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The reactions of 0,2* with CH4, CoH; and C;H4 have been investigated for the first time, using a position-
sensitive coincidence technique, at centre-of-mass collision energies close to 4 eV. The experiments show
these interactions yield a wide variety of products which involve the formation of new chemical bonds.
The mechanisms of these bond-forming reactions have been investigated by examining the correlations
between the velocities of the reactant and product ions which are revealed by the coincidence data. Many
of the bond-forming reactions occur via the stripping of an atom (or group of atoms) from the neutral by
the 0,2* reactant, while other reactions clearly involve the initial formation of a collision complex which
then fragments to form the detected products.

© 2014 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction

From a fundamental viewpoint 0,2* is one of the simplest
molecular dications. Establishing a detailed understanding of the
reactivity of 0,2* is therefore an important step towards pre-
dicting and accounting for the reactivity of larger dications.
The 0,%* ion is expected to be present in the Earth’s upper
atmosphere [1-3] and reports of ionospheric modelling have
concluded that “doubly-charged ions are a common feature of
planets and satellites with thick atmospheres”. Given the poten-
tial atmospheric importance of 0,2*, we have begun a series of
investigations of the reactions of 0,2* with a variety of small
neutral species [4,5]. In this paper we report the first study of
the reactions of the molecular oxygen dication with three sim-
ple organic molecules methane (CH,), ethyne (C;H;) and ethene
(CaH4). These investigations were performed using a coincidence
technique that, as well as identifying the reaction products, probes
the dynamics of product formation in these dication-neutral reac-
tions.
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Little attention has been paid to the bimolecular reactivity of
0,2* [5-7]. However, the reactions of dications with small organic
molecules have been previously investigated, with particular atten-
tion paid to reactions with methane. The reactions of CH, with Ar2*
have been studied using a variety of techniques, with one study
employing a Selected Ion Flow Tube (SIFT) and a Selected Ion Drift
Tube (SIDT) [8,9]. In this work Stori et al. found that the only reac-
tion between Ar?* and CH, was single electron transfer occurring at
the collisional rate, a finding confirmed by Franceschietal.[10]. The
reaction of Ar2* with C;H; has also been studied using a SIDT, with
the results suggesting that the collisions again result in electron
transfer at the collisional rate [8,11]. We have previously studied
the reaction of Ar2* + C, H, using our position sensitive coincidence
(PSCO) spectrometer, the same apparatus that we employ for the
studies reported in this paper [12]. Our study of the Ar2*/C,H, colli-
sion system revealed that, although electron transfer was the major
reaction pathway, there was also a bond-forming channel produc-
ing ArC*. Roithova and Schroder and others have examined how
a large number of organic dications react with CH4 [13-16], find-
ing that the major reaction channels were again due to electron
transfer. However, Roithova and Schréder also detected a large
number of bond-forming reactions, including processes in which
new carbon—carbon bonds were formed [14-16]. Other groups
have observed that atomic transition metal dications (M) will react
with CHy4 to generate products of the form MCH,2* [17-22]. Indeed,
it was recently discovered that analogous MCH,2* products are
formed following the reaction of Th2* and CH,4 but that no reaction
occurs between UZ* and CHy4 [23].

When a dication and neutral react in the gas-phase there are
three general classes of pathway that can be followed: single
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electron transfer (SET), double electron transfer (DET) and bond-
forming reactions. In both SET and DET electrons are transferred
from the neutral species to the reactant dication. Dicationic elec-
tron transfer reactivity is now fairly well understood [12,24-28],
and hence this paper will focus on documenting and explaining the
bond-forming reactions that occur between 0,2* and CH,4, C;H, and
CyHy4 at low collision energies in the centre-of-mass (CM) frame.
As mentioned above, these reactions have been studied using an
experiment that involves the coincident detection of product ion
pairs from individual dicationic reactive events, at a position-
sensitive detector. This experimental methodology both identifies
the different reactive channels resulting from the dication-neutral
encounters and reveals the detailed kinematics of these reactive
processes [29-31].

