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a b s t r a c t

The reaction between Ar2+ and C2H2 has been studied, at centre-of-mass collision energies ranging from
3 to 7 eV, 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,
ccasion of his 75th birthday.

eywords:
onisation
on-molecule

and the derived energetics point towards a concerted, not stepwise, mechanism for the two-electron-
transfer. As is commonly observed, single-electron-transfer from C2H2 to Ar2+ takes place via a direct
mechanism, again not involving complexation. Most of the C2H2

+ products that are formed in the single-
electron-transfer reactions possess significant (12–15 eV) internal energy and fragment rapidly within
the electric field of the partner Ar+ ion. The chemical reactions appear to proceed via a direct mechanism

tion o

t
b
t
e
f
p
e
w
x
n
[
d
T
w
b

t
d
(

ication
thyne
oincidence

involving the initial forma

. Introduction

As discussed in recent reviews [1,2], ethyne (C2H2) is the small-
st stable hydrocarbon, which contains a carbon–carbon bond and
as been studied in depth by many advanced theoretical and exper-

mental techniques. Ethyne also has many technological uses, for
xample in arc-welding and as a fuel for flames [3]. In addition,
lasmas composed of Ar and C2H2 are used for the surface deposi-
ion of diamond films [4–6]. Ethyne is also an important component
f many planetary atmospheres [7], especially that of Titan [8], and
s also found in the Earth’s atmosphere [1]. All the above are envi-
onments where the formation of ions may be important, and it is
herefore of fundamental interest to understand the ionisation of
2H2 and its consequences.

There are a considerable number of studies of the single and
ouble ionisation of ethyne reported in the literature. Single ion-

sation of ethyne has been extensively investigated using photon
onisation [9–12], photoelectron spectroscopy ([13–15] and ref-
rences therein) as well as coincidence techniques [16–20], and

he electron ionisation of ethyne has recently been reviewed [21].
ouble ionisation of ethyne has been studied via photon ionisa-

ion [22–24], electron ionisation [21], charge stripping [25–27] and
uger spectroscopy [28–30]. Far less attention has been paid to
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f ArCH+, which subsequently fragments to form ArC+.
© 2008 Elsevier B.V. All rights reserved.

he reactions of ethyne with dications, or the reactions of dou-
ly ionised ethyne itself. Roithová and Schröder have studied
he reactions of various aromatic organic dications with neutral
thyne [31]. These experiments observed charge-conserving bond-
orming processes, in addition to the expected electron-transfer,
roton transfer, and collision-induced dissociation reactions; for
xample C7H6

2+ and C2H2 react to give C9H7
2+. Böhme and co-

orkers have studied the reactions of C60
x+ and C70

x+ (where
= 1–3) with C2H2 in a selected ion flow tube and found there was
o simple bimolecular reaction, only three-body adduct formation
32]. Reactions of Ar2+ with C2H2 have been studied using an ion
rift tube [33,34] and C2H2

+ and C2H+ were detected as products.
hese drift tube experiments indicated the reaction rate coefficient
as large and remained constant over a range of collision energies
elow 1 eV.

This study will consider three of the general classes of reac-
ivity [35–43] which can occur following collisions between a
ication M2+ and a neutral species AB: double-electron-transfer
DET), single-electron-transfer (SET) and chemical reactions. In DET
wo electrons are transferred to M2+, from the neutral, to generate
B2+; hence, any monocationic products detected will be due to

he dissociation of AB2+. In SET one electron is transferred to M2+

rom AB yielding M+ and AB+ as the primary products. Both the

ET and SET mechanisms can be further categorized as dissocia-

ive or non-dissociative. If the reaction is non-dissociative then the
onic products from the primary electron-transfer are formed in
table electronic states. Conversely, if the reaction is dissociative
ne or both of the primary ionic products subsequently fragment

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:michael.parkes@ucl.ac.uk
mailto:s.d.price@ucl.ac.uk
dx.doi.org/10.1016/j.ijms.2008.07.027
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urther. As the position-sensitive coincidence (PSCO) method we
mploy detects only pairs of monocations, only dissociative DET
ill be detected by our experiments, even if there are non-
issociative channels operating. However, both dissociative and
on-dissociative SET events can be probed by the PSCO method-
logy. In a “chemical” process new bonds are generated between
toms from the reactant dication and atoms from the neutral reac-
ant. Again, chemical processes forming pairs of ions can be probed
y the PSCO technique, but reactions, which generate dicationic
roducts, will not be detected.

