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bstract

This review article discusses the recent progress in explaining and understanding the gas-phase bimolecular reactions of small molecular
ications. The article focuses on dication reactions which involve the formation of new chemical bonds and their study by a new position-sensitive
oincidence methodology. A review of previous investigations of the bimolecular chemistry of molecular dications is also presented, followed by a
etailed description of the position-sensitive coincidence methodology as applied to bimolecular interactions. The insight gained from these position-

ensitive experiments is illustrated by a discussion of the results of studies of the reaction of CF2

2+ with H2O and the reactions of N2
2+ with a variety

f neutral species. The overall conclusion from these investigations is that the bond-forming reactions of molecular dications frequently proceed via
he formation of a collision complex. These transitory intermediates may decay to the observed products by either charge-separation or neutral loss.

2006 Elsevier B.V. All rights reserved.
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. Introduction
This review presents recent progress in exploring and under-
tanding the gas-phase chemistry of molecular doubly charged
ons (dications), concentrating in particular on the reactive chan-
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els that involve the formation of new chemical bonds. The
tudy of the chemistry and physics of molecular dications is a
apidly expanding area as evidenced by recent reviews covering
he stability of molecular dications [1], the properties of mul-
iply charged molecules [2], the gas-phase reactivity of doubly
harged species [3,4] and the spectroscopy of dications [5,6].
he range of experiments involving polyatomic di-positively
harged species has also broadened considerably over the last
ecade to include, for example, the interactions of molecular
ications with surfaces [7], ligated transition metal dications in
he gas-phase [8–10], the chemistry of multiply charged clus-
er ions [11,12] and the chemistry of 1,2 dications in solution
13]. In parallel with these extensions of dicationic chemistry,
ur understanding of the details of the double photoionization
rocess has also advanced significantly in recent years, due to
he development of sophisticated electron–electron coincidence
xperiments [14–17]. As the properties of molecular dications
ave been revealed, it has become apparent that these species
ay well play a role in the chemistry of energized media. For

xample, molecular dications have recently been proposed as
ey species in the synthesis of polycyclic aromatic hydrocarbons
n the interstellar medium [18] and the chemistry of planetary
onospheres [19–21].

Within the expanding field of dication chemical physics, this
rticle focuses on the insights into the bond-forming reactions of
olecular dications provided by position-sensitive coincidence

PSCO) experiments. These experiments provide a powerful
robe of the bimolecular reactivity of molecular dications and
he dynamics of these chemical processes. By studying in detail
he reactivity and reaction mechanisms of small prototypical
ications with neutral molecules, these coincidence experiments
re helping provide the fundamental models to understand this
ew branch of ion–neutral chemistry.

.1. Properties of isolated molecular dications

The first indication of the existence of molecular dications
as associated with the pioneering studies of the ionization of
ases and mass spectrometry in 1921 [22]. The first unambigu-
us observation of a molecular dication (CO2+) was reported
930 and the first measurement of the double-ionization ener-
ies of N2 and CO was performed in 1931 [23,24]. However,
t was not until the 1970s that the application of modern exper-
mental techniques began to reveal the detailed properties of

olecular dications, which are highly energized species. Infor-
ation on the electronic structure of prototypical dications (N2

2+

nd NO2+) was first obtained from the resolved emission spec-
ra of ions generated in discharges [25–27]. Later, rotationally
esolved adsorption spectra for N2

2+ [28–32] and HCl2+ [33]
ere obtained by employing laser predissociation spectroscopy.
s recently noted and discussed [5], resolved optical spectra
ave only been detected for a very few small molecular dications
nd more general experimental techniques such as Auger spec-

roscopy [34], double-charge-transfer spectroscopy [35], trans-
ational energy spectroscopy [36], charge stripping [37,38] and
on–ion coincidence methods [39] were used to probe the elec-
ronic structure of a wider range of dications. Such experiments

c
a
p
Y

Fig. 1. Schematic potential energy curves for a diatomic dication YZ2+.

ere complimented by the application of ab initio computational
ethods to generate potential energy surfaces for the low lying

lectronic states of several small dications [40,41].
With regard to the electronic structure of molecular dications,

he research effort reviewed above revealed the general charac-
eristics illustrated in Fig. 1. As Fig. 1 shows, many dication
lectronic states are purely dissociative (state B, Fig. 1) and the
opulation of such dissociative states results in a translation-
lly energetic pair of monocations. Such fragment monocations
ften share between them kinetic energy releases in excess of
eV [39]. In addition to such dissociative states, many small
olecular dications possess longer-lived “metastable” states
hich exhibit potential energy minima (states X and A, Fig. 1).
he origin of the metastability of dication electronic states has
een discussed extensively in the literature, where the criteria
or the occurrence of thermodynamically stable and metastable
tates has been considered [1,42]. For small molecular dications
omposed of light elements, the thermodynamic limit for dis-
ociation of the dication YZ2+ into Y+ and Z+ commonly lies
elow both the dissociation limit to Y2+ and Z and the dica-
ionic potential energy minimum. Thus, the YZ2+ configuration
t the potential energy minimum is thermodynamically unstable.
owever, in a metastable state kinetic stability is conferred on