2. Experimental and data analysis
2.1. PSCO apparatus

The details of the PSCO experiment have been presented in
the literature before [30,31]. In brief, ions are generated from a
precursor gas by electron ionisation in a home-built ion source.
The positive ions formed in the source are extracted and focussed
onto the entrance slit of a hemispherical analyser. The ions are
energy selected by the analyser to produce an ion beam with an
energy spread of approximately 0.3 eV. This ion beam is swept
across an aperture, to form ion pulses, before entering a com-
mercial velocity filter. The velocity filter is set to pass only ions
with the required mass-to-charge ratio; in the studies reported
here this ratio was 16. The resulting mass and energy selected ion
beam is then decelerated to the chosen laboratory-frame collision
energy before entering the interaction region of the spectrome-
ter.

In the interaction region of the apparatus, the mass-selected
beam of ions crosses an effusive jet of the neutral reagent, and
dication-neutral collisions occur under single-collision conditions.
The interaction region also doubles as the source region of a
time-of-flight mass spectrometer (TOFMS) and, once the pulse of
dications has interacted with the neutrals, a positive voltage is
applied to a repeller plate to start the mass-spectral acquisition.
This positive potential forces any cations in the interaction region
into the acceleration region of the TOFMS and then into a field-
free flight-tube. The axis of the TOFMS is oriented parallel to the
direction of the reactant dication beam and the spectrometer is
designed to implement second-order space focussing [32]. At the
end of the flight tube ions are detected by a position sensitive detec-
tor with a dual delay-line anode [33]. The detector’s output allows
access to an ion’s arrival time and the position (x, y) of that ion’s
impact on the detector face. Signals from the detector are amplified
and discriminated before being passed to a PC based time-to-digital
convertor. If two ions are detected in the same TOFMS cycle then
they are recorded as a coincidence event and each ion’s arrival
time and impact position on the detector are stored for off-line
analysis.

As discussed before, the conditions under which the experi-
ment operates, for example the intensity of the dication beam,
are carefully chosen to minimise the rate of false coincidences
[34]. However, despite these efforts, the presence of a significant
number of O* ions accompanying the 0,2* ions in the ion beam
raises the false coincidence rate for dication reactions generating
a product at m/z=16. These increased false coincidence rates are
dramatically reduced, at little cost to the number of true coinci-
dences, by excluding a narrow range of flight times close to m/z=16
[34].

2.2. Data analysis

To analyse the data recorded using the PSCO experiment, at a
given collision energy, we generate a two-dimensional histogram
(apairs spectrum) of the arrival times of the pairs of ions detected in
coincidence. Different reaction channels produce distinct and dis-
crete peaks in this pairs spectrum. The groups of ion pair events that
make up each of the different peaks in the pairs spectrum are then
selected, in turn, for further analysis. For a given set of selected ion
pairs, a set which characterises a single reactive channel, the timing
and positional information is used to determine the x, y and z veloc-
ity vectors of the productions in the CM frame, w(X*)and w(Y*). The
details of this transformation have been presented before [30,31].
For three-body reactions, in which a neutral fragment is formed
along with two product ions, the CM velocity of the neutral can
be determined from the velocities of the accompanying two ions
using conservation of momentum. This extraction of the velocities
of the neutral species accompanying ion pair formation allows a
detailed insight into the kinematics of three-body dicationic reac-
tions [30,31]. Following the determination of the product velocities,
the relationship between these vectors can be examined to reveal
any correlations between their motions, a powerful probe of the
reaction mechanism [12,29,34].

Two different classes of scattering diagram are used to reveal the
correlations between the product velocities [30,31]. Both diagrams
are polar histograms in which the radial coordinate is the magni-
tude of the CM velocity of a product (e.g. [w(X*)| for product ion
X*) while the angular coordinate is the angle between |w(X*)| and
another velocity of the collision system. In the first class of diagram,
a CM scattering diagram, the angle plotted is the angle between the
product’s velocity vector and the direction of the velocity of the CM
of the collision system. In the second class of scattering diagram the
angular coordinate is the angle of one product’s CM velocity vec-
tor (e.g. X*) relative to the CM velocity vector of a second product
(e.g. Y*). This second class of diagram is referred to as an internal
frame scattering diagram [31]. Internal frame scattering diagrams
are particularly valuable for the insight they provide concerning
the reaction’s dynamics. Since the scattering angles vary between
0° and 180°, the scattering data for one species can be plotted in
the upper half of the diagram and the data for another species in
the lower half.

