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Bond-forming and electron-transfer reactivity
between Ar?* and N,

Sam Armenta Butt‘® and Stephen D. Price (2 *

Collisions between Ar®* and N, have been studied using a coincidence technique at a centre-of-mass
(CM) collision energy of 5.1 eV. Four reaction channels generating pairs of monocations are observed:
Art + Not, Art + N*, ArNT + NT and N* + N*. The formation of Ar" + N,* is the most intense channel,
displaying forward scattering but with a marked tail to higher scattering angles. This scattering, and
other dynamics data, is indicative of direct electron transfer competing with a ‘sticky’ collision between
the Ar®* and N, reactants. Here Art is generated in its ground (2P) state and N,* is primarily in the low
vibrational levels of the C?Z," state. A minor channel involving the initial population of higher energy
N," states, lying above the dissociation asymptote to N* + N, which fluoresce to stable states of N,* is
also identified. The formation of Art + N* by dissociative single electron transfer again reveals the
involvement of two different pathways for the initial electron transfer (direct or complexation). This
reaction pathway predominantly involves excited states of Ar®* (*D and 1S) populating No** in its
dissociative C2X,*, 2211, and DIl states. Formation of ArN* + N* proceeds via a direct mechanism.
The ArN* is formed, with significant vibrational excitation, in its ground (X*Z~) state. Formation of N* +
N* is also observed as a consequence of double electron transfer forming N,2*. The exoergicity of the
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Introduction

Doubly charged positive ions (dications) are found in a variety
of energised media including the ionospheres of planets and
their satelites.'™ As demonstrated in several studies, both
atomic and molecular dications exhibit significant bimolecular
reactivity following collisions with neutral species.”™® Indeed,
the lifetimes of atomic dications in planetary ionospheres are
expected to be primarily determined by such collisional
processes.'* This significant dicationic reactivity suggests that
dication chemistry can play a role in ionospheric processes;'
for example, dications are proposed to be involved in the
chemistry of complex molecule assembly through carbon
chain-growth,***°

Atomic dications have been detected in planetary
ionospheres.*® However, it is difficult to unambiguously detect
many ionospheric molecular dications using simple mass
spectrometry, the usual sampling technique. This difficulty
arises because there are often monocations with the same mass
to charge ratio as the target dication present in these
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subsequent N,2* dissociation reveals the population of the A1, and D31'Ig dication states.

environments.’ The lack of definitive detection of ionospheric
molecular dications may account for the historical neglect of
these species in models of ionospheric chemistry."* In order to
identify dication reactions of ionospheric interest, laboratory-
based experiments to probe dicationic reactivity, along with
spectroscopic identification techniques, are vital.>* The value of
such laboratory work is shown by experiments that have
identified the role molecular dications play in atmospheric
erosion processes.*>

Following our recent study of the reactions of Ar** + 0,,?°
this paper presents a detailed investigation of the interactions
between Ar** and N,. This work both further elucidates the
energetics, reactivity and reaction mechanisms of dications and
also allows a better understanding of the relevance and influence
of Ar’*/N, collisions in planetary environments.

Argon constitutes ~1% of the Earth’s atmosphere and is
also found in the atmospheres of the Moon, Mercury and
Mars.>’ ! In the upper reaches of these atmospheres, the
formation of the Ar*" dication is likely, as recognised by
Thissen et al.’* The bimolecular reactivity of Ar** with a variety
of rare gases and simple molecules has been studied
previously.**® Most of the early investigations of Ar**-neutral
collisions were carried out at 0.1-20 keV collision energies.
At these significant collision energies only single-electron
transfer (SET) and double-electron transfer (DET) channels
were observed. In contrast, more recent experiments, utilising

Phys. Chem. Chem. Phys., 2021, 23,11287-11299 | 11287


http://orcid.org/0000-0002-9946-6008
http://orcid.org/0000-0001-9007-2101
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp00918d&domain=pdf&date_stamp=2021-05-05
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp00918d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023019

Open Access Article. Published on 26 April 2021. Downloaded on 12/5/2025 12:30:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

lower collision energies (<100 eV) revealed bond-forming
chemistry following the interactions of Ar** with various
neutral species.>®*°"** The formation of Ar-X (X = O, N, C)
bonds, detected in the above studies, confirms the bimolecular
reactivity of rare gas dications as an effective route to the
formation of unusual chemical species.

Nitrogen (N,) is the dominant species in the atmospheres of
the Earth and Titan, and is present in the atmospheres of other
planets and satelites."*'>?%3145%7 The reactions resulting
from collisions of Ar”* with N, have been the subject of previous
investigation. As noted above, at high collision energies (keV),
SET and DET pathways were identified, as expected, although
these studies did not probe the reactivity at an electronic state-
selective level >2?4736:4849 However, in 1999, Tosi et al.>° observed
the formation of ArN>* following the collisions of Ar”* with N,,
demonstrating a more complex chemistry in this collision
system than the earlier studies had indicated. Indeed, molecular
ions of ArN have attracted interest due to their rare gas bond and
ArN" is a well-known contaminant in plasma-based mass
spectrometry.”® > The formation of ArN™ has also been observed
as a product of monocation-neutral®*** and dication-neutral
reactions.*® In the latter case, the production of ArN" and ArNH"*
was observed following reactions of Ar’* with NH;; the reaction
proceeding via the formation of a collision complex [ArNH;]*".
Computational investigations predict ArN** to be kinetically
stable® whilst ArN" is found to have the highest binding energy
of the ArX" (X = Li-Ne) species.>® The stability of ArN"* species,
and the facility of dication-neutral reactions to form new bonds,
suggests that there is perhaps a richer chemistry resulting from
the collisions of A”* and N, than has been previously reported.