he YZ2+ configuration by a potential energy barrier on the path-
ay to the charge separated products Y+ + Z+, as illustrated in
ig. 1. Such barriers are often viewed as arising from the avoided
rossing of the diabatic potential surfaces correlating with the
2+ + Z and Y+ + Z+ asymptotes. The surface correlating with

he dication and neutral limit is attractive at large interspecies
eparation, whilst the surface converging on the pair of mono-

ations is purely repulsive. Thus, as illustrated in Fig. 1, the
voided crossing between these potentials results in at least one
otential energy surface possessing a minima separated from the
+ + Z+ asymptote by a potential energy barrier. Such dicationic
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otential energy wells can be several electron volts in depth and
upport a large number of vibrational levels [41].

Of course, the simple model represented in Fig. 1 is purely
wo-dimensional, and for polyatomic dications we will have the
dditional complexity of a multi-dimensional potential energy
urface. However, where such potential energy surfaces have
een investigated computationally, the essential features illus-
rated in Fig. 1 are still present [40]. Metastable dication
tates still exist, trapped behind barriers which can again be
iewed as arising from avoided crossings. Of course, the multi-
imensionality of the potential energy surfaces of polyatomic
ications allows for additional complexity, for example, the
ompetitive dissociation of individual electronic states to two
r more asymptotes [40].

One would expect the lifetimes of dications in metastable
tates to depend strongly on their vibrational energy content.
ications in high-lying vibrational levels should be able to tun-
el rapidly through the barrier to charge-separating dissociation,
here as dications with lower vibrational energy content will be

rapped behind this barrier. In fact, due to the 1/r dependence
f its outer wall, the barrier to charge-separating dissociation
roadens rapidly with decreasing vibrational energy content.
hus, the tunnelling lifetimes of dicationic metastable vibra-

ional states will increase dramatically with decreasing vibra-
ional energy. However, it appears that the principal decay path-
ay for the majority of metastable dications is via a curve cross-

ng, if available, to a dissociative electronic state [5,31,32,43,44].
or metastable dication states which are not the ground state, the
robability of a predissociative curve crossing onto a dissocia-
ive potential correlating with a lower dissociation asymptote is
ignificant. Thus, for excited metastable states the lifetime of
n individual vibrational level will usually depend principally
n the coupling of that level to the available dissociation con-
inua via predissociative interactions. Given the above analysis,

any dicationic metastable vibrational levels should live for a
ufficient length of time to encounter other neutral molecules
nd experience the bimolecular interactions that are the focus
f this article. These deductions are confirmed by the available
xperimental evidence, which shows that many small molecular
ications in metastable states possess lifetimes of at least the
rder of microseconds and sometimes on the order of seconds
45–47].

In the last 15 years the development of sophisticated experi-
ental techniques, such as Doppler-free kinetic energy release

pectroscopy [48,49] and photoelectron–photoelectron coinci-
ence spectroscopy (PEPECO) [50–57], has revealed highly
etailed information on the vibronic structure of small molec-
lar dications which can be formed by non-dissociative double
onization of stable molecules, such as N2

2+. However, despite
his experimental progress, the electronic structures of dications,
uch as CF2

2+, which cannot be formed by non-dissociative dou-
le ionization of a stable molecule, remain much harder to probe
t a vibrationally resolved level.
As described above, the majority of dicationic electronic
tates are dissociative and the dynamics of these unimolecular
issociation reactions have been probed, at a remarkable depth,
y a variety of multi-particle coincidence techniques. Particu-

b
l
c
b
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arly relevant to the bimolecular experiments which are the focus
f this review article are the PSCO experiments of Eland et
l., which study the dissociation reactions of dications [58–60].

hen applied to the these processes, for example reaction (1),
he PSCO technique involves the coincident detection of the
air of product monocations using a time-of-flight (TOF) mass
pectrometer (MS) equipped with a position-sensitive detector:

O2
2+ → O+ + S+ + O (1)

rom these PSCO signals the nascent velocities of the fragment
ons can be determined. The real power of the PSCO technique is
ealized for the study of dissociation reactions, such as reaction
1), which produce a neutral species in addition to the pair of
roduct monocations; so-called “three-body” reactions. For such
hree-body reactions the PSCO data allows the velocity of the
hird (neutral) fragment to be derived from the experimentally
etermined velocities of the product monocations, completely
haracterizing the kinematics of the dissociative process.

.2. Formation of molecular dications

This review deals with the bimolecular bond-forming reac-
ivity of molecular dications with neutral molecules. Given this
bjective, it is also appropriate to discuss briefly the formation of
olecular dications. Typical double-ionization energies usually

ie above 20 eV, and for small molecules are often above 30 eV.
n this regard, Tsai and Eland proposed a useful empirical rule
hat the double-ionization energy is usually approximately 2.4
imes the single ionization energy [61].