The PSCO data for an individual reactive channel can also be
used to determine the energetics of a given reaction channel. For
the channel of interest, an average (or modal) value of the kinetic
energy release Tin the CM frame for the reaction can be calculated
from the product velocities. The value of T can then be related to
the translational exothermicity of a reaction (AEr) using Ecom, the
CM collision energy of the reactive system [31,34]:

AEr = Eprods — Ereacts = T — Ecom (1)

In Eq. (1) the energies of the products and reactants (Ey,qs and
Ereacts) include any internal energy of the products and reactants. If
the products and reactants have no internal energy then — AE7 will
be equal to the reaction enthalpy (A;H). If AEr and the literature
exothermicity of the reaction (AHj;) are known then any differ-
ences between them reveals the internal excitation of the products
and/or the reactants [35].

3. Results and discussion
3.1. 022+ +CHy
Following the reaction of 0,2* with CH, at Ecom =4.0 eV a num-

ber of different product channels are observed. The results given
in Table 1 show that over 80% of the reactive collisions between
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Table 1

Observed reaction channels, together with their branching ratios and enthalpies,
following the reaction of 0,2* with CH, at Ecn, =4.0eV. Relevant energetics are
determined from literature values [39] coupled with the double ionisation energy
of O, [42],

Channel Products Branching —AEr/eV  AHj/eV?
ratio

Single electron transfer 83.7

Double electron transfer 8.8

Bond forming
1.1 HCO* +H* +[2H + 0] 33 -3.9°
1.2 HCO* +Hy* +[0 +H] 24 —-6.5"
13 HCO* +H3*+0 0.1 -5.6 -12.7°
1.4 HO,* +CH,* +H 1.2 -7.0 -74
1.5 HO,* + CH* +[2H] 0.3 -2.7
1.6 COy* +H* +[3H] 0.1 -3.0
1.7 COy* +Hy" +[2H] 0.1 -5.7

a All enthalpies are calculated assuming the neutral products are fully atomised.
b Enthalpy has been calculated assuming that the product is in the form HCO* not
COH*.

0,2* and CH,4 result in SET, while 9% result in DET. The remaining
7% of the reactive collisions result in formation of new chemical
bonds between the reactants. The main product ion from these
bond-forming reactions is HCO* which is accompanied by either H*
(channel 1.1), H* (channel 1.2) or H3* (channel 1.3). The next most
abundant product ion from the bond-forming reactions is HO,".
This product ion is formed along with either CH,* (channel 1.4) or
CH* (channel 1.5). There are also two weak channels in which CO,*
is generated, accompanied by H* (channel 1.6) or H,* (channel 1.7).
As outlined above, the PSCO dataset not only reveals the branching
ratios into each of the reaction channels, but it also can be used to
probe the mechanisms of the bond-forming processes. In the fol-
lowing sections we discuss the mechanisms of these bond-forming
reactions in turn.

3.1.1. Formation of HO»*

Fig. 1 shows the CM scattering diagram for HO,* and CH,*
formed in channel 1.4 (Table 1). The CM scattering from channel
1.5 (formation of HO,* and CH*) is almost identical in form to the
scattering illustrated in Fig. 1. Fig 1 shows that there is a strong
anisotropy in the CM scattering of the products of channel 1.4; the
HO," is strongly scattered in the direction of the CM velocity of the
0,2* reactant, while the CH,* is strongly scattered in the oppo-
site direction, the direction of motion of the CH4 reactant. This
strong forward scattering shows that the formation of HO,* and
CH,* occurs via a direct pathway, where the 0,2* strips a hydride
ion from the CHy4. As has been observed before, this stripping pro-
cess does not significantly perturb the direction of the product
velocities in relation to the velocities of the reactants [12,34]. As

(a)

Fig. 1. The CM frame scattering diagram for the formation of HO,* + CH,* (channel
1.4) following the reaction of 0,%* + CHy at Ecoy =4.0€V.

both channels 1.4 and 1.5 show essentially identical scattering, it
seems clear that the same initial stripping process occurs in both
cases, to form HO,* +CH3*, and the nascent CH3*" then dissocia-
tes into CH,* +H (channel 1.4) or CH* +[H +H] (channel 1.5); these
hydrocarbon cations are then detected together with the HO,*. For
channel 1.4 amodal —AE7value of —7.0 eV is derived from our data.
Comparison of this energy release to the ground-state literature
value for the enthalpy of the reaction, —7.4 eV, shows that most of
the energy released by the reaction goes into product translational
energy and not into internal excitation.