At low collision energies, below 100 eV, SET reactions of dica-
ions can be well explained using ‘reaction window’ models based
n the Landau–Zener theory [40,44,45]. Briefly, for a dication
eaction, this model pictures the electron-transfer occurring at

curve crossing (Fig. 1(b)) between a reactant potential energy

urve (M2+ + AB), which is attractive at significant interspecies
eparations, and a product potential (M+ + AB+), which is domi-
ated by Coulomb repulsion. The one-dimensional Landau–Zener
odel indicates that, for efficient SET, this crossing of poten-

ig. 1. Schematic potential energy curves for (a) concerted and (b) sequential
ouble-electron-transfer following the reaction of M2+ with AB. (a) �Ha indicates
he small reaction enthalpy which is required for the curve crossing to lie in the reac-
ion window for the concerted mechanism. (b) The competition between single-
nd double-electron-transfer, which is implicit if the sequential mechanism for
ouble-electron-transfer is operating. The sequential mechanism involves an ini-
ial single-electron-transfer to the repulsive potential corresponding to a pair of

onocations. The system may then remain on this potential, resulting in single-
lectron-transfer, or cross again to reach an M + AB2+ asymptote. �H1 and �H2

chematically indicate the limiting reaction exothermicities for which this pair of
urve crossings will lie in the reaction window, a markedly larger range of exother-
icities than for the concerted mechanism illustrated in (a).
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ial energy curves (PECs) should occur at interspecies separations
etween 3 and 6 Å. If the curve crossing is at larger interspecies
eparations than the favoured window, the coupling between the
eactant and product potentials is not strong enough for effi-
ient electron-transfer. Conversely, if the curve crossing is at too
mall an interspecies separation the coupling between the reactant
nd product potentials is strong. However, this strong interaction
esults in inefficient net electron-transfer, as the collision system
as to pass through the curve crossing twice, on approach and
eparation.

For the DET reactions of dications with neutrals, the simple
ne-dimensional reactant and product potentials will have similar
orms at larger interspecies separations, as both are dominated by
ication-neutral polarisation attraction. At low collision energies,
ymmetric DET processes have been investigated for atomic species
e.g., Ne2+ + Ne) and the measured cross-sections agree reasonably
ell with simple models [46–50]. DET in non-symmetric collision

ystems involving dications, at low collision energies, has been
bserved before [44,51,52] but not, to our knowledge, investigated
n any great detail. Within the constraints of the one-dimensional
andau–Zener model, non-resonant DET in low-energy collisions
etween the generic chemical species M2+ and AB can, in principle,
ccur by two routes. The first pathway is that the two electrons are
oth transferred at the crossing of the M2+ + AB and the M + AB2+

ECs, Fig. 1(a), a concerted process. Under a one-dimensional sim-
le electrostatic model, the only differences in the forms of the
eactant and product PECs, beyond the repulsive short-range inter-
ctions, are due to the differing polarisabilities of the respective
eutral species. Thus, the concerted DET pathway requires the reac-
ant and product asymptotes to lie close in energy, within 1 eV,
o place the curve crossing in the reaction window (Fig. 1(a)).
n alternative DET pathway, which has been proposed before

44], involves sequential electron-transfer via a repulsive M+ + AB+

otential which links the attractive reactant and product poten-
ials, as illustrated in Fig. 1(b). The reactive system first crosses from
he M2+ + AB potential to the M+ + AB+ potential, followed by a sec-
nd crossing to the M + AB2+ surface. Interestingly, this sequential
echanism implies an intrinsic competition between DET and SET.
ualitatively, the relevant curve crossings in this sequential model
f DET will lie in the reaction window for a much wider range of
eaction exothermicities than for the concerted mechanism. Thus, if
he sequential DET mechanism was favoured we would expect that
ET should be a common outcome of dication-neutral collisions.
he relative scarcity of dication DET reactions following dication-
eutral collisions, at low collision energies, perhaps hints that the
oncerted, “near-resonant”, mechanism is the effective pathway for
hese processes [52].

This paper reports an investigation of the reactivity of Ar2+ with
eutral C2H2, at collision energies from 3 to 7 eV in the centre-
f-mass (CM) frame using a time-of-flight mass spectrometer,
quipped with a position-sensitive detector (PSD). This apparatus
llows the coincident detection of the monocation pairs formed
ollowing the reactive encounters. As well as identification of the

onocation pairs, this PSCO technique allows the determination of
he velocity vectors of the reaction products giving a unique insight
nto the dynamics of the dication reactions.

. Experimental

The PSCO apparatus has been described in detail before in the

iterature [35,53–55]. Briefly, dications, and other ions, are gen-
rated from a suitable precursor gas by electron ionisation in a
ustom-built ion source. The cations are then extracted from the
on source and transmitted into a hemispherical energy-analyser

here they are energy-selected to give an ion beam with an energy
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pread of approximately 0.3 eV. At the exit of the analyser, the ion
eam is pulsed by a pair of deflectors which sweep the beam back-
ards and forwards across a small aperture. The pulses of ions then
ass through a series of ion optics, which accelerate and focus the
eam, before it enters a commercial velocity filter which is set to
ransmit the dication of interest [56]. The resulting mass-selected
ulses of ions are then decelerated before entering the interaction
egion, which doubles as the source region of a time-of-flight mass
pectrometer (TOFMS).