As discussed above, many electronic states of molecular
ications are purely dissociative, fragmenting to yield a pair
f product monocations or, more rarely for small molecules, a
aughter dication and an associated neutral [62–65]. In addi-
ion to this dissociative double ionization, long-lived molec-
lar dications can be generated for many small molecules by
opulation of a metastable dicationic electronic state from the
eutral molecule. However, metastable dicationic states are not
ccessible from the neutral for all molecules, often due to
nfavourable Franck–Condon factors. For example, long-lived
lectronic states of CH4

2+ cannot be populated from the neu-
ral molecule in significant abundance, whilst H2O2+ seems to
ave no stable or metastable configuration [66]. Dications which
annot be readily generated from the relevant neutral molecule
an, in some cases, be generated via ionization of the rele-
ant monocation using, for example, charge stripping collisions
37,67–70]:

iF+ + M → SiF2+ + e− + M (2)

n general, experiments to study the reactivity of molecular
ications have generated the relevant reactants using either pho-
oionization or electron ionization. The phenomenon of dou-

le photoionization, using either synchrotron radiation or VUV
ight, has been extensively investigated experimentally as the
oncerted process provides a fundamental example of a “three-
ody problem” as the pair of electrons leave the field of the
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ication [14,71–73]:

+ hν → M2+ + e1
− + e2

− (3)

owever, a variety of experiments have shown that, even close
o the double photoionization threshold, dications can be formed
y both concerted two-electron ejection [reaction (3)] and a
tepwise mechanism [reactions (4) and (5)] involving the ini-
ial formation of an excited monocation:

+ hν → M+∗ + e1
− (4)

+∗ → M2+ + e2
− (5)

conclusion from electron–electron coincidence spectroscopy
s that close to the double-ionization threshold for small

olecules, double photoionization is often predominantly via
he concerted (direct) mechanism, whilst in atoms the indirect
rocess dominates [66]. A variant on this stepwise double-
onization pathway involves the dissociation of the excited

onocation intermediate (M+* in Eq. (4)) to give a monocation
ogether with an electronically excited neutral. The subsequent
utoionization of this neutral species [reaction (6)] provides a
echanism for the formation of monocation pairs below the

ouble-ionization potential [51,74–77]:

+ hν → M+∗ + e1
−

+∗ → MA
+ + MB

∗ followed by MB
∗ → MB

+ +e2
−

(6)

or ion beam experiments, the generation of molecular dica-
ions via electron ionization offers some experimental advan-
ages over photoionization, as large fluxes of incident electrons
an be generated and the energies of these incident electrons
an be readily tuned to the optimum value for dication for-
ation. Recent experiments have shown that the contribution

f dissociative multiple ionization to the ion yield following
lectron–molecule collisions has been significantly underesti-
ated in many determinations of partial electron ionization

ross-sections [64,65,78–84]. This underestimation arose as
any of the energetic fragment ions from the unimolecular dis-

ociation of multiply charged ions were lost in the conventional
ass spectrometers used to quantify ion yields. However, the

ields of long-lived parent multiply charged ions, for exam-
le CO2

2+ from the ionization of CO2, should be accurately
etermined in such experiments as the dication will have a low
nitial translational energy. Typically, measurements of partial
onization cross-sections indicate that the formation of long-
ived “parent” doubly charged ions can constitute a few percent
f the ion yield for small molecules at electron energies of 70 eV
nd that the maximum yield of such dications occurs at electron
nergies between 100 and 200 eV [65,85]. The yields of multiply
harged ions generated by dissociative multiple ionization, for
xample CF2

2+ from ionization of CF4, may perhaps have been

nderestimated in earlier determinations of partial ionization
ross-sections due to their potentially significant translational
nergy, particularly if they are formed via dissociative triple
onization.

i
T
b
p
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In only a few experiments has the “state selective” prepa-
ation of molecular dications for ion beam experiments been
ttempted [86]. In such experiments the principle problem is to
enerate a usable flux of dications under the constraints imposed
y state selection. However, the short-lived nature of the major-
ty of dication electronic states does mean that only long-lived
ibronic levels of metastable electronic states will survive long
nough to travel from the source region to interact with a neutral
olecule. One could therefore argue that the nature of dicationic

otential energy surfaces bestows on dication beams an intrinsic
evel of state selectivity.

In the PSCO experiments described below molecular dica-
ions are generated by electron ionization and allowed to interact
ith neutral molecules. Before describing the PSCO experiment

n detail, a brief overview of earlier studies of the bond-forming
eactivity of molecular dications will be presented.