In this investigation we study collisions between Ar** and
N,, at a centre-of-mass (CM) collision energy of 5.1 eV, using
position-sensitive coincidence mass spectrometry (PSCO-MS).
The PSCO-MS technique involves coincident product detection
via time-of-flight mass spectrometry using a position-sensitive
detector. This experimental technique has been shown to
provide comprehensive information on the dynamics and
energetics of dicationic bimolecular reactions that generate
pairs of monocationic products.””**”*” For the Ar’'/N,
collision system our experiments reveal the dynamics and
energetics of the SET and DET channels, including both
dissociative and non-dissociative SET reactions. We see
clearly that the dissociative SET reaction proceeds via two
mechanisms: a long-range direct process, and a process involving
the formation of a collision complex, [Ar-N,]**. We also report, for
the first time, to the best of our knowledge, a bond forming
channel that generates ArN" + N* via a direct mechanism.

Experimental

Coincidence techniques involve the simultaneous detection of
two or more products from a single reactive event. Bimolecular
reactions of dications with neutral species often generate
pairs of monocations and these pairs of ions are detected in
coincidence in the PSCO-MS experiment. The PSCO-MS
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apparatus used in this study has been described in detail in the
literature.>” > Briefly, a pulsed beam of dications is directed
into the field-free source region of a time-of-flight mass spectro-
meter (TOF-MS) where the dications interact with a jet of the
neutral reactant. Subsequent application of an extraction
voltage to the source region allows the TOF-MS to detect the
cation pairs generated from the dication-neutral interactions.
The detection of these ions involves recording their arrival
time, and position, at a large microchannel-plate detector.
From this raw data, a list of flight times and arrival positions
of the ions detected in pairs, a two-dimensional mass spectrum
can be generated revealing the different reactive channels.
The positional data accompanying the ionic detections shows
the relative motion of the products of each reactive event,
providing a detailed insight into the mechanisms of each
reactive channel.”®

In this work the Ar** ions are generated, along with Ar’, via
electron ionisation of Ar (BOC, 99.998%) by 100 eV electrons in
a custom-built ion source. The positively charged argon ions
are extracted from the ion source and pass through a hemi-
spherical energy analyser to restrict the translational energy
spread of the final Ar** beam to ~ 0.3 eV. The continuous beam
of ions exiting the hemispherical analyser is then pulsed, using
a set of electrostatic deflectors, before being accelerated and
focussed into a commercial velocity filter. The velocity filter is
set to transmit just the *°Ar** (m/z = 20) ions. The resulting
pulsed beam of energy-constrained Ar** ions is then decelerated
to less than 10 eV in the laboratory frame before entering the
source region of the TOF-MS. In the source region the beam of
dications is crossed with an effusive jet of N, (BOC, 99.998%).
Single-collision conditions®® are achieved by employing an
appropriately low pressure of N, and, hence, most dications do
not undergo a collision and only a small percentage experience
one collision. Such a pressure regime ensures no secondary
reactions, due to successive collisions with two N, molecules,
influences the Ar** reactivity we observe. An electric field is
applied across the TOF-MS source when the dication pulse
reaches the centre of this region. This electric field accelerates
positively charged species into the second electric field
(acceleration region) of the TOF-MS and then on into the flight
tube. At the end of the flight tube, the cations are detected by a
position-sensitive detector comprising a chevron-pair of micro-
channel plates located in front of a dual delay-line anode.””
The voltage pulse applied to the source region also starts the ion
timing circuitry, to which the signals from the detector provide
stop pulses. The experiments in this work employed both high
(183 V ecm™ ') and low (28.5 V cm ') TOF-MS source fields.
As discussed in more detail below, the lower source field results
in better energy resolution in the resulting PSCO-MS data.
However, in these low field spectra ions with high transverse
(off-axis) velocities do not reach the detector.

Signals from the detector are amplified and discriminated
before being passed to a PC-based time-to-digital converter.
If two ions are observed in the same TOF cycle, a coincidence
event is recorded and each ion’s arrival time and impact
position on the detector are stored for off-line analysis.
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The use of single-collision conditions ensures ‘false’ coincidences
are kept to a minimum. The ion pairs data can be plotted as a 2D
histogram, a ‘pairs spectrum’, where the time of flights (¢,, ¢,) of
each ion in the pair are used as the (x, y) co-ordinates. Peaks in the
pairs spectrum readily identify bimolecular reaction channels that
result in a pair of positively charged product ions. Each such peak,
the group of events corresponding to an individual reaction
channel, can then be selected for further off-line analysis.

As shown in previous work, the positional and time of flight
information for each ion of a pair can be used to generate their
x,y and z velocity vectors in the laboratory frame; here the z-axis
is defined by the principal axis of the TOF-MS.”” The x and y
velocity vectors of an ion are determined from the associated
positional information and flight time; the z vector is deter-
mined from the deviation of the observed TOF from the
expected TOF of the same ion with zero initial kinetic energy.
The laboratory frame velocities are then converted into the CM
frame using the initial dication velocity.”” Often the pair of
monocations resulting from the reaction between a dication
and a neutral are accompanied by a neutral product: a three-
body reaction. A powerful feature of the PSCO-MS experiment
is that the CM velocity of such a neutral product can be
determined from the CM velocities of the detected ionic
products via conservation of momentum.®’

To reveal the dynamics of a given reaction channel, a CM
scattering diagram (Fig. 1) can be generated from the velocities
of the product ions. Such CM scattering diagrams are radial
histograms that, for each event collected for a given reaction
channel, plot the magnitude of the products’ CM velocity |w;| as
the radial co-ordinate and the scattering angle 6 between w; and
the CM velocity of the incident dication as the angular
coordinate. In the kinematics that apply in our experiment,
where the dication is heavier and markedly faster than the
neutral, the velocity of the incident dication is closely oriented
with the velocity of the centre of mass. In our CM scattering
diagrams, since 0° < 6 < 180°, the data for one product can be

Fig. 1 CM scattering diagram for the reaction Ar®* + N, — Ar* + N," at a
CM collision energy of 5.1 eV. The black dot indicates the position of the
CM. See text for details.
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shown in the upper semi-circle of the figure and the data for
another product in the lower semi-circle, as the scattering of
each ion is azimuthally symmetric. For three-body reactions,
internal-frame scattering diagrams can be a powerful aid in
interpreting the reaction dynamics. In this class of scattering
diagram |w,| is again the radial coordinate, but the angular
coordinate is now the CM scattering angle with respect to CM
velocity of one of the other product species.