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

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

As has been shown before [53], from the positional and timing
nformation for each pair of product ions detected it is possible to
alculate the x, y and z velocity vectors for each ion in the laboratory
rame. The details of this data treatment have been presented pre-
iously and will not be repeated in detail here [35,53–55,57–59].
riefly, the x and y velocities are derived from the position of the

onic impacts at the detector, whilst the z (on-axis) velocity can be
etermined from the deviation of the measured ionic TOF from the
OF the ion would have if it possessed zero initial kinetic energy.
hese laboratory frame velocities are then converted to velocities
n the CM frame w(X+) for ease of interpretation. This conversion
s done using the velocity of the CM in the laboratory frame, which
an be determined from the initial dication velocity or the mutual
elocities of the products of a reactive channel that produces only
pair of monocations [53].

As well as generating just pairs of monocations (two-body reac-
ions), the reactions of dications with molecules will often generate
neutral species in addition to the pair of monocations, exhibiting

o-called three-body reactivity. Using conservation of momentum
n the CM frame, the CM velocity of the neutral species formed
n such a three-body reaction can be determined from the veloci-
ies of the ionic species derived from the PSCO data. When all the
roduct velocities have been determined, the correlations between

hese vectors can be explored for the different reactive chan-
els, such correlations have proven to be a powerful probe of
he reaction mechanism [35]. Of course, if a given reactive chan-
el generates more than a single neutral species, in addition to
he pair of monocations, conservation of momentum cannot be
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sed to derive the neutrals’ respective velocities. The correlations
etween the product velocities are normally displayed via two
lasses of scattering diagram. Scattering diagrams in the CM frame
re polar histograms where, for a product ion X+, |w(X+)| is plotted
s the radial co-ordinate and the scattering angle � (0◦ ≤ � ≤ 180◦)
etween the product’s velocity vector and the reactant dication’s
elocity w(M2+) is the angular co-ordinate. Typically, the data for
ne product is displayed in the upper semi-circle of the diagram
nd the data for a second product is plotted in the lower semi-circle.
nternal-frame scattering diagrams are also a powerful method of
nspecting the coincidence data [35]. Here, the scattering of a prod-
ct (e.g., X+) is displayed with reference to the velocity vector of
nother product (Y), w(Y). Again, |w(X+)| is the radial co-ordinate
nd the angular co-ordinate is the angle � (0◦ ≤ � ≤ 180◦) between
(X+) and w(Y). In such internal-frame scattering diagrams the

cattering data for the second product, again with respect to the
eference species Y, can be displayed in the lower half of the dia-
ram.

In addition to scattering diagrams, the PSCO experiment pro-
ides energetic information on the different reactive channels that
re detected. Initially, the kinetic energy release T can be derived
rom the product velocities in the CM frame for a given reactive
hannel. Then the translational exothermicity (�ET) for each reac-
ive event can be expressed in terms of T and the CM collision energy
f the reactive system Ecm:

ET = Eproducts − Ereactants = T − Ecm (1)

here the energies of the products and reactants, Eproducts and
reactants, can contain contributions from rotational, vibrational and
lectronic excitation. If there is no internal excitation of the prod-
cts or the reactants then �ET is simply the enthalpy of reaction,
rH. As both T and Ecm can be determined for each reactive event

etected during the experiment it is possible to produce a his-
ogram of the �ET for each reactive channel, which we refer to
s a translational exothermicity spectrum (TES). This spectrum can
rovide information on the energies of the electronic, and in an

deal case the vibrational, states involved [53–55,60]. As discussed
elow, for the channels where more than one neutral species may
e formed, it is sometimes possible to use the TES to deduce the

dentity of the neutral product(s).
Previous studies of the reactions of Ar2+, using both the PSCO

pparatus and employing other experimental techniques, have
hown that the reactant dication beam comprises ions in the three
lectronic states arising from the 3p−2 configuration, namely the
P2,1,0

1D2 and 1S0 states [54,61,62]. The latter levels lying 1.7
nd 4.1 eV above the ground state, respectively [63]. These earlier
nvestigations indicate these Ar2+ states should be present in their
tatistical ratio of 9:5:1.

. Results and discussion

PSCO spectra were recorded following collisions of Ar2+ with
2H2 at five different CM collision energies ranging between 3 and
eV. Nine different ionic products were detected in the mass spec-

rum, Ar+, C2H2
+, C2H+, C2

+, CH2
+, CH+, C+, H+ and ArC+. Of course,

t is also possible that long-lived C2H2
2+ ions are also formed. How-

ver, due to the presence of the strong signals due to CH+ product
ons, any long-lived isobaric C2H2

2+ ions could not be definitively
dentified. The coincidence spectrum revealed sixteen different

eaction channels involving the production of ion pairs, the differ-
nt channels and their relative branching ratios are listed in Table 1.
ince all sixteen reactive channels are monitored in the same PSCO
xperiment, the branching ratios are readily derived from the coin-
idence 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 Ar2+ with
C2H2

Number reaction �rH◦ (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
C2

+ + H+ + H + Ar (5) −7.54 0.03
C2H+ + H+ + Ar (6) −13.33 0.002

Single-electron-transfer
Ar+ + H+ + C2H (7) −14.12 0.03
Ar+ + C+ + CH2 (8) −7.29 0.03
Ar+ + CH+ + CH (9) −7.01 0.22
Ar+ + CH2

+ + C (10) −8.19 0.03
Ar+ + C2

+ + H2 (11) −9.90 0.16
Ar+ + C2H+ + H (12) −11.17 0.33
Ar+ + C2H2

+ (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
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he table also lists �rH◦ [73], the literature value for the enthalpy of reaction. The
ranching ratios between the different channels measured at Ecm = 4.73 eV are also
iven. The branching ratios are directly derived from the number of counts in the
eaks corresponding to the different reactive channels in the PSCO spectrum.