.3. Bimolecular interactions of molecular dications

The first studies of the interactions of molecular dications
ith other atoms and molecules were carried out at high col-

ision energies (keV) in adapted conventional mass spectrome-
ers. These studies, of dications such as C6H6

2+, CH3I2+, CO2+

nd CS2
2+, revealed a reactivity dominated by single-electron-

ransfer reactions and collision-induced dissociation [87–98]:

6H6
2+ + Ar → C6H6

+ + Ar+ (7)

6H6
2+ + Ar → C5H3

+ + CH3 + Ar+ (8)

O2+ + He → C+ + O+ + He (9)

icationic single-electron-transfer reactions are commonly sub-
ivided into two categories. In non-dissociative electron-transfer
NDET) reactions, such as Eq. (7), the transfer of the elec-
ron from the neutral species to the dication generates product

onocations in stable electronic states. Conversely, dissociative
DET) electron-transfer reactions, such as Eq. (8), result in the
ormation of neutral species in addition to a pair of monocations.
s will be discussed in more detail below, DET reactions are

ommonly considered as sequential processes. In this sequen-
ial mechanism, the electron transfer between the reactants forms
ne, or both, of the primary monocations in a dissociative elec-
ronic state (Eq. (10)). Later, often when the product ions are
ell-separated, the unstable monocation fragments to give the
etected products (Eq. (11)):

6H6
2+ + Ar → C6H6

+∗ + Ar+ (10)

6H6
+∗ → C5H3

+ + CH3 (11)

s discussed briefly below, recent experimental results have
uestioned the ubiquity of this sequential DET mechanism.

In the high collision energy regime, energy transfer processes
ometimes compete with electron-transfer reactions. Excitation
f the dication in the collision with the neutral target can result

n the population of dissociative dicationic states [92,99,100].
hese states can dissociate, as expected given the studies of the
ehaviour of isolated dications, by charge-separation to form a
air of monocations (Eq. (9)). It is still unclear as to whether the
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Fig. 2. Schematic potential energy surface for a bond-forming reaction of a
molecular dication, as proposed in Ref. [126]. The figure shows that if the col-
lision system can pass though the curve crossings (crossing 1) in the entrance
channel, which lead to simple electron transfer, the dication and neutral can form
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elucidates the competition of these different reactive processes.
To undergo a bond-forming reaction, the reactants must negoti-
ate a series of curve crossings leading to electron transfer (Fig. 2).
S.D. Price / International Journal

xcitation by the collision is predominantly vibrational, pop-
lating short-lived levels near the top of the metastable well,
r vibronic, populating excited dissociative electronic states. In
ddition, and in contrast to the commonly observed behaviour
f small isolated molecular dications, collisional excitation of
icationic species can also result in the loss of neutral species
o form a daughter dication [101–103]. Such neutral loss decay
hannels are well documented for the unimolecular decay of
arge dications [62,63] but are much less frequently observed as
elaxation processes for small dications [64,65].

In the late 1980s and 1990s purpose built experiments
xtended investigations of dicationic bimolecular reactivity
o collision energies below 100 eV. These experiments com-
only involved the rare gases as collision partners and again

evealed product channels dominated by electron transfer and
ollision-induced dissociation [3,94,99,100,104–107]. As has
een described before in the literature, in this collision energy
egime the electron-transfer reactivity was usually satisfacto-
ily rationalized using models based on Landau-Zener theory
3,4,108].

Despite the observed propensity for the interactions of molec-
lar dications with neutrals to result in electron transfer, experi-
ents in 1989, involving collisions at thermal collision energies

n a drift tube, showed that molecular dications can also exhibit
bond-forming” chemistry [109]:

2
2+ + NO → NO2

+ + O+ (12)

ndeed, at a similar date the bond-forming chemistry of bare
tomic dications was also first observed in the gas phase
110–112]. However, it was not until 1994 that analogous bond-
orming reactivity, involving a variety of dications such as
F2

2+, CO2
2+ and SF3

2+, was observed in crossed-beam exper-
ments [113]. For example

F2
2+ + D2 → DCF2

+ + D+ (13)

ollowing these initial observations, the bond-forming reactivity
f small molecular dications has been studied by conventional
rossed-beam experiments [114–123], angularly resolved cross-
eam experiments [3,124–127] and guided ion beam experi-
ents [18,86,128–131]. These experiments have revealed sev-

ral general classes of bond-forming reactions. One such class
f reactivity, first observed for atomic dications but now also
bserved for molecular species, is the generation of dicationic
roducts [115,129]:

O2+ + Ar → ArC2+ + O (14)

eactions such as (14) often have markedly smaller cross-
ections than the competing electron-transfer reactions which
ccur in the same collision systems. The second major class
f bond-forming reaction, and the class on which this review
ill concentrate, is exemplified by reaction (13) where the
ication–neutral interaction results in the formation of a pair

f product monocations [113,122,123,126,127]. This class of
ond-forming reactions often generate neutral species in addi-
ion to the pair of monocations:

F3
2+ + D2 → DCF2

+ + D+ + F (15)