From the CM velocities of the product species the total
kinetic energy release (KER) T for a given reactive event can
also be determined using the individual CM velocities of the
products.®” The exoergicity of the reaction AE can then be
determined from T and the CM collision energy, E.om:

AE =T — Ecom = 7(Epmducts - Ereactants) (1)

where Eproducts aNd Ereacrants are the relative energies of the
product and reactant states respectively. If the products lie
lower in energy than the reactants, the resulting exoergicity will
be positive. Performing this analysis for all the events collected
for a given reaction channel provides a histogram of the
exoergicity of the detected reactive events. From knowledge of
the available electronic states of the reactants and products the
exoergicity spectrum can reveal the electronic states involved in
the reaction.

Results and discussion

PSCO-MS spectra were recorded following the collisions of Ar**
with N, at E.om = 5.1 eV. The ‘pairs’ spectrum revealed the four
reaction channels shown in Table 1. The most intense channel
(Rxn. I) is a non-dissociative single electron transfer process
(ND-SET), producing Ar" + N,". A dissociative SET (DSET)
reaction, forming Ar" + N* + N is also observed (Rxn. II) with a
slightly lower intensity than the ND-SET channel. A bond forming
channel (Rxn. III) is also observed, producing ArN* + N*. To our
knowledge, the formation of ArN" from the interactions of Ar**
and N, has not been previously observed. Finally, double electron
transfer (DET) is observed resulting in the formation of N* + N" via
N, (Rxn. IV).

PSCO-MS experiments were also repeated at a low TOF-MS
source field to yield a higher energy resolution in the exoergicity
spectrum (E¢om = 4.5 eV). As discussed below, these low source

Table 1 Reaction channels, following the collisions of Ar** with N, at a
CM collision energy of 5.1 eV, with associated relative intensities (branch-
ing ratios). The modal experimental values of the total exoergicity AE from
each reaction are reported. See text for details

Relative Modal experimental
Reaction Products intensity/% AE/eV
I Ar' + N,* 43.2 5.4
II Ar' +N"+N 41.7 6.5
111 AIN" + N 4.3 5.5
v Ar+N"+N" 10.8 6.8"

“ The exoergicity given for Rxn. IV is the value for the N> — N™ + N*
dissociation.
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field experiments reveal a minor, low energy release, pathway in
the ND-SET channel (Rxn. I).

Non-dissociative SET

Fig. 1 shows the CM scattering diagram for the Ar" + N,"
product ions observed from the ND-SET reaction, Ar*" + N, —
Ar' + N,". A forward scattering pattern, typical of that reported
before for this class of reaction, is observed.*”**? Forward
scattering indicates that the velocity of the Ar' product ion is
predominantly oriented in the same direction as the velocity of
the reactant Ar**, w(Ar**), while the velocity of the N,” product
ion is directed anti-parallel to w(Ar*"). This scattering pattern is
typical of a direct process, where the electron transfer occurs at a
relatively large interspecies separation (3-6 A), and is generally
well represented by a Landau-Zener (LZ) formalism.’®**~® The
scattering angles of the Ar" ion (the angle between the velocity of
the reactant dication w(Ar**) and the velocity of the Ar* product
ion) are shown more clearly in Fig. 2. Fig. 2 reveals that whilst
the scattering is dominated by 6 < 90°, the scattering is not
concentrated as intensely at lower angles as might be expected
for a typical forward scattered ND-SET reaction.’”*"*> For
example, in the SET reaction between Ne®* + Ar, also investigated
with PSCO-MS, the Ne" product was forward scattered with an
angular distribution peaked at ~15°.%° There is also a tail in our
data, to higher scattering angles, manifested in the scattering
diagram (Fig. 1) by the extra ‘bumps’ involving higher velocity
ions scattered between 70 < 0 < 110. Both of these observations
hint strongly that there is a distinct contribution to the scattering
in this channel involving longer-lived association, or a ‘sticky
collision’, between the reactant species, in addition to the usual
direct (LZ) mechanism. As we will see below, the analysis of the
N," electronic states populated in this ND-SET channel, and the
dynamics exhibited by the DSET channel, also point towards a
contribution from such a non-direct reaction pathway.

Fig. 3 shows a histogram of the exoergicities recorded in the
ND-SET reaction channel, Ar*" + N, — Ar' + N,". In the
exoergicity distribution, there is a maximum centred around
5.8 eV, with a full width at half maximum (FWHM) from

Counts

LK) [}

O T T T T T T T - T " 1
0 20 40 60 80 100 120 140 160 180
Scattering angle / Degrees

Fig. 2 Histogram of the CM scattering angle 0 for the product Ar* ion,
relative to w(Ar?*), for the reaction Ar?* + N, —» Ar* + N,* at a CM collision
energy of 5.1 eV. The error bars represent two standard deviations of the
counts.
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Fig. 3 Experimental exoergicity spectrum for the reaction Ar¥* + N, —
Art + N,™. The exoergicities for potential SET pathways (reactions (a)—(e),
discussed in the text) calculated from literature values are also shown. The
error bars represent two standard deviations of the associated counts.

4.1-7.2 eV. To interpret the exoergicity spectrum for this
channel, we need to consider the accessible electronic states
of the reactant and product species. For these species the
relevant energetic data is readily available. The Ar*" beam used
in this experiment has been shown to be composed of ions in the
three electronic states derived from the Ar** p* configuration
(P, 'D and 'S), with relative abundances that are approximately
statistical.>°*%” There are two energetically accessible electronic
states for the Ar" product (°P and >S).°® The reactant N, molecule,
admitted as an effusive beam, will be in its ground vibronic
state, X'Z," v = 0. The ground state of N," (X°Z,") lies 15.58 eV
above the ground state of N,.°>”° The lowest energy dissociation
asymptote of N, (N"(°P) + N('S)) lies at 24.3 eV relative to
N,(X'Z,"), which corresponds to the energy of N,'(C°Z,"
v = 3).°®7' Photoionisation studies have shown that N," states
generated with a higher internal energy than 24.3 eV have
dissociation lifetimes less than the timescale of our experiment
and therefore will not contribute to the N," counts observed in
this channel.”*”*

From the above energetic considerations, we find that there
are four possible ND-SET reaction pathways that match the
range of exergicities®”’® shown in Fig. 3: (a-d). Additionally,
whilst pathway (e) has an exoergicty (8.9 eV) clearly outside of
the observed range, if the N, (B*Z,") product is formed with
significant vibrational excitation, it could yield exoergicities in
accord with our experimental observations.