3.1.2. Formation of HCO*

The second set of bond-forming reactions we consider are those
forming HCO* (Reactions 1.1-1.3). The CM scattering diagram for
channel 1.1 (Fig. 2(a)) shows the HCO* and H* products are scat-
tered fairly isotropically about the CM. This form of scattering
indicates that the reaction proceeds via a collision complex that
survives for several rotational periods [36]. When combined with
similar CM scattering for channels 1.2 and 1.3, our data then clearly
shows that the mechanism for HCO* formation from the 0,2*/CH,4
collision system is always via a “long-lived” complex. As channel
1.3 is a three-body reaction, yielding HCO* + H3* + O, we can exam-
ine the internal frame scattering of the products for this channel to
provide more insight into the general reaction mechanism leading
to HCO* formation. Fig. 2(b) shows the internal frame scattering
of the HCO* and O products from channel 1.3 in the frame defined
by the velocity of the Hz* product. Though this channel is weak,
it is clear that HCO* and O are scattered about a point that is dis-
placed by about 0.2cm ws~! from the CM. As has been discussed
in detail before [4,37], this form of scattering indicates that the

(b)

Fig.2. Scattering diagrams recorded following the reaction of 0,2* + CH4 at Ecom = 4.0 V. (a) The CM frame scattering for the formation of the HCO* + H* products from channel
1.1. The arc marks a CM velocity of 3.0 cm ps~'. (b) Internal frame scattering diagram for HCO* and O relative to H3* for channel 1.3. The square marks the velocity of the
dissociating precursor HCO,*" (0.2 cm ws'). The centre of mass is marked by the back dot at the centre of each diagram.
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HCO* and O products originate from a nascent HCO,*" ion, formed
in the primary dissociation of the [0,-CH4]%* collision complex.
The velocities of the HCO* and O products, in the internal frame
defined by H3*, will then be centred about a point displaced away
from the CM by an amount equal to the CM velocity of the HCO,*"
precursor. As w(Hz*) is known from our data, w(HCO,*") can readily
be estimated using conservation of momentum. From our data, the
average value of w(H3*) is measured to be 2.3 cm s~ !, which leads
to a value of 0.2cm s~ for w(HCO,*"). This value is clearly in
excellent agreement with the shift observed in Fig. 2(b), strongly
supporting the sequential mechanism:

05%* + CHy —» [05-CH4]*t — HCO,* +H3* — HCO* 4+ 0 + Hsz*t
(2)

Alternative sequential mechanisms for this reaction (e.g. forma-
tion of H30™") all lead to predicted precursor velocities which are
markedly different from that observed in the data (Fig. 2b).

Formally, it is not possible to determine the neutral velocities
associated with the two other product channels (1.1 and 1.2) that
form HCO™ in this collision system, as these reactions are potentially
four-body processes. However, given the identity of the products in
these three channels (1.1-1.3) it seems highly likely that they share
a common first step: the formation of HCO,*" and Hs* as the pri-
mary fragments of the collision complex, with the HCO,*" going
on to fragment to give HCO*. The three different bond-forming
channels then arise as the H3* product can either remain intact
(channel 1.3) or fragment to H,* or H*. From the energetics of
reaction 1.3 it is clear that there is about 7 eV of internal energy
distributed between the HCO* + H3* + O products (—AEr=-5.6eV
while AHj;;=—12.7 eV). Such an internal energy is sufficient, if cor-
rectly distributed, to break the bonds in H3* to form either H* + H,
or Hy* +H.

3.1.3. Formation of CO»*

The final group of bond-forming reactions observed following
collisions of 0,2* and CH,4 involve the formation of CO,*, paired
with either H* or Hp*. Unfortunately, these channels are very weak
and so it is not possible to construct statistically meaningful scat-
tering diagrams from these data. We remark that the formation of
products involving such an extensive rearrangement from the con-
nectivity of the reactants most likley involves the formation of a
long-lived complex between 0,2* and CHy.