I

ty and dissociate to form species with new chemical bonds. If the separating
roducts undergo electron transfer in the exit channel (crossing 2) a pair of
onocations will be formed.

t is important to appreciate that in a conventional mass-
pectrometric experiment the precise details of these dication
hemical reactions may be difficult to extract. For example,
uided ion beam experiments have revealed that NO+ was pro-
uced following interactions of N2

2+ with O2.1 However, the
uestion of which species are formed together with the NO+

ons in this chemical reaction then arises. Even in this simple
ollision system NO+, O+ and N+ are all potential “partner”
harged products in the chemical reaction. However, any O+

ons, which are detected, can also be formed by a dissociative
lectron-transfer reaction:

2
2+ + O2 → N2

+ + O+ + O (16)

imilarly, any N+ ions detected can also be formed by DET.
hus, a “one-dimensional” mass spectrum cannot determine the
recise form of the bond-forming reaction of N2

2+ with O2. Such
hortcomings of “one-dimensional” mass-spectrometric tech-
iques for completely characterizing dication reactivity have,
n part, stimulated the experimental developments described in
his review.

The first investigation of the reaction dynamics of the bond-
orming reactions of molecular dications was carried out using
n angularly resolved crossed-beam experiment, a powerful
echnique for studying monocation–molecule reactions [127].
hese pioneering experiments stimulated the first general model

or the mechanism of dication–neutral chemical reactions [126],
model illustrated in Fig. 2. The model differentiates the reac-

ion co-ordinates for electron transfer and bond-forming pro-
esses, the major product channels in these interactions, and
f electron transfer does not occur, the reactants can become

1 R. Thissen and O. Dutuit, unpublished results, 2006
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ore intimately associated (an encounter complex) and bond
ormation and breaking can occur. The “chemical” products,
ith different connectivity from the reactants, can then sepa-

ate, with the possibility of electron-transfer processes again
ccurring in this exit channel. The efficiency of this electron
ransfer in the exit channel governs whether the chemical prod-
cts are a pair of monocations or a dication and a neutral. The
odel illustrated in Fig. 2 has been widely used to rationalize the

ature and extent of the bond-forming reactivity of molecular
ications.

The established techniques for studying monocation–neutral
nteractions are particularly suited for investigating dication
eactions which generate only a pair of singly charged ions,
uch as reaction (13); so-called “two-body” reactions. For such
eactions, due to conservation of momentum, measurements of
he kinematics of just one of the ionic products can be used to
educe the kinematics of the undetected ion. For “three-body”
eactions, such as reaction (15), a determination of the kine-
atics of just one of the charged species does not allow the

omplete kinematics of the reaction to be determined via con-
ervation of momentum, as there are two undetected products.
s stated above, many chemical reactions of molecular dica-

ions are three-body processes and an experimental technique
ore directly suited to studying the dynamics of these processes
ould be highly desirable. Again, such considerations indicated

hat a new experimental technique was required for more general
nvestigations of dication reactivity.

Despite the potential shortcomings outlined in the above
aragraph, during the last decade the application of established
xperimental techniques for studying ion–molecule reactions
ave revealed much information concerning the dynamics of
ication–neutral chemical reactions. Initial angularly resolved
tudies of the angular scattering from reaction (13) showed
hat the heavy product from this two-body chemical reaction
DCF2

+) was predominantly forward scattered, indicating a pre-
ominantly direct reaction mechanism [126,127]. However, the
ncreased large-angle and backward scattering of the DCF2

+

on, with respect to the charge-transfer products (e.g. CF2
+),

rovided evidence for some “sticky collisions” involving a reac-
ion intermediate. A subsequent angularly resolved investigation
f the reaction between CO2

2+ with D2 strongly indicated that
he products involving the formation of new chemical bonds
DCO2

+ and DCO+) arose via the formation of an intermediate
D2CO2]2+ [125]. This conclusion was supported by ab initio
alculations of critical stationary points on the potential energy
urface for the reaction [125]. The mechanism revealed by these
b initio calculations is illustrated in Fig. 3, for the reaction with
2, and involves the initial formation of a [H2–CO2]2+ collision

omplex, which subsequently undergoes hydrogen atom migra-
ion and then charge separates to form the primary products
CO2

+ + H+. Supporting evidence for the involvement of colli-
ion complexes in the reactions of CO2

2+ and CF2
2+ with H2(D2)

as provided by studies of the intramolecular isotope effects

bserved in the reaction of these dications with HD [120,122].
ong and short-lived collision complexes were also recently

mplicated by the angular distribution of the reactive scatter-
ng from the two-body reaction forming CHDCl+ and D+ from

d
r
a

eaction of CO2
2+and H2, derived from ab initio calculations of the relevant

tationary points on the potential energy surface [125]. Reprinted with permis-
ion from Ref. [120]. Copyright 2001, American Institute of Physics.