Ar”(CP) + Ny(X'Z,") > Ar'(®P) + N, (C’Z,") AE = 4.0 eV

(@)

Ar”'('D) + Ny(X'Z,") - Ar'(’P) + N,'(C’Z,") AE = 5.8 eV

(b)

Ar*'(P) + Ny(X'Z,") > Ar'(®P) + N,'(DI1,) AE = 5.6 eV

(c)

Ar*'('D) + N,(X'Z,") - Ar'(’P) + N,'(D’I1,) AE = 7.4 eV

(d)

This journal is © the Owner Societies 2021
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Ar(CP) + Ny(X'Z,") > Ar'(°P) + N,'(B’Z,") AE = 8.9 eV

(e)

The match of the calculated exoergicities of pathways (a)-(e)
with the experimental spectrum is good, particularly when
allowing for potential vibrational excitation of the N," product
ion. Pathways (a)-(e) are all spin-allowed and involve the
formation of the Ar* ion in its ground P state; their exoergi-
cities are indicated in Fig. 3. Reviewing what is known of the
N," electronic states involved in these pathways is instructive.
Photoelectron spectra show low intensities for the formation of
N,'(DI1,) from N, in this energy range due to Franck-Condon
effects; in fact the D state is only stable to dissociation at
significantly longer bond lengths than that of the neutral
molecule. Pathway (e) involves ground state Ar**(*°P) and forms
N," in its BZ," state. As noted above, populating the B*Z,"
state and giving an exoergicity within the observed range
necessitates the state being formed with a high vibrational
quantum number. The potential energy surface of the
N,(B®Z,") state has a deep well and therefore could support
vibrational excitation, however, photoelectron spectra show
that the first two vibrational levels, v = 0 and v = 1, are
predominantly populated in a vertical transition.®>”®

In our spectra it is not possible to resolve the different N,"
channels potentially involved in this ND-SET reaction. Pathways
(¢)~(e) involve the formation of N,"(D*I1) or vibrationally excited
levels of N,*(B’Z,"). As noted above, such transitions are not
favoured in a vertical transition from N(X'Z,") and previous
experiments studying dicationic electron transfer have shown
that the ionising transitions in the neutral are often vertical in
nature.”>”® However, ionising transitions in the neutral collison
partner that produce monocations in vibrational states well
outside the Franck-Condon zone have also been reported.””
Additionally, the longer-lived association observed between the
reactant species in this channel (identified above) will facilitate
the formation of N," states away from the equilibrium geometry
of N,. However, in contrast to pathways (c)-(e), pathways (a) and
(b) involve the population of the lower vibrational levels of
N,"(C’Z,"), transitions which are favoured in the photoelectron
spectrum of N,, and are inherently more probable than
transitions to the higher vibrational levels of the B’Z," state or
DTl states. Thus pathways (a) and (b), involving N,'(C*%,"), are
most likely the dominant pathways in the ND-SET reaction, but a
minor contribution from pathways (c)—(e) is also possible.

As discussed before in the literature, higher resolution
energetic information is obtainable from the PSCO-MS
experiment using a low TOF-MS source field.*”*”*®> In low
source field experiments conducted as part of this study, the
counts where the Ar* ions were forward scattered relative to Ar**
were masked by reactions occurring away from the source
region. Thus, only events where the Ar’ ions were backwards
scattered could be selected for analysis. Fig. 4 shows the
resulting exoergicity spectrum of these back-scattered events
for the ND-SET channel. As previously noted, low source field
experiments do not collect product ions with high transverse
velocities. Therefore, exoergicity spectra from low source field
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Fig. 4 Experimental exoergicity spectrum for the back scattered (0(Ar") >
90°) counts of the ND-SET reaction, Ar’* + N, —» Art + N,*, in the low
source field experiment. A comb is shown with a line spacing of 0.25 eV.
The error bars represent two standard deviations of the associated counts.

experiments discriminate in favour of events with lower exoer-
gicities. The exoergicity of the back-scattered events in the low
source field experiment (Fig. 4) ranges from ~2.5 eV-5.5 eV.
The range of exoergicities revealed in Fig. 4 are clearly present
at the low energy extreme of the exoergicity distribution
generated by the high source field experiment (Fig. 3). One
way to account for these low exoergicities is to invoke the
population of higher energy, long-lived, N," states than those
involved in pathways (a)-(e). However, given the extensive
studies of N," it is unlikely that there are previously unknown
long-lived metastable states of N, " lying above the dissociation
asymptote to N + N.

The formation of stable states of N,'(X, A) in processes
involving low exoergicities (2.7 eV, 1.6 eV) is possible from
reactions of Ar*'('S) with N,, if Ar'(>S) is generated as the
atomic monocation. However, such processes cannot account
for the signals around 3 eV in Fig. 4. Indeed, Ar**('S) is a minor
component of the dication beam and formation of Ar'(>S) from
Ar*('S) involves a two-electron transition, usually a strong
indication of a disfavoured process. Thus, we do not feel such
reactions can explain the form of the exoergicity spectrum
(Fig. 4) at low exoergicities. A more likely explanation of these
low exoergicity processes, generating long-lived N, " ions, is that
the N,"(C’Z,") state is formed with an energy above the first
dissociation limit, before fluorescing to a N,* bound state, most
likely X*%,". Populating these higher vibrational levels of the C
state will result in the reduced exoergicity we observe. Several of
the electronic excited states of N," higher in energy than X’%,",
including the N,*(C*Z,") state, are known to fluoresce to lower-
lying electronic states.”®*®® Since our energetic analysis above
clearly shows population of bound levels of the C state, it is not
unreasonable to propose higher levels of the C state are also
populated, and these levels then, in competition with their
dissociation, fluoresce to result in long-lived N," ions. In Fig. 4,
there is perhaps a hint of fine structure that could result from
the vibrational structure of the N, state populated in this low
exoergicity region. The spacings of these features (Fig. 4) appear
to be of the order of ~0.25 eV which is the vibrational spacing
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of the N,"(C*Z,") state.®® The competition between fluorescence
and predissociation has been studied in depth for
N, (C*%,").”"%18% Ppredissociation dominates over fluorescence
when N," is formed with more energy than the lowest energy
dissociation asymptote (24.3 eV).®*"®" However, predissociation
of the C state will not generate counts in this ND-SET channel,
but instead contributes to the counts in the DSET channel, Rxn
II., as discussed below. So although the yield of the C state
fluorescence is low, the long-lived N," ions resulting from this
emissive process will be sensitively detected in the low-field
spectrum.

