able. Using existing thermochemistry, and given that the measured
experimental translational exothermicity for channel (16) is ~9 eV,
we derive an upper limit for AH; [ArC*] of 17.7 eV. This value is in
excellent agreement with that of Lu et al., a value based on previous
theoretical studies and thermochemistry [71].
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As the collision energy is increased, the branching ratio for
forming ArC*+CH™* (16) appears to decrease significantly. Such a
decrease, without a comparable increase in the branching ratios for
reactions (14) and (15), is readily explained by increased fragmen-
tation of the ArC* ion due to its formation with increasing internal
energy content as the collision energy increases.

It is interesting to note that ArC* is the only chemical product
detected from the reaction of Ar®* with C,H, and this chemical
channel does not have a large branching ratio. In contrast, ArH*
formation is a major channel following the reaction of C;H,2* with
Ar [60]. This difference in reactivity is easily explicable as CoH;2*
can readily act as a proton donor, but extraction of a hydride ion by
Ar?* from CH, to form ArH* is not expected to be a facile process.

4. Conclusions

The reactions of Ar?* with C;H, which produce pairs of
monocations have been studied using a coincidence technique at
centre-of-mass collision energies ranging from 3 to 7 eV. Nine dif-
ferent monocationic products were detected, involved in sixteen
separate reaction channels. Three general classes of reactivity were
observed: DET, SET and bond-forming chemical reactions.

Careful examination of the scattering diagrams and energetics
extracted from the coincidence data indicate that DET reaction is
direct and the energetics hint at concerted two-electron-transfer.
As is commonly observed, SET from C;H, to Ar?* takes place via
a direct mechanism and does not involve complexation. Most of
the CoHy* products that are formed in the SET reactions possess
significant (12-15 eV) internal energy and fragment rapidly within
the electric field of the partner Ar* ion. The chemical reactions,
which form ArC+, proceed via a direct mechanism involving the
initial formation of an ArCH* ion, which subsequently fragments to
form ArC*.
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