3.1.4. Computational chemistry

In order to support the mechanistic conclusions derived above
from our experimental data, we have performed a preliminary
exploration of the [0,-CH4]?* potential energy surface using
Gaussian 09 [38]. Stationary points were first located and charac-
terised using an MP2/aug-cc-pVTZ methodology. The energies of
these stationary points were then determined using a CCSD(T) algo-
rithm with the same basis set. Zero-point energies were taken from
the MP2 results. The stationary points we have located are shown
in Fig. 3 with detailed geometries given in Supplementary Informa-
tion. A bound [0,-CH,4]?* collision complex exists on the potential
energy surface, lying about 7 eV below the asymptotic energy of
the reactants. A transition state was located that connects this col-
lision complex to a rearranged geometry in which an H atom has
migrated from the methane group to the terminal oxygen atom
(Fig. 3). Loss of H3* from this rearranged complex would leave a
[COOH]* species, the same species we identified above as the pre-
cursor to the HCO* products we detect. This primary ion could also
lose an H atom to act as the source of the CO,* we detect in channels
1.6and 1.7.Thus, the computational results support the conclusions
on the reaction mechanisms drawn from the experimental data.

O % CH,
-11.8

\“;. Q,,‘Jr Hy* CO," +1};I32+ +H
-12.5 o
, HCO'+H,"+0
! ! -13.3
m’+ H3*

-17.6

Fig. 3. Calculated stationary points on the [0,-CH4]?* potential energy surface and
their relative energies in electronvolts. See text for details. A solid line connecting the
stationary points indicates that an IRC calculation has confirmed their connectivity.
Note, that the vertical energy scale is not continuous. Detailed geometries of the
stationary points are given in the Supplementary Information.

3.2. 022+ +CoH,

Table 2 summarises the reactions we observe following colli-
sions of 052" with C;H, at Ecom =4.0eV. Similarly to the reaction
of 0,2* with CHy, SET accounts for the vast majority (87 %) of the
product ion yield from the 0,2*/C,H, collision system, with bond-
forming reactions contributing around 10%. Of the nine observed
bond-forming channels, two involve the formation of HCO* (2.1 and
2.2), four the formation of CO* (2.3-2.6) and the remaining three
channels (2.7-2.9) generate C,OH*, C;0* and CO,* respectively.

3.2.1. HCO* formation

The most intense bond-forming channel from the 0,2*/C;H,
collision system is channel 2.1, which involves formation of
HCO* +CH* +0. The formation of three products in this channel
mean it is possible to use the PSCO data to reconstruct the complete
velocity distribution for all the products. The CM scattering diagram
for channel 2.1 is shown in Fig. 4(a) revealing scattering for the
CH* product which is markedly anisotropic. The HCO* product also
shows strong anisotropy (Fig. 4(a)), but with a more pronounced

Table 2

Observed reaction channels, together with their branching ratios and enthalpies,
following the reaction of 0,2* with CoH, at Eg, =4.0 V. Relevant energetics are
determined from literature values [39] coupled with the double ionisation energy
of O, [42],

Channel Products Branching —AEr[Ev AHy;c[eV?
ratio

Single electron transfer 87.4

Double electron transfer 2.6

Bond forming
2.1 HCO*+CH*+0 5.5 —4.5 —-10.5"
22 HCO* +C*+[0O+H] 0.6 —6.4°
23 CO*+H*+[C+H+0] 0.4 25
24 CO*+CH,*+0 1.3 -54 -8.7
2.5 CO*+CH* +[O+H] 1.7 -4.0
2.6 CO*+C"+0+[2H] 0.3 0.2
2.7 C,OH* +H*+0 0.1 -¢
2.8 C,0*+H*+[0O+H] 0.1 -¢
29 CO,*+H* +[C+H] <0.1 -3.2

2 All enthalpies are calculated assuming the neutral products are fully atomised.

b Enthalpy has been calculated assuming that the product is in the form HCO* not
COH*.

¢ No relevant enthalpies of formation are available.
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(b) .