To summarise, the ND-SET reaction forming Ar" + N, is the
dominant channel resulting from the collisions of Ar*" and N,.
A broadly forward scattering dynamic was observed, indicative
of a direct, long-range electron transfer, but with a significant
tail to higher scattering angles, indicative of a competitive
mechanism involving a longer-lived association between the
reactant species. After the electron transfer, Ar' is generated in
its ground (*P) state and N," is likely predominantly generated
in its C>T," state, with perhaps a minor contribution from the
B’%," and D’ states. The high dissociation threshold of N,"
and the involvement of the most abundant Ar** states present
in the beam explain why this ND-SET reaction is the most
intense product channel in the Ar** + N, collision system.

Dissociative single electron transfer

The pairs spectrum we record following collisions of Ar** with
N, shows a clear peak corresponding to the formation of Ar* +
N": a DSET reaction. The general mechanism for dicationic
DSET reactions has been well investigated,®”**%>%” and
involves an initial LZ style single electron transfer, populating
a product cation in a dissociative state (e.g. N,"*), followed by
subsequent dissociation of that ion. In the CM scattering
diagram these dynamics result in strong forward scattering
(Fig. 5a), with the velocity of the Ar" product w(Ar") strongly
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oriented with w(Ar’"). The scattering angles of the Ar' ions are
shown in more detail in Fig. 6 which reveals a bimodal
distribution: a large peak at low scattering angles, consistent
with a direct mechanism, along with an additional broad peak
at higher scattering angles. This secondary peak has a broad
maximum close to 90°, typical of processes involving isotropic
scattering associated with a longer temporal association
between the Ar** and N, species. That is, the involvement of
a collision complex, as also suggested by the ND-SET data
discussed above. Again, it seems clear that both a direct
mechanism and a mechanism involving complexation are
operating in this channel.

Fig. 5b shows the internal frame scattering of the N* and N
products, relative to the velocity of the Ar* product. The N* and
N fragments are clearly both back-scattered, away from the Ar"
product ion, confirming that any complex between the N, and
Ar*" initially dissociates into N,"™* + Ar'. Fig. 5b also clearly
shows that the N* ion flies away from the Ar" ion with a greater
velocity than the N product. Such a signature has been observed
before in DSET reactions,?®?” and indicates the N,™ ion
dissociates in the Coulomb field of the Ar', and the N* product
is subsequently further accelerated. An estimate of the lifetime
of the N,™* species generated in this DSET reaction can be
determined by a simple electrostatic model to reproduce the
additional velocity of the N* species with respect to the nitrogen
atom. The difference in the velocities of the N" and N fragments
corresponds to dissociation of the N,"* at an average distance
of 11 &+ 0.5 A from the Ar', equating to an N, lifetime of
approximately 100 fs. The N,"™* lifetime calculated here is
comparable to our previous estimates of the lifetime of N,™*
formed from collisions of Ne** with N,,% as well as that of 0,"*
formed in the Ar*" + O, system.>®

The experimentally determined total exoergicity of the DSET
reaction, (see Fig. S1 in the ESIY) for forming Ar' + N' + N, has a
peak at 6.5 eV with a FWHM from 4.4 eV-8.0 eV. The bulk of the

(2)

0.76 cops?!
N+

(b)

N+

(N WAL
(1)

Fig. 5 Scattering diagrams for the reaction Ar®* + N, — Ar™ + N + N at a CM collision energy of 5.1 eV. (a) CM scattering diagram showing the
scattering of N* and Ar* relative to the incident dication velocity, w(Ar?*). (b) Internal frame scattering diagram showing the scattering of N* and N relative

to the velocity of the Ar* product ion. In part (b) the labelled vector, (1), represents 0.30 cm ps™ .
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Fig. 6 Histogram for the CM scattering angles for the product Ar* ion,
relative to w(Ar?*), for the reaction Ar>* + N, > Ar* + N* + N at a CM
collision energy of 5.1 eV. The error bars represent two standard deviations
of the counts.

counts in this spectrum can be accounted for by contributions
from the first and second excited states of Ar** (D and 'S)
forming N* + N at the three lowest energy dissociation limits of
N," together with Ar‘(*P).°*%® The three channels involving
Ar**('S) result in nominal exoergicities of 7.4 eV, 5.5 eV, and
5.0 eV, in good accord with the bulk of the exoergicity
distribution. Additionally, minor structure towards lower
exoergicities could point to the involvement of Ar**(*P) or N*('S).