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

.1. Double-electron-transfer reactions

Following collisions between Ar2+ and C2H2, we observe six
eaction channels where the ion pair does not involve an Ar+ mono-
ation. These six channels clearly arise from DET processes, that is
ragmentation of C2H2

2+ formed via the transfer of two electrons

rom C2H2 to Ar2+. Fig. 2 shows two examples of scattering dia-
rams for these DET processes. Fig. 2(b) clearly shows the isotropic
istribution of the CH+ and H+ products from reaction (2) about the
elocity of the precursor C2H2 molecule w(C2H2), a velocity which
e can derive from the known velocity of the incident Ar2+ ion in

(
w
m
a
p

ig. 2. CM scattering diagrams for the formation of (a) CH+ and CH+ and (b) CH+ and H+ fol
he angular co-ordinate is the scattering angle � between the reactant ion velocity and the
f the CM velocity of the product. The CM is marked by the dot Data for one product is p
a), due to deadtime losses at the detector, only the forward and backward scattered ions
ass Spectrometry 280 (2009) 85–92

he laboratory frame. Fig. 2(a) shows a similar distribution of the
(CH+) vectors about w(C2H2) for reaction (4); however, for this

hannel the dead-time of the detector and the identical mass of the
roducts restricts the scattering angle for one ion to less than 70◦

nd the other ion to more than 110◦ in the laboratory frame. Scat-
ering diagrams for the other DET channels show similar isotropic
cattering of the ionic products about w(C2H2).

In principle there are three mechanisms by which a DET reac-
ion can occur. Specifically, the two direct DET pathways discussed
bove, concerted and sequential, plus a possible DET pathway via
[Ar–C2H2]2+ intermediate which involves a longer term asso-

iation of the reactants. If such complexation was the dominant
athway, we would not expect the fragment scattering to be cen-
red on w(C2H2), which is what we observe experimentally (Fig. 2).
he dissociation of a long-lived complex, where the lifetime of
he complex is much greater than its rotational period, to give the
onic products would result in the scattering of the products to be
entred about the CM [35]. The scattering we observe, where the
onic products are scattered about w(C2H2), is exactly that expected
or a direct reaction mechanism, where the pair of electrons are
ransferred to the dication at a significant interspecies separation
ith little short-range Ar2+–C2H2 interaction. If short-lived colli-

ion complex was formed, the products would not be scattered
sotropically about the CM as one would expect for a long-lived
omplex. However, the formation of a short-lived complex would
till involve some momentum exchange between the reactants and,
ence, the products would not be scattered about w(C2H2) as we
bserve experimentally. Thus, the DET reaction mechanism seems
learly to involve direct and long-range electron-transfer.

Considering the direct DET mechanisms described above, and
llustrated in Fig. 1, the concerted DET process can be envisaged
s occurring at a curve crossing between the Ar2+ + C2H2 and the
r + C2H2

2+ potentials [40,64]. For the collision system under study
e calculate that for the curve crossing to lie within the reaction
indow the product and reactant asymptotes must have a sep-

ration of less than 1 eV. Conversely, the sequential DET process

Fig. 1) involves two separate curve crossings, and should allow a
ider range of exothermicities for efficient DET than the concerted
echanism. Thus, determining �ET for the different DET process,

nd hence the exothermicity of the primary DET process, should
rovide an insight into the DET mechanism.

lowing DET reactions of Ar2+ with C2H2 at a CM energy of 7.09 eV. In these diagrams
velocity of the product [0◦ ≤ � ≤ 180◦], and the radial co-ordinate is the magnitude

lotted in the upper half of the figure and for a second product in the lower half. In
can be detected.
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Table 2
Measured kinetic energy releases for the fragmentation of C2H2

2+ formed by DET to Ar2+

Reaction C2H2
2+ kinetic energy

release (eV)a
C2H2

2+ precursor
state energy (eV)

DET exothermicity (eV) Kinetic energy release from
photoionisation (eV) [22]

C+ + H+ + CH + Ar(1) 5.7 43.4 0.0 5
CH+ + H+ + C + Ar(2) 5.6 43.4 0.0 7
CH+ + C+ + H + Ar(3) 7.0 42.4 1.0 5.7
CH+ + CH+ + Ar (4) 7.2 38.5 4.9 5.4
C2