Fig. 4. Scattering diagrams for the reaction of 0,2* + C;H; at Eco, =4.0 eV. The black dot at the centre of the diagrams marks the CM. (a) The CM frame scattering diagram for
the HCO* + CH* products from channel 2.1. The upper arc indicates a CM velocity of 0.4 cm ps~! while the lower arc indicates a CM velocity of 1.0 cm ps~'. (b) Internal frame
scattering of HCO* and O relative to CH* for channel 2.1. The square marks the velocity of the dissociating precursor HCO,*" (0.4cm pus™").

tail to larger scattering angles. The HCO* is predominantly scat-
tered in the direction of motion of the 0,2* reactant and the CH*
product is scattered in the direction of motion of the C,H, reac-
tant. This scattering is, as has been discussed above, indicative of
a direct reaction where the 0,2* effectively extracts a CH- from
CyH,. The internal frame scattering of HCO* and O relative to CH*
for this channel is shown in Fig. 4(b). In this diagram it is clear
that both HCO* and O are scattered isotropically around a point
that is displaced away from the CM, in the opposite direction to
the velocity of the CH* product. As described above, this scattering
pattern reveals that initial formation of CHO,* + CH* is followed by
ejection of O from CHO,* to give the observed HCO* product. Fur-
ther support for this mechanistic insight comes from the fact that
the HCO* and O products are distributed about a point that is dis-
placed 0.4cm ps~! away from the CM. This value is the same as
the expected magnitude of the mean velocity of the dissociating
CHO,*" precursor, calculated from the average velocity of the CH*
product (1.2 cm ws~1) via conservation of momentum

Comparing the values of AEr and AHy; for channel 2.1 indicates
that there is around 6eV of excess energy in the internal modes
of the HCO* + CH* + O products. Only 4.1 eV is required to fragment
CH" into C* +H. Therefore, it seems very likely that the initial strip-
ping step on the pathway to form HCO* + CH* (channel 2.1) also
leads to the formation of the products in channel 2.2 (HCO* +C"),
with the CH* product now dissociating to give C* and H. At first
glance, it is perhaps surprising that the strong C-C triple bond of
CyH; can be broken in a direct reaction, without the formation of
a longer lived collision complex. However, previous studies of the
reaction of Ar%* with C,H, have shown ArC* is formed via an exactly
analogous direct transfer of a CH- from C,H, to Ar?* [12].

3.2.2. Formation of CO*

The second major product from bond-forming 0,2* + C,H, inter-
actions is CO*, a product ion which is involved in four reaction
channels accompanied by either H*, CH,*, CH* or C*. Only in chan-
nel 2.5, where CO* is formed in conjunction with CH*, is the signal
level sufficient to extract meaningful scattering diagrams, and the
CM scattering for this channel is shown in Fig. 5. Despite the weak
signals the CM scattering in channel 2.5 appears broadly isotropic,
extending over all scattering angles. Such scattering again suggests
that the CO* is formed via an intermediate collision complex. Given
that we commonly see such collision complexes undergo a primary
fragmentation to a pair of nascent product ions that can subse-
quently fragment further, a viable mechanism for the formation
of CO* involves the fragmentation of the collision complex into a
pair of energetically excited ions: CO,**+CHy**. For the channels
under discussion the nascent CO,* fragments to form CO* which
is detected in coincidence with CH,* or the products of its decay
(H*, CH* or C*). Further support fro this reaction pathway is that

survival of the CO,*, accompanied by fragmentation of the CH,* to
H* yield us the products detected in Channel 2.9 (see below).

3.2.3. Other products

Three other ions, produced by bond-forming reactions, are also
observed following the reaction of 0,2* and C;H,. These products
are C,0*, C;OH* and CO,* (Channels 2.7-2.9, Table 2). The signals
from these channels are all too weak to allow any reliable analysis
of their reaction dynamics. However, the formation of these ions
involves major rearrangements in the connectivity of the reactants
and points to the importance of a collision complex in the respective
reaction pathways.

3.3. 022+ +CoHy

In Table 3 the different reaction channels observed following
collisions (Ecom =4.7 €V) between 0,2 and C,Hy are listed. As for
the other two collision systems reported in this work, SET is the
dominant reactive process accounting for over 80% of the observed
product ions. DET accounts for only 4% of the ion yields while 12%
of the reactions lead to bond-forming products. The major bond
forming channel is 3.1 which leads to HCO* + CH,*. The second most
intense reaction is channel 3.4, forming OH* + CoH3*. There are two
other weak bond-forming channels where CO* +H* (channel 3.2)
and C,OH* +H* (channel 3.3) are detected.