Considering the higher energy events in the exoergicity
spectrum (Fig. S1, ESIt) we note that, as previously discussed,
if N, is formed with an energy of over 24.33 eV relative to the
ground state of N, (equivalent to N,"(C*Z,,* v = 3)) and does not
fluoresce, it will dissociate within the lifetime of our
experiment and therefore can contribute the DSET
channel.”*”* The maximum energy that can be released from
Ar**('S) accepting an electron to form the ground state mono-
cation, Ar*(>P), is 31.75 eV. Therefore, the maximum exoergicity
in this channel is 7.42 eV if we restrict ourselves to the p* states
of Ar**. There are a significant number of counts observed in
this channel above this theoretical maximum of 7.4 eV (~30%,
see Fig. S1, ESIt). These higher energy events are too numerous
and extend to too high an energy to be explained by the spread
in the translation energy of the Ar** ions in the beam (FWHM =
0.3 eV). One possible source for these higher energy events is
higher lying excited Ar** energy states in the beam. However, we
see little evidence of such states in other channels in this
collison system, or in our previous work involving Ar**.>%37:¢7
However, the clear observation of a significant complexation
pathway in this reaction channel provides an explanation for
these high energy events. Specifically, if the translational
energy of the Ar*™ in the beam can be coupled into the reaction,
a process that is not normally involved in the direct SET
mechanism® but is perfectly feasible when complexation is
involved, exoergicities of up to ~12.5 eV are perfectly possible.
The Ar' scattering angle distribution of the high exoergicity
events (>7.4 eV) is dominated by the peak centered at 90°,
indicating a link with the complexation pathway. Thus, it seems
highly likely that the high energy tail in the exoergicity
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Fig. 7 Exoergicity spectrum for the initial electron transfer reaction in the
DSET channel, Ar** + N, — Ar" + N,™*. The literature exoergicities are
identified in Table 2. The error bars represent two standard deviations of
the associated counts.

distribution is yet another signature of complexation competing
with direct electron transfer in this collision system.

If we consider the DSET reaction to be predominantly
stepwise, the exoergicity of the initial electron transfer step
(forming Ar" and N,'*) can be estimated using the N,™
precursor velocity. The N,™* precursor velocity is determined,
on an event-wise basis, via conservation of momentum from
the Ar'" velocity. Using this method, which neglects any small
contribution to the Ar' velocity from interaction with the final
N* product, we find the exoergicity for the initial electron
transfer step to have a broad peak centred at 5.0 eV and with
a FWHM from 2.9 eV-6.4 eV, as shown in Fig. 7. Exoergicity
distributions for such primary electron transfer reactions of
dications are commonly peaked between 2 and 6 eV due to such
exoergicities favouring the net curve crossing probability as
predicted in the LZ model.**®’

As discussed above, this DSET channel, producing Ar* + N* +
N, mostly involves Ar**('D and 'S), and results in the formation
of N, in a dissociative state. The dissociative states of N, *
that best fit the exoergicity data in Fig. 7 are: the C*Z," state
(v > 2), the 2°TI, state, and the continuum of the DII, state
(E ~26 eV), all of which lie in the Franck-Condon region of the
N, ground state.”® Photoelectron spectra from Baltzer et al.”’
show that the 2°I1, state overlaps with the C*%," state around
the Franck-Condon region, overlying the D continuum, and
these states are therefore indistinguishable in our experiment.
We detail in Table 2 the possible pathways contributing to this
channel, the exoergicities of which are marked on Fig. 7.
Pathways (i) and (j) match well with the peak of the observed
experimental exoergicity distribution, and involve the formation
of N,'(C°%,") and N,'(D’II) respectively. Pathway (h) also
involves the formation of D1, with Ar*'('D). There are also
possible smaller contributions from pathways (f) and (g), which
populate the higher lying F*%," and GI1, or HI1, states of N,;
structures that hint at these reactions can be seen in the
exoergicity spectrum (Fig. 7). Additionally, pathway (k) could
contribute to this channel, involving Ar*’('S) generating
N,*(C*Z,). Of course, the observed exoergicities will be
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Table 2 Exoergicities for primary electron transfer reactions in the DSET
channel, Ar?* + Na(X*E5*) — Ar*(®P) + N,**, this electron transfer popu-
lates a dissociative state of the molecular nitrogen cation
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Table 3 Possible exoergicities calculated from literature values for the
dissociation of N,™*. L1, L2 and L3 are the three lowest energy dissociation
asymptotes forming N* + N

Pathway  Ar** state N," state Exoergicity/eV
(i) 's G’I1, or HTI, 1.8
(2 's FL,’ 3.0
(h) 'D DTl 3.4
(i) 'D C*X," at predissociaton limit 5.0
) 's DT, 5.8
(k) 's C®%," at predissociaton limit 7.4

broadened by the population of the N," species in a range of
vibrational states.

The exoergicity of the final N,"™* dissociation can also be
evaluated by determining the velocities of the N and N
products, on an event by event basis, in the frame of the N,"*
precursor velocity.”® This exoergicity spectrum (Fig. 8) has a
maximum at 0.9 eV with a FWHM extending from 0.1 eV-2.3 eV.
To interpret this exoergicity, we must consider previous studies
of N," dissociation. As noted above, the dissociation threshold,
corresponding to the lowest energy N* + N asymptote, L1 (N"(°P) +
N(*s®), Table 3), lies at ~24.3 eV above the molecular ground
state and corresponds to N,*(C*Z," v = 3).”""7? At energies above
the second dissociation limit, L2 (N*('D) + N(*s%), ~26.2 eV,
Table 3), there is competition between dissociation to L1 and
L2.8%9991 1n studies of N, excitation, at the energies involved in
the processes we see in our experiment (24.3-32 eV), the C°Z,"
state is the dominant state populated in photoelectron spectra and
dissociation to the three lowest energy dissociation asymptotes is
observed, with lifetimes of the order of nanoseconds.®®”%7479:92-95
The predissociation of N,"(C’Z,") is thought to occur via several
mechanisms including by spin orbit coupling to the *T,” state
then transition to the continuum of *IT,,.”%%°¢98

In previous experiments probing the dissociation of N,"™,
produced via electron impact or photoionisation, kinetic energy
releases of 0.5 eV-8 eV were observed.””®® The maximum
theoretical exoergicity for N,™* dissociation in this channel,
under the energy constraints of the current study, is 7.4 eV,

O m @ ©FE @
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Exoergicity /eV

Fig. 8 Experimental exoergicity spectrum for the dissociation of the N,™*
product to form N* and N. The literature exoergicities marked at the top
are shown in Table 3. The error bars represent two standard deviation of
the counts. See text for details.
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Exoergicity/
Pathway N,' state N' + N states ev
0 C’%L," or 2°T, N'(*P) + N(*s°) (L1) 0.5
at (E = 24.8¢eV)
(m) DZHg N'(°P) + N(*s°) (L1) 1.7
(n) F’Z, N("'D) + N(*s%) (L2) 2.6
(o) G’Il, or H’TI, N*(*P) + N(*°D°) (L3) 3.3
(p) G’I1, or HTI, N'('D) + N(*s?) (L2) 3.8
(q) F°Z,' N*(°P) + N(*s°) (L1) 4.5

arising when Ar**('S) is involved and N,"* dissociates to the
lowest energy dissociation limit, L1. Considering the maximum
theoretical exoergicity available in this system (7.4 eV), the
exoergicity observed in this study matches nicely with the
previous experiments characterising N,"* dissociation.