+ + H+ + H + Ar (5) 6.5 42.4 1.0 6
C2H+ + H+ + Ar (6) – – – 5.5
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he corresponding C2H2
2+ precursor state energies are also shown and the derived e

eported for the same fragmentation reactions induced by double photoionisation a
a Kinetic energy releases measured in this experiment. The KER values are an ave

To determine the energy of the C2H2
2+ ions formed by the pri-

ary DET process, we can work in the frame of the reactant C2H2
olecules, as defined by w(C2H2), and evaluate the kinetic energy

eleased in the dissociation of the C2H2
2+ from the relative veloc-

ty vectors of the ionic fragmentation products. Table 2 lists the
odal value of such kinetic energy distributions for the different
ET channels. As expected, these kinetic energy distributions do
ot vary significantly with varying collision energy. Table 2 shows
hat the kinetic energy releases we determine for the different DET
hannels are broadly comparable to those for the same dissociation
rocesses observed when C2H2

2+ is formed by photoionisation at
8 eV [22]. However, the relative intensities of the DET channels
e observe differ markedly from those reported from photoionisa-

ion experiments. Where double ionisation of C2H2 occurs via DET,
n our experiments, the formation of CH+ + C+ + H (reaction (3)) is
he major fragmentation channel. The fragmentations of C2H2

2+ to
orm CH+ + CH+, C2

+ + H+ + H and CH+ + H+ are each approximately
alf as intense as reaction (3), whilst the formation of C2H+ + H+

s weak. These branching ratios for the dissociation of C2H2
2+ are

n contrast to those for the dication formed via photoionisation at
8 eV, where the dominant dissociation channel is C2H+ + H+, fol-

owed by CH+ + CH+ formation and the production of C2
+ + H+ + H

22].
The explanation for the different fragmentation patterns

bserved for C2H2
2+ formed by DET and by photoionisation is read-

ly apparent if we estimate the precursor state energies (Table 2)
or the C2H2

2+ electronic states that are formed in the primary DET
rocess; the states which dissociate to yield the observed monoca-
ion pairs. Such state energies are estimated by adding the modal
inetic energy release we measure for the fragmentation of C2H2

2+

o the energy of the dissociation asymptote, expressed relative to
he ground state of C2H2. It is important to note that such precur-
or state energies place a lower limit on the energy of the C2H2

2+

tate which dissociated to give a particular ion pair, as they assume
he fragmentation products are in their ground states. Such precur-
or state energies are listed in Table 2 and clearly show that, apart
rom reaction (4), the DET process are populating C2H2

2+ states
ying approximately 42–44 eV above the ground sate of C2H2. In
ontrast, the non-resonant photoionisation experiments discussed
bove populate a range of dication states, which may be at markedly
ower energies than the photon energy [22]. In particular, the pho-
oionisation experiments populate lower lying states of C2H2

2+,
hich favour the dissociation to CH+ + CH+, C2H+ + H+ and CH2

+ + C.
n fact, theoretical investigations indicate that the dominant source
f the CH2

+ + H+ channel is the 1�g state of C2H2
2+ at 32 eV from

hich ethyne can rearrange to the vinylidene structure [65]. This

ower energy state is clearly not populated in DET between Ar2+

nd C2H2. The precursor state for formation of CH+ + CH+ (4) in
he DET reactions (Table 2) appears to lie at approximately 38 eV,

arkedly lower than the other precursor state energies we deter-
ine. Of course, this estimate of the precursor energy for reaction

T
d
s
c
t

rmicity of the primary DET process (see text for details). The kinetic energy releases
o listed.
f those measured for all five collision energies used in this study.

4) assumes that the CH+ products are formed in their ground states,
ut does agree well with an electronic state at 37 eV implicated in
he formation CH+ and CH+ via photoionisation [22]. However, it is
lso possible that reaction (4) results from C2H2

2+ precursor state(s)
t a similar energy (42–44 eV) to the other DET channels, but this
recursor state dissociates to form vibronically excited CH+ ions.

We can now determine the overall exothermicity of the primary
ET process for each DET channel (given in Table 2) as the difference
etween precursor state energies of the primary C2H2

2+ species
nd the double ionisation potential of Ar. The small primary DET
xothermicities we determine for all the channels, except reaction
4), are consistent with a concerted DET process (Fig. 1a). Indeed,
he concerted picture of the DET process has been used to ratio-
alize such reactions for highly charged ions [51]. The larger DET
xothermicity we observe for the formation of CH+ with CH+, where
he difference in energy between the C2H2

2+ precursor state PEC
nd the reactant PEC is around 5 eV, could indicate a sequential DET
echanism is operating for this reaction. However, as described

bove, a concerted mechanism populating a C2H2
2+ precursor state

t 42–44 eV which dissociates to form excited CH+ ions is also pos-
ible and, given the primary exothermicities observed for the other
ET channels, perhaps more likely.