eactions of CHCl2+ with D2 [124]. Again, the existence of these
ntermediates was supported by ab initio calculations of the rel-
vant stationary points on the potential energy surface. Further
ndirect evidence for the involvement of collision complexes
n the chemical reactions of dications came from an investi-
ation of the formation of ArN+ and ArNH+ from reactions
f Ar2+ with NH3 [116]. In this collision system the collision
nergy dependence of the relative intensity of the bond-forming
roducts (ArN+ and ArNH+) could be explained using an ab
nitio reaction pathway that involved initial complexation of the
eactants. In addition, the competition between the formation of
rO2+ and ArO+ following collisions of Ar2+ with O2 was also

ationalized with a reaction mechanism implicitly involving an
rO2

2+ intermediate [132]. More recently, an investigation of
he competition between electron transfer and proton transfer
n the collisions of CHX2+ (X = F, Cl, Br, I) with atoms and

olecules concluded that the different lifetimes of encounter
omplexes determined the reactivity [130].

Given the above overview, it is clear that by the early years
f this decade dication–neutral collision complexes had been
trongly implicated as potential intermediates in the chemical
eactions of molecular dications. However, a new experimental
echnique to investigate in more detail the dynamics of three-
ody bimolecular reactions was certainly desirable. Ideally, that
echnique would also always allow the unambiguous identifica-
ion of both of the charged species formed in these reactive pro-
esses. One method to achieve both these objectives was to apply
he PSCO methodology, previously used to study unimolecular
eactions of molecular dications, to probe the bimolecular reac-
ivity of these species.

. Experimental methodology

.1. Position-sensitive coincidence experiments: the
rinciple
As described above, over the last 20 years the study of both
ouble ionization and the charge-separating unimolecular decay
eactions (Eqs. (17) and (18)) of molecular dications have proven

fertile field for the application of a variety of coincidence
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ethodologies:

CS + hν → OCS2+ + 2e− (17)

CS2+ → O + C+ + S+ (18)

hese coincidence experiments have developed in sophistica-
ion from simply the detection of the pairs of fragment ions
39] to multi-parameter experiments involving the simultaneous
etection of both electrons and ions [60,133]. As also discussed
bove, considerable insight into the dynamics of the three-body
nimolecular dissociation reactions of molecular dications has
een achieved by detecting the pairs of fragment ions formed,
n coincidence, in a TOF-MS equipped with a detector to deter-

ine both the ions’ flight times and their arrival positions in
he plane perpendicular to the axis of the mass spectrometer.
he timing and positional information from such an approach
llows the nascent velocity vectors of both of the monocations
o be determined. From this pair of ionic velocity vectors, the
elocity vector of the undetected neutral fragment in a three-
ody reaction can be determined by conservation of momentum.
ue in large part to the power of this PSCO methodology, the
nimolecular dissociation reactions of molecular dications have
een characterized at a greater depth than any other class of
hree-body reactions.

The next section describes how the above PSCO method-
logy has been implemented to study the bimolecular reac-

ions of molecular dications and is followed by a description
f how the resulting timing and positional information is pro-
essed to yield the kinematics of each reactive event that is
etected.

t
a
t

ig. 4. Schematic of the apparatus employed for the PSCO experiments described
ication–neutral interaction zone. The latter region is situated in the source region of
ss Spectrometry 260 (2007) 1–19 7

.2. Experimental arrangement and data processing

The experimental apparatus for performing PSCO spec-
roscopy of bimolecular reactions is shown schematically in
ig. 4 and has been previously described in detail in the literature
4,134,135]. As in PSCO experiments to study the unimolecular
issociation reactions of dications, a TOF-MS equipped with a
osition-sensitive detector is used to collect, in coincidence on
n event by event basis, the pairs of singly charged product ions
ormed by bimolecular dication–neutral reactions.

The reactant dications are generated, via electron ioniza-
ion of an appropriate precursor gas, in the ion source. These
eactant ions, as well as other singly and doubly charged ions,
re extracted from the source and pass through a large hemi-
pherical energy analyser with a central radius of 15 cm and an
nter-hemisphere gap of 4 cm. This large hemisphere radius is
ecessary to ensure both good energy resolution (�E/E = 0.01)
nd efficient ion transmission. The analyser is employed to yield
n ion beam with an energy spread of approximately 0.3 eV.
fter leaving the hemispherical energy analyser, the ion beam

s pulsed by sweeping the ions backwards and forwards across a
mall aperture. Using a pulsed ion beam minimizes the spread in
he flight times recorded by the TOF-MS by reducing the posi-
ional spread of the reactant dications in the mass spectrometer’s
ource region. The constrained velocity spread of the ion beam,
esulting from the hemispherical energy analyser, facilitates the
ormation of spatially well-defined reactant ion pulses.
After exiting the pulsing region, the packets of ions pass
hrough a series of focusing and accelerating lenses, which
re tuned to maximize the intensity and optimize the shape of
he beam. A commercial velocity filter [136] then selects the

in this article. Inset in the figure are enlargements of the ion source and the
the TOF-MS.
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ications from the packets of ions and the resulting dication
ulses are then decelerated to an appropriate collision energy, a
ew electron volts in the laboratory frame, using a commercial
ecelerator. Following deceleration, the dication pulses inter-
ct with an effusive jet of the neutral gas in the source/reaction
egion of the TOF-MS and the bimolecular reactions of interest
ccur. The neutral gas pressure in the reaction region is kept
ow (below 4 × 10−6 Torr) in order to ensure operation is under
ingle collision conditions [137]. The source region of the TOF-