The shape of the exoergicity spectrum we see for the
dissociation of N, "* (Fig. 8) can be associated with the pathways
shown in Table 3. The main contributions are clearly from the
C*Z,'/2°T1, or the DI, states dissociating to L1, in satisfying
accord with the assignment made above that the initial electron
transfer step populates these ionic states. Additionally there are
potentially minor contributions from the involvement of some
of the higher energy excited states of N,". These states were also
implicated in the above anaylsis of the initial electron transfer,
showing a coherent description of the electron transfer state
selectivity is emerging.

To summarise, dissociative single electron transfer is the
second most intense channel following the collisions of Ar**
and N, at a collision energy of 5.1 eV. The scattering angles of
the Ar" product ion (Fig. 6) show that two mechanisms are
involved in the initial electron transfer: a direct, Landau-Zener
process where the electron transfer occurs at long range, and a
process involving the formation of a complex [Ar-N,]**. In this
channel, electron transfer predominantly involves N, and Ar**
('D and 'S), forming Ar*(°P), and N, * formed in the dissociative
C’%,", 2°I1, and D’ states. These N,"* ions then fragment, a
dissociation slightly perturbed by the field of the Ar" product,
primarily to the lowest energy dissociation asymptote, N*(*P) +
N(*s?). The lifetime of N,™ before it dissociates was determined
to be ~100 fs, comparable to estimates for N,"* generated
in similar experiments.®> There is a spread in the observed
exoergicities due to minor contributions from the involvement
of Ar’'(°P), N,'(F’%,") and N,'(GI1, or H’I1,) and higher energy
dissociation limits of N* + N.

Chemical bond formation

Fig. 9 shows the CM scattering of the ArN" and N* products
observed from the previously unreported bond forming channel,
Rxn. IIL. Fig. 9 shows that the ArN" product ion is scattered with a
marked bias towards lower scattering angles. This bias can be
seen more clearly in the histogram of ArN" scattering angles,
shown in Fig. 10. This form of the scattering suggests a
stripping-style mechanism where an N~ is transferred between
the N, and Ar*" species at a relatively large interspecies
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Fig. 9 CM scattering diagram for the reaction Ar?* + N, — ArN* + N* at a
CM collision energy of 5.1 eV. The scattering of N* and ArN* are shown
relative to the incident dication velocity, w(Ar?*). See text for details.

separation. This style of direct mechanism is similar to that
found in our previous work with the analogous channel in the
Ar** + O, system, forming ArO".>® The more usual mechanism
observed for a chemical bond forming reaction between a
dication and neutral species involves a ‘long-lived’ association
between the reactant species with a lifetime of at least several
rotations of this collision complex.”*®* However, direct mechanisms
for bond forming reactions between dications and neutral
species have been previously reported.’” The scattering data
shown here shows little evidence for a long-lived association
between the reactants. If such a complex survived for long
enough to undergo several rotations, the relationship of the
direction of approach of the reactant species would be
scrambled and both product fragments would be scattered
effectively isotropically about the CM, as has been observed
before in other collision systems.®>'® It is interesting that
formation of ArN" from the Ar** + N, system proceeds via a
direct mechanism rather than complexation, particularly given

Counts
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0 ' I ! I ! I ! I ! I ' I ! I 4 t t 1
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Fig. 10 Histogram of the CM scattering angles for the product ArN* ion,
relative to w(Ar"), for the reaction Ar’* + N, — ArN* + Nt at a CM
collision energy of 5.1 eV. The error bars represent two standard deviations
of the counts.
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the clear evidence of complexation observed in the SET
channels. The formation of new chemical bonds via direct
processes is well-established in dication reactions and the
experimental data clearly imply that complexation does not
provide a viable route to populate long-lived states of ArN".

Fig. 11 shows the experimental exoergicity distribution
observed for the bond-forming reaction (Rxn. III). The exoergicity
maximum is at 5.5 eV, and the FWHM is from 3.5 eV-9.0 eV.
To interpret this exoergicity we note that several states of ArN"
have been identified theoretically.’™**'°* The ground state,
X*¥7, and first excited state, A’T1, are both lower in energy than
the Ar('s®) + N*(*P°) dissociation asymptote and their formation
has been reported from the reactions of N," + Ar and Ar" + N,
respectively.>® Here we will consider just the ground state, X°X ™,
which is well bound with a significant dissociation energy
(~2.1 eV). The minimum of the ArN"(AIl) state lies just below
the Ar(*'s°) + N*(°p°) dissociation asymptote. Thus, we would not
expect to populate long-lived, and hence detectable, ArN*(A®TI)
states with the level of vibrational excitation that we expect to
result from a long-range N~ abstraction from N, by Ar**.

From consideration of the calculated ArN' energies and
literature values for known N* and Ar** states, reaction pathways
(r)-(t) provide a very good match to the exoergicity distribution
observed for this channel.>**® Pathways (s) and (t) result from
the production of ArN*(X’Z7) and N* in its ground state (*P)
from the two lowest energy Ar** states in our beam (°P and 'D).
Pathway (1) results in the formation of N' in its first excited state,
'D. Note that these pathways are all spin allowed. Of course, the
formation of vibrationally excited ArN', which we expect due to
the long-range N~ abstraction from N, by Ar*>*, will act to spread
(decrease) the nominal exoergicity of the reaction, in accord with
the spread in the exoergicity data in Fig. 11.