.2. Single-electron-transfer reactions

There are seven channels (Table 1) in the PSCO spectrum (7)–(13)
hich can be attributed to transfer of a single electron from C2H2 to
r2+; six of these channels correspond to dissociative SET (7)–(12)

ogether with a non-dissociative channel (13). For several of the
issociative SET channels there may be more than one neutral
ragment formed along with the detected ions. For example, for
roduction of the Ar+ and CH+ ion pairs (9) the accompanying neu-
ral(s) could be CH or C and H. By comparing the translational
xothermicity, derived from the PSCO spectrum, with the litera-
ure exothermicities it is often possible to deduce which neutral(s)
re formed in such channels. In the example above, the literature
nthalpy of reaction is calculated to be −7.0 eV if CH is the neutral
r −3.5 eV if C and H are formed. The observed average transla-
ional exothermicity is approximately 6 eV, indicating that for this
hannel the neutral formed is CH. Similar arguments can be used
o deduce neutral products for all the other SET reactions listed
n Table 2. In all cases the assigned neutral products are strongly
avoured by the TES derived from the PSCO spectrum.

The scattering diagrams derived from the PSCO data for the
on-dissociative SET reaction (13) show strong forward scattering,
s has been observed before for such processes [35,40,54,55,66].

hat is, the Ar+ product has a velocity which is predominantly
irected in the same direction as w(Ar2+). Similarly, w(C2H2

+) is
trongly aligned with the direction of w(C2H2). Such scattering is
onsistent with the standard mechanism of such dication electron-
ransfer processes, where the reaction is direct and the electron
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ig. 3. CM and internal frame scattering diagrams for Ar , CH and CH formed via S
b) The internal frame scattering for CH+ and CH with respect to the velocity of Ar+. In
nd the velocity of Ar+ [0◦ ≤ � ≤ 180◦], and the radial co-ordinate is the magnitude o
f the figure and for CH relative to Ar+ in the lower half.

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

All six dissociative SET channels exhibit very similar scattering
iagrams and representative examples, for reaction (9), which gen-
rates Ar+ + CH+ + CH, are shown in Fig. 3. Fig. 3(a) shows that the Ar+

roduct is again strongly forward scattered in the CM frame, whilst
he CH+ is scattered in the opposite direction, in the direction of
(C2H2). Such strong forward scattering has also been observed
efore for dissociative SET processes, and is consistent with rapid
irect transfer of an electron to Ar2+ from C2H2

+ at a significant
nterspecies separation (3–6 Å), forming an excited monocation

hich goes on to dissociate when well separated from the other
onic product [35,55,66].

One notable feature of the internal frame scattering diagrams
or the dissociative SET channels (Fig. 3(b)) is that the velocities
f the neutral species and monocation formed from the dissocia-
ion of the excited ethyne monocation (C2H2

+*) are not uniformly
istributed about the same point in the scattering diagram. If the
2H2

+* ion were to dissociate when effectively separate from the
r+ ion, the velocity vectors of the dissociation products would
e isotropically distributed about w(C2H2

+*), as has been observed
efore for analogous reactions [35,55]. The expected velocity of the
rimary C2H2

+* ion, w(C2H2
+*), can be determined by conserva-

ion of momentum from the known value of w(Ar+) and is marked
n Fig. 3(b). We observe a distinct asymmetry in the distributions
f the ionic and neutral products about w(C2H2

+*). The dissociation
f the C2H2

+* ion close to the Ar+ ion, where the mutual electro-
tatic repulsion is significant, readily accounts for this observed
symmetry in the distribution of the products about w(C2H2

+*). In
his situation, the ionic fragment receives an extra impulse due to
he Coulombic repulsion from the Ar+ ion, whilst the neutral frag-

ent does not. Using a simple electrostatic model for the repulsion
etween Ar+ and C2H2

+ it is possible to predict the approximate
eparation between Ar+ and C2H2

+* at which the hydrocarbon ion
ust dissociate to obtain the measured fragment velocities. This
odel indicates that the dissociation of C2H2

+* must take place
apidly, within 500 fs, and within approximately 20 Å of the Ar+
on.
The ionisation energy of C2H2 is 11.40 eV[9] and the ionisa-

ion energy of Ar+ is 27.63 eV. These ionisation energies result in
pproximately 16 eV of excess energy to distribute between product
ranslation and the internal energy of the nascent C2H2

+ prod-

A
o
e
p
t

CM energy of 7.09 eV. (a) A CM scattering diagram, see caption to Fig. 2 for details.
e angular co-ordinate is the scattering angle � between the velocity of one product

CM velocity of the product. Data for CH+ relative to Ar+ is plotted in the upper half

ct following SET, if the Ar2+ and Ar+ species are in their ground
lectronic states, as is shown below. In fact, from the average
r+ velocity for the dissociative SET channels we can deduce, by
onservation of momentum, that approximately 4 eV of energy is
eposited into the translation of the C2H2

+* ion, still leaving approx-
mately 12 eV as internal energy. This significant internal excitation
f the nascent C2H2

+* product explains the dominance of dissocia-
ive SET in the Ar2+/C2H2 collision system (Table 2). The extent of
issociative SET from Ar2+ + C2H2 is in dramatic contrast with that
bserved in the complimentary reaction between C2H2

2+ and Ar;
ere, the SET reaction is exothermic by only approximately 4 eV
nd the product C2H2

+* ion can have little internal energy and so
on-dissociative SET dominates [60].