S is initially maintained in a field-free state to ensure the
ication–neutral reactions occur at the required low collision
nergies. After the reactant ion pulse has almost traversed the
ource region we record a TOF mass spectrum by applying a
ositive voltage (50–300 V) to the repeller plate. Mass spectra
ecorded with a 300 V pulse on the repeller plate result in short
nough ionic times of flight to gather the full angular scatter-
ng from the dication reactions, despite the considerable kinetic
nergies of some of the product ions transverse to the axis of the
OF-MS. The longer ionic flight times in mass spectra recorded
ith lower pulse voltages on the repeller plate result in bet-

er energy resolution. However, ions with significant transverse
elocities are not detected as they fly beyond the detector radius
nd thus incomplete angular distributions are recorded. Thus,
o gather data with both full angular acceptance and the opti-

um energy resolution we usually record spectra at both low
50–100 V) and high (300 V) repeller plate voltages.

The TOF-MS is constructed to achieve second-order space
ocussing [138]. Such focussing minimizes the contribution of
he positional spread of the location of the reactive events in
he TOF-MS source region to the temporal width of the product
on peaks in the TOF mass spectrum. Note that, as described
bove, this positional spread is also minimized by employing
pulsed reactant beam. This minimization of the contribution

o the temporal widths of the mass spectral peaks is important
ecause, as described below, we evaluate the z (on-axis) velocity
omponent of each ion’s laboratory velocity from the deviation
f the ion’s flight time from the flight time of a zero kinetic
nergy ion. Thus, to maximize the resolution in the velocities,
xtraneous contributions to the spread in the ionic times of flight
ust be minimized.
A few hundred nanoseconds after the voltage pulse is applied

o the repeller plate a ‘start’ pulse is sent to the multi-hit timing
lectronics. The timing electronics also receive stop signals from
he position-sensitive detector at the end of the TOF-MS. The
osition-sensitive detector is a commercial device in which the
lectron pulse from a pair of multichannel plates (MCP) impacts
n two, perpendicularly wound, wire anodes of known lengths
139,140]. The position of the ionic arrival in the plane of the
etector (x, y) can then be derived from the time of arrival of the
harge pulse at the end of each anode wire. The charge pulse from
he MCP propagates along each wire to its ends and the signals
rom both the ends of the two wires are passed as stop pulses to
he timing circuitry, resulting in four times [txa(i), txb(i), tya(i),

xb(i)] for each ion in the pair (i = 1, 2). We also record the time
f flight of each ion in the pair texpt(i) by detecting the voltage
pike on the MCP supply when an ion is multiplied. Hence, there
re five times recorded for each ion arrival, four times from the

i
E
c
a

ss Spectrometry 260 (2007) 1–19

ire wound anodes and one from the MCP conversion signal;
0 times for each ion pair we detect.

The data processing involved in the PSCO experiment has
een previously reported in detail [134,135]. During an exper-
mental run the 10 times associated with each pair event that
s detected are simply stored. Thus, the experiment produces a
rimary dataset which is simply a list of the sets of 10 times
haracterizing each pair of ions for each of the many thou-
ands of pair events detected during the experimental run. This
rimary dataset is then processed off-line after the data acqui-
ition has finished. To begin this processing we construct a
wo-dimensional coincidence (‘pairs’) spectrum, a histogram of
expt(1) against texpt(2) for all the pairs detected. In this pairs spec-
rum the individual reaction channels appear as distinct peaks
llowing immediate identification of both product ions formed
n the reaction. We then select, in turn, the groups of events
hich make up the individual peaks in the pairs spectrum. These

ubsets of the data can then be processed further to reveal the
ynamics of individual reactive channels.

To derive the details of the kinematics for each selected chan-
el we need to determine the x, y and z velocity components for
oth product ions in the laboratory (LAB) frame and then con-
ert to the centre-of-mass (CM) frame for ease of interpretation.
o derive the x and y velocity components of an ion in the LAB
rame, vx(i) and vy(i), we need to know the position of the ions
rrival at the position-sensitive detector. These positions x(i) and
(i), are measured relative to the centre of the detector, and are
etermined from the difference between the times of arrival of
he charge pulse at the ends of each delay line [Eqs. (19) and
20)] together with the calibrated relationship between position
nd time (1.96 ns mm−1) for the delay lines:

(i) = txa(i) − txb(i)

1.96
(19)

(i) = tya(i) − tyb(i)