3.3.1. Formation of HCO*
In Fig. 6 the CM frame scattering for HCO* and CH,* formed
in channel 3.1 is shown. The scattering has a distinct ‘forward’

Fig. 5. The CM frame scattering of the CO* + CH* products (channel 2.5) recorded
following the reaction of 0,2* +CyH, at Ecom =4.0€eV. The upper arc marks a CM
velocity of 0.3 cm ws~! while the lower arc marks a CM velocity of 0.9 cm ws—1.
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Table 3

Observed reaction channels, together with their branching ratios and enthalpies,
following the reaction of 0,2* with CoH, at Eco =4.7 €V. Relevant energetics are
determined from literature values [39] coupled with the double ionisation energy
of O, [42],

Channel Products Branching ratio —AEr/eV  AHj/eV?
Single electron transfer 83.7
Double electron transfer 4.1
Bond forming
3.1 HCO* +CH,* +[0 +H] 6.4 —-8.93b
3.2 CO*+H*+[C+H+H+O0] 04 -0.85
33 C,OH*+H*+[0O+H+H] 0.1 ¢
34 OH* +CyH3* +0 5.3 -6.3 -9.27

3 All enthalpies are calculated assuming the neutral products are fully atomised.

b Enthalpy has been calculated assuming that the product is in the form HCO* not
COH*.

¢ No relevant enthalpies of formation are available.

and ‘backward’ component. The HCO* product is scattered in the
same direction as the 052" reactant. In contrast the CH,* product is
scattered in the same direction as the C;H,4 reactant. As discussed
above, this scattering motif indicates a direct reaction mechanism,
which, in turn, implies that the reaction occurs in the following
manner: the 0,2* strips a CH,~ from the C;Hy4 as they move past
each other leaving a CH,* product. The nascent H,CO,*" subse-
quently fragments further to give HCO* and [H+O].

022+ +CyHy — CH2+ +H,CO, N
then H,CO,** — HCO™ +[H + O]. (3)

It is not possible from our data to definitively determine the
form of the neutral products from this reaction. However, if we
make the assumption the neutral is OH and generate the internal
frame scattering diagrames, all is in accord with the mechanism pro-
posed above. (Eq.(3)). The internal frame scattering diagram clearly
indicates that the HCO* and OH products have correlated velocities,
and those velocities are directed away from that of the CH,* prod-
uct. As before, we can derive the average velocity of the nascent
precursor ion (H,CO,*" in this case) and we see that the scattering
centre of the HCO* and OH velocity vectors, in the internal frame,
is clearly centred on this precursor velocity. Thus, the experimen-
tal evidence for the mechanism shown in Eq. (3) is consistent and
robust.

3.3.2. Formation of OH*
Interactions of 052* with C;Hy4 can form OH* (channel 3.4) along
with C;H3* and a neutral O atom. As this is a three-body reaction

Fig. 6. The CM frame scattering diagram for the formation of HCO* + CH,* (channel
3.1) following the reaction of 0,2* + C;Hy at Ecom =4.7 eV. The upper arc marks a CM
velocity of 0.3 cm ws~! while the lower arc marks a CM velocity of 1.0 cm ws1.

our experimental data can be used to unambiguously extract the
velocities of all the products. Fig. 7(a) shows the CM scattering for
the CoH3* and OH* products while Fig. 7(b) shows the internal
frame scattering of OH* and O relative to C;H3*. Given the anal-
ysis presented above, these scattering diagrams clearly show the
reaction involves the stripping of a H- ion from the C;H, by 0,2*
to form CyH3* and HO,*". The HO,*" then dissociates, ejecting an O
atom, to yield the detected OH* product. Again, if this mechanism is
correct then it predicts that the products formed from dissociation
of the HO,*" precursor should be scattered around a point in the
internal frame scattering diagram that represents the velocity of
the HO,** precursor. From the modal velocity of the C;H3* product
that we determine experimentally (0.64 cm ps~1) we estimate the
modal HO,*" velocity to be 0.52 cm ps~!. This precursor velocity
agrees nicely with the scattering centre of the HO* and O velocities
revealed in Fig. 7(b).