ArP'(°P) + Ny(X'Z,") - AIN'(X’Z7) + N'('D) AE = 4.7 eV

(1)

® e O
I I I

Counts

! EERAREIUNNY

0 2 4 6 8 10 12 14 16
Exoergicity /eV

Fig. 11 Experimental exoergicity spectrum for the reaction producing
ArN* and N* from Ar?* and N, at a CM collision energy of 5.1 eV. The
exoergicities for potential reaction pathways calculated from literature
values are shown (reactions (r)-(t), discussed in the text).*®®® The error
bars represent two standard deviations of the associated counts. See text
for details.
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ArP'(PP) + Ny(X'Z,") —» AIN'(X’Z7) + N'(°P) AE = 6.6 eV

(s)

Ar”'('D) + Ny(X'Z,") > AIN'(X’Z7) + N'(°P) AE = 8.3 eV

(®)

The formation of ArN" from the collisions of Ar*" and N, has
not been previously reported, to the best of our knowledge.
This study therefore offers another potential source for the
formation of ArN* species detected in Ar/N, plasmas.’®" The
scattering shows that, unusually, this reaction proceeds via a
direct mechanism. The relative intensity for this channel
is high (4.3%) compared with typical bond forming dication-

neutral reactions, showing an affinity to form the Ar-N
bond 41-43,102-107

Dissociative double electron transfer

Rxn. IV from the Ar**/N, collison system results in the for-
mation of N' + N and has relative intensity of 10.8%. From the
dynamics it is clear that this channel originates from double
electron transfer (DET), via the formation of N,>*, as the N* + N*
ions are effectively isotropically scattered about the velocity of
the N, reactant. Such DET reactions are commonly observed in
dicationic collision systems,>”'°®'% where two electrons
transfer from N, to the Ar** ion and the nascent N,*>* ion then
dissociates. As discussed in more detail in our previous
work,*®?”  dicationic DET wusually favours a concerted
mechanism in which the product and reactant asymptotes lie
close in energy (<1 eV).*” The Ar** ground state (°P) and first
two excited states ("D and 'S) have energies of 43.4 eV, 45.1 eV
and 47.5 eV above the ground state of Ar respectively.®® There
are several dissociative states of N, that lie at a comparable
energy to these Ar*" states relative to the ground state of
N,.69110111 Therefore, concerted DET would be expected to
occur in the Ar”* + N, system. The dissociation of N,>* into
N* + N* has been well studied. In 1996, Lundqvist et al''°
reported the kinetic energies of N,>" dissociation revealing
energy releases of 6.7-7 eV corresponding to the v = 7-10 levels
of the A'TI, state dissociating to the lowest energy N* + N*
asymptote, D1(N*(*P) + N*(*P)). Lundqvist et al. also observed
peaks at 7.6 and 7.7 eV, corresponding to the N,*'(D*I1y) v = 0
and v = 1 levels dissociating to D1. In Lundqvist’s study of the
dissociation of N,>* the dominant contribution is from the
lowest energy N' + N* dissociation asymptote.

From analysis of the N" ion velocities, we see the exoergicity
for the dissociation of N,*" in the DET channel has a maximum
centred at 7.2 eV with a FWHM from 6.2-8.6 eV, shown in
Fig. 12. The experimental exoergicity distribution is a good
match with the observations of Lundqvist et al."*’ (see Fig. 12)
and also agrees well with energy releases reported in
other studies of N,** dissociation.'****® Therefore, it seems
clear that the nascent N,*" is generated in the A'Il, and D°Il,
states which predominantly dissociate to form pairs of
N*(*P) ions.
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Fig. 12 Experimental exoergicity spectrum for the dissociation of N,2*,
formed in an initial DET reaction between Ar>* and N, to form N* and N*.
The exoergicities for potential N,2* dissociation pathways calculated from
literature values are also shown: (u) N22*(E = Ar?*(!D)) - N*(P) + N*(P),
V) N22* (AT, v = 7) — N*CP) + N*(P), (w) N,**(D3Tg, v = 0) - N*(P) +
N*(P) and (x) N,**(E = Ar**('S)) — N*(P) + N*(P). The error bars
represent two standard deviations of the associated counts. See text for
details.

Conclusions

Collisions between Ar*" and N, have been studied using a
coincidence technique at a CM collision energy of 5.1 eV. Four
reaction channels generating pairs of monocations are
observed, producing: Ar' + N,', Ar' + N', ArN" + N" and N" +
N*. The formation of Ar" + N," is the most intense channel,
displaying forward scattering but with a marked tail to higher
scattering angles. This scattering is indicative of direct electron
transfer competing with a ‘sticky’ collision between the Ar**
and N, reactants. After the electron transfer, Ar' is generated in
its ground (*P) state and N," is primarily in the low vibrational
levels of the C?T," state, with contributions from the B*Z,"
state and D’Il, states. The exoergicity distribution in this
channel also indicates a minor contribution to the formation
of N," via the initial population of higher energy N," states,
lying above the dissociation asymptote to N* + N, which
fluoresce to stable states of N,*.

The formation of Ar’ + N' results from dissociative single
electron transfer. The scattering in this channel again reveals
the involvement of two different pathways for the initial
electron transfer: a long-range direct process, and a process
involving the formation of a complex, [ArN,]*". Satisfyingly, the
operation of these same pathways was extracted from the data
for the non-dissociative channel. Despite the differing
dynamics, the electronic states involved in this dissociative
electron transfer reaction appear the same for both routes.
That is, the excited states of Ar>* ("D and 'S) are involved in the
initial electron transfer, populating N,"* in its dissociative
C’%,", 2°Il, and D’Il, states. The nascent N,"* then quickly
dissociates, primarily to the lowest energy dissociation asymptote,
N'(’P) + N(*S).

We also observe the formation of ArN* + N* which has not
been previously reported. The scattering shows that this
bond-forming reaction proceeds via a direct mechanism.
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The molecular ion ArN" is formed, with significant vibrational
excitation, in its X’ state. Finally, the formation of N* + N is
observed, resulting from double electron transfer that initially
generates N,>" which subsequently dissociates. The exoergicity
of the N,>" dissociation is in good agreement with previous
studies of the dissociation of the isolated dication, formed in a

vertical transition from the neutral molecule, which involve the
dissociation of the AT, and D31'Ig dication states.
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