1.96
(20)

o determine vx(i) and vy(i), we also need to know the position
x0, y0) of the region where the dication pulses interact with the
eutral gas. The co-ordinates x0 and y0, are readily determined
rom the x, y position of the unreacted dication beam at the
etector. We also require the total flight time of the ion from the
eaction region to the detector. This total flight time is texpt(i)
lus the electronic delay c between the pulsing of the repeller
nd the start of data collection, where c can be determined by
alibration of the mass spectrum. Hence, we have

x(i) = x(i) − x0

texpt(i) + c
(21)

y(i) = y(i) − y0

texpt(i) + c
(22)

he z velocity component for each product ion vz(i) is deter-
ined from the deviation of texpt(i) from the flight time of an
on of the same mass but with zero initial kinetic energy t0 using
q. (23). Again, the appropriate value of t0 can be determined by
alibration of the mass spectrum. In Eq. (23), e is the charge on
n electron, z the charge number of the ion and F is the electric
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eld strength in the source region determined via a calibration
xperiment [134,135]:

z(i) = − (texpt(i) − t0(i))ezF

m(i)
(23)

sing the above procedure we can derive the LAB frame velocity
ectors v(i) = (vx, vy, vz) of both ions (i = 1, 2) detected in every
air event. However, the dynamics for the reaction are most
learly revealed when the velocities are presented in the CM
rame. To convert the pairs of the LAB velocity vectors v(i)
o pairs of velocity vectors w(i) in the CM frame requires the
elocity, in the LAB frame, of the CM of the collision system
c. In general, vc can be determined from the velocity of the
ication in the LAB frame vdi, and the mass of the dication and
eutral:

c = mdivdi

mdi + mnu
(24)

ere, we assume the dication beam is directed exactly along
he z-axis, a reasonable assumption given the quality of our ion
eams, and that the velocity of the dication is much larger than
hat of the effusive neutral molecule, again a good assumption at
he collision energies we employ. The velocity of the dication is
ell defined by the voltages used to allow the ions to pass through

he hemispherical energy analyser. The above procedure gives
s an average value of vc for a given experiment. For a two-body
eaction, vc can also be determined from the product velocities
or each event detected:

c = m(1)v(1) + m(2)v(2)

m(1) + m(2)
(25)

hese two methods provide values for vc in excellent agreement.
nce a value of vc has been determined we can convert the
roduct velocities in the LAB frame to the CM frame:

(i) = v(i) − vc (26)

f the reaction of interest involves the formation of a third, unde-
ected, neutral species its velocity can be now determined via
onservation of momentum in the CM frame:

(3) = −m(1)w(1) + m(2)w(2)

m(3)
(27)

he above procedure results in the CM velocity vectors of the
eaction products for each reactive event detected. To reveal the
ynamics of the reaction we must then examine the correlations
etween these velocity vectors.

An initial probe of the correlations between the product veloc-
ties is to examine the scattering of these product velocities, in
he CM frame, with respect to vc. This angular scattering is
epresented using polar histograms, more commonly known as
cattering diagrams. A scattering diagram is constructed using
he magnitude of w(i) as the radial co-ordinate and the angle ϕ
f w(i) with respect to vc as the angular co-ordinate. The angle
is determined from the dot-product of w(i) with vc. Since

◦ ≤ ϕ ≤ 180◦ the scattering data for one product can be plotted
n the upper half of a scattering diagram whilst the data for a

f
r
o
v

f the reactant Ne+ beam. The data for the Ar+ product ions are displayed in the
pper semicircle of the figure and the data for the Ne+ ions are displayed in the
ower semicircle of the figure. See text for details.

econd product can be plotted in the lower half, as shown in
ig. 5 for a simple atomic electron-transfer reaction:

e2+ + Ar → Ne+ + Ar+ (28)

uch simple two-body reactions provide ideal commission-
ng experiments for the apparatus. The scattering diagram in
ig. 5 clearly shows that forward scattering dominates in this
lectron-transfer reaction, with the angular distribution of the
e+ products strongly peaked in the direction of the velocity of

he incident dication. Such characteristic angular scattering has
een observed in conventional angular scattering experiments
or dication electron-transfer reactions. The physical explana-
ion for the form of this scattering is that electron transfer from
he neutral to the dication occurs most efficiently at significant
3–6 Å) interspecies separations, where there is little interaction
etween the reactants. Thus, the dication just “flies by” the neu-
ral picking up an electron as it passes and the velocities of the
roduct Ne+ ions are hence strongly aligned with the velocity of
he incident Ne2+ ions. In principle, the scattering data presented
n Fig. 5 could be assembled using a conventional crossed-beam
cattering experiment which involves rotating a detector about
he scattering centre. However, in such experiments the signals
rom the ion derived from the neutral species, Ar+ in this case,
re often difficult to access as these ions are slow moving, or
ven moving in the opposite direction to the incident dications
n the laboratory frame. Such detection