3.4. Comparison of collision systems

All three of these collision systems exhibit a rich and varied
bond-forming chemistry. In fact, there are undoubtedly more bond-
forming channels in any one of these collision systems than in
any other single dication/neutral collision system we have inves-
tigated to date. Satisfyingly, there are many similarities in the
bond-forming reactivity observed following collisions of 0,2* with
the three different organic reactants. For each of the collision sys-
tems, the total contribution of the bond-forming channels to the
total ion yield is very similar (ca. 10%). Additionally, the principal
ionic product of the bond-forming reactivity in all three collision

Fig. 7. Scattering diagrams for reaction channels observed following the reaction of 022" +C,Hs at Ecom =4.7 V. (a) The CM frame scattering diagram for the formation of
HO* + C;Hs* products from channel 3.4. The upper arc marks a CM velocity of 0.6 cm ps~! while the lower arc marks a CM velocity of 0.8 cm s~ (b) Internal frame scattering
diagram for HCO* and O relative to CH* for channel 3.4. The square marks the velocity of the dissociating precursor HCO,*" (0.6 cm us').
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systems is HCO*. However, these HCO* products are not formed
by one common reaction mechanism across the three collision sys-
tems. Following the reaction of 0,2* and CH,4, HCO" is formed via
a collision complex. In comparison, in the reactions of 0,2* with
CyH; and CyHy, HCO® is formed by a striping reaction which breaks
the carbon—carbon bond in the neutral reactant. Obviously, in the
case of reactions with methane there is no C—C bond to break, so
an alternative mechanism must necessarily operate.

One difference in the bond-forming reactivity exhibited by the
three systems relates to the facility for the stripping of H~ from
the organic molecule by 0,2*. This form of reactivity is observed in
the reaction of 0,%* with both CH4 and CyH,4 but not with CyH,.
A possible reason for this behaviour is the relative strengths of
the C—H bonds in CH4, C;H, and CyHy. A good guideline for the
relative ease of hydride donation from the neutral should be the
heterolytic dissociation energy of the different neutrals (e.g. AH
for CH4 — CH3* +H™). It is possible to estimate these heterolytic
dissociation energies from enthalpies of formation available in the
literature; for example, to estimate the heterolytic dissociation
energy for CH4 A¢H is required for CHy, CH3* and H~ [39,40].
The calculated values of the heterolytic dissociation energies are
13.87eV, 17.22eV and 15.14eV for CHy4, C;H, and CoHy4 respec-
tively. From these energetic estimates we see that more energy is
required to fragment the C—H bond in C;H>, to form H~ (and C,H*),
than to heterolytically cleave the C—H bonds in CH4 or C;H4. These
energies indicate that the energetic cost of heterolytically break-
ing the C—H bond can account for the lack of H™ transfer in the
0,2*/C,H; collision system. Further insight comes from applying a
“spectator stripping” model to this hydride transfer reaction [41].
Applying the kinematic constraints of this model, which dictate
the final velocities of the products of the hydride transfer, together
with the above energetics, reveals that facile hydride transfer in the
0,2%/C,H; collision system is likely to require markedly greater
collision energies than in collisions of 0,2* with CH4 and CyHa.
Thus, it is not surprising that, at our relatively low collision ener-
gies we do not observe hydride transfer in the 0,2*/C,H; collision
system.

4. Conclusions

We have studied the reactions of the molecular oxygen dica-
tion with three small organic molecules, CHy4, CoH; and CoHy, at
centre-of-mass collision energies close to 4eV. The ion yield in all
three collision systems is dominated by electron transfer. However,
all three systems also show a significant number of bond-forming
products; for example HCO*, CO*,HO*,HO,*, CO,*,C,0* and C,OH*
are all detected.

The correlations between the product (ionic and neutral) veloc-
ity vectors, which are revealed by our coincidence methodology,
provide significant insight into the different mechanisms of these
bond-forming processes. Several bond-forming reactions proceed
via the formation of long-lived collision complexes which subse-
quently fragment to a pair of monocations. At least one of these
nascent monocations then subsequently fragments further. Other
bond-forming reactions occur via a direct process in which the dica-
tion removes an atom (or group of atoms) from the neutral as it flies
past, breaking strong chemical bonds.
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