As with the fragmentation of C2H2
2+ formed by DET, we can

ompare the observed fragmentation patterns for the C2H2
+* ions

ormed by SET with the fragmentation of this ion when formed by
hotoionisation. However, care must be taken in this comparison
s in the SET reaction we are observing the decay of C2H2

+ ions
ormed with, on average, approximately 12 eV of internal energy.
n contrast, C2H2

+ ions formed in non-resonant photoionisation
xperiments, where the photoelectron can carry away significant
mounts of energy, are not constrained to such a specific internal
nergy content [9,10]. The appropriate comparison for the frag-
entation of C2H2

+* formed in the SET process is with C2H2
+ ions

ormed with known and comparable internal energies [16–20].
uch studies show that if the C2H2

+* has enough internal energy
o dissociate to C2H+ + H+, long-lived C2H2

+ products are hardly
bserved [17,20]. Thus, the photoionisation results indicate that if
2H2

+* is formed in the SET process with 12 eV of internal exci-
ation, no long-lived C2H2

+ ions should be detected. However, we
till clearly observe long-lived C2H2

+ ions from non-dissociative
ET reactions (13), with a branching ratio of approximately 0.025
Table 2). A ready explanation for our observation of these long-
ived C2H2

+ ions is the presence of excited Ar2+ states, from the
p−2 configuration, in the reactant dication beam. The reaction of
r2+(1D2) with ethyne is sufficiently exothermic to form the ground
lectronic state of C2H2

+ together with the first excited state of

r+(2S). This non-dissociative SET reaction has a literature enthalpy
f −4.5 eV, a value in excellent agreement with the translational
xothermicity we observe for this channel; an exothermicity which
laces this reaction in the favoured “reaction window” for electron-
ransfer. Thus, is seems clear that the long-lived C2H2

+ ions we
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bserve arise from SET reactions of excited states of Ar2+. Con-
ersely, the experimentally determined exothermicities for the
issociative channels, channels which dominate the SET reactivity
Table 1), show that they are reactions of C2H2 with Ar2+ in its 3P
round state and that the Ar+ products formed are not electronically
xcited.

Unfortunately, no studies of the dissociation of energy-selected
2H2

+* ions have been performed for ions with a comparable
12 eV) internal energy to the C2H2

+* ions formed by the SET reac-
ions. Energy-selected studies of photoionisation of C2H2 at 21 eV,
here the C2H2

+ ion is formed with 9.6 eV of internal energy,
bserve just C2H+ as the final ionic product [17]. As expected, due
o their larger internal energy content, the C2H2

+* ions generated
y SET between Ar2+ and C2H2 exhibit significantly more extensive
ragmentation (Table 1) than C2H2

+* ions formed with 9.6 eV inter-
al energy. The major products of the dissociative SET reactions are
2H+, CH+ and C2

+, with H+, C+ and CH2
+ also detected. The branch-

ng ratios between these different dissociative SET channels vary
ittle with collision energy over the range (3–7 eV) investigated;
he relative insensitivity of the cross-sections of SET reactions to
he collision energy in this energy regime has been noted before
67].

Previously the SET reactions of Ar2+ and C2H2 have been inves-
igated from near-thermal energies to 1 eV in a drift tube [33,34].
hese drift tube experiments found that the reaction was rapid but
aw only C2H2

+ and C2H+ as products, with C2H2
+ being the major

roduct. The obvious reason for the difference between the PSCO
xperiment, where extreme fragmentation of C2H2

+* is seen, and
he drift tube results is the high buffer–gas pressures employed in
he latter technique. These high pressures can lead to collisional
tabilisation of any internally excited product ions.

A second estimate of the internal energy of the precursor C2H2
+*

roducts from dissociative SET can be made by addition of the mea-
ured �ET values for the different channels to the energy of the
ppropriate dissociation asymptote. This estimate places a lower
imit on the internal energy of the C2H2

+* ion, as it assumes all
he products are formed without any internal excitation. For all
he observed dissociative SET channels, the above approach derives
recursor C2H2

+* states lying 12–15 eV above the energy of ground
tate C2H2

+, 23.5–26.5 eV above the ground state of C2H2. Satisfy-
ngly, this range of precursor state energies is consistent with our
nitial estimate of the internal excitation of the C2H2

+* ion made
bove, via conservation of momentum. The C2˙+

g state of C2H2
+ lies

pproximately 24 eV above the ground state of C2H2, in precisely
his energy regime, together with a manifold of quartet electronic
tates which have been the focus of recent interest [68]. The disso-
iation of the C2˙+

g state, and higher lying doublet states, is thought
o play a major role in the fragmentation of C2H2

+ ions with inter-
al energies similar to the primary products of the SET reactions we
ave identified above. The predissociation of these doublet states
y the quartet states has also been investigated [68–70], and seems
o contribute significantly to the yield of CH+ dissociation products
70]. Thus, the increased propensity for the C2H2

+* ions formed
y SET to dissociate to yield CH+, in comparison with C2H2

+* ions
ith a lower internal energy content, is consistent with the known

ehaviour of the electronic states of C2H2
+ lying 12–15 eV above

he ionic ground state.

.3. Chemical reactions
Following collisions of Ar2+ with C2H2, three channels involving
he formation of ArC+ are detected (14)–(16). Indeed, the formation
f new chemical bonds involving rare gas atoms, following the colli-
ions between dications and neutral molecules, has been observed
efore [71,72]. Previous studies of the dynamics of bond-forming

a
e
w
e
t

ig. 4. Internal frame scattering diagram for CH and H relative to the velocity of
rC+ for the chemical reaction (16) following collisions of Ar2+ with C2H2 at a CM
nergy of 4.73 eV.

eactions of molecular dications have shown that most, but not all,
f these bond-forming processes proceed via complexation [35,42].
he scattering diagrams for the chemical channels forming ArC+

Fig. 4) are, surprisingly, very similar to the scattering diagrams for
he SET reactions. Specifically, in the CM frame the ArC+ product
s forward scattered, in the direction of the original Ar2+ velocity,

hilst the second ionic product (H+ or C+ or CH+) is scattered in
he opposite direction. This scattering indicates that the reaction
s effectively direct, involving little or no complexation. A mecha-
ism consistent with the observed scattering is one in which Ar2+

trips a CH− group from C2H2 to form ArCH+* and CH+. The ArCH+*
ubsequently dissociates to ArC+ which we observe in coincidence
ith CH+ (channel 16) or the products of the dissociation of the
H+ ion (H+, C+, channels 14 and 15). This proposed mechanism is
upported by the internal frame scattering of CH+ and H relative
o w(ArC+) for reaction (16) (Fig. 4). This internal frame scattering
iagram shows that the velocity of CH+ is strongly anti-correlated
ith that of ArC+, and the velocity of the H atom is broadly corre-

ated with that of ArC+. This scattering is consistent with the initial
eparation of ArCH+ and CH+ and the subsequent dissociation of
rCH+.

Another possible mechanism for the formation of ArC+ is that
he Ar2+ abstracts a carbon anion from C2H2 to form ArC+ and
H2

+. Such a mechanism might be possible if the presence of the
r2+ induces isomerisation of the ethyne to a vinylidene structure.
uch an isomerisation would perhaps be expected to proceed via a
ong-lived complex. Indeed, calculations of the C2H2

2+ + Ar poten-
ial energy surface [60] show a route to formation of ArC+ with CH2

+,
hich involves the formation of a complex. However, the clear

ignature of a direct reaction mechanism given by the observed
xperimental scattering (Fig. 4) and the correlation of the velocity
f the neutral species with the ArC+ product strongly indicates that
he formation of ArC+ proceeds via initial formation of ArCH+, and
ot by transfer of a carbon anion.

There is no experimental enthalpy of formation for ArC+ avail-
ble. Using existing thermochemistry, and given that the measured

xperimental translational exothermicity for channel (16) is ∼9 eV,
e derive an upper limit for �Hf [ArC+] of 17.7 eV. This value is in

xcellent agreement with that of Lu et al., a value based on previous
heoretical studies and thermochemistry [71].
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As the collision energy is increased, the branching ratio for
orming ArC+ + CH+ (16) appears to decrease significantly. Such a
ecrease, without a comparable increase in the branching ratios for
eactions (14) and (15), is readily explained by increased fragmen-
ation of the ArC+ ion due to its formation with increasing internal
nergy content as the collision energy increases.

It is interesting to note that ArC+ is the only chemical product
etected from the reaction of Ar2+ with C2H2 and this chemical
hannel does not have a large branching ratio. In contrast, ArH+

ormation is a major channel following the reaction of C2H2
2+ with

r [60]. This difference in reactivity is easily explicable as C2H2
2+

an readily act as a proton donor, but extraction of a hydride ion by
r2+ from C2H2 to form ArH+ is not expected to be a facile process.

. Conclusions

The reactions of Ar2+ with C2H2 which produce pairs of
onocations have been studied using a coincidence technique at

entre-of-mass collision energies ranging from 3 to 7 eV. Nine dif-
erent monocationic products were detected, involved in sixteen
eparate reaction channels. Three general classes of reactivity were
bserved: DET, SET and bond-forming chemical reactions.

Careful examination of the scattering diagrams and energetics
xtracted from the coincidence data indicate that DET reaction is
irect and the energetics hint at concerted two-electron-transfer.
s is commonly observed, SET from C2H2 to Ar2+ takes place via
direct mechanism and does not involve complexation. Most of

he C2H2
+ products that are formed in the SET reactions possess

ignificant (12–15 eV) internal energy and fragment rapidly within
he electric field of the partner Ar+ ion. The chemical reactions,
hich form ArC+, proceed via a direct mechanism involving the

nitial formation of an ArCH+ ion, which subsequently fragments to
orm ArC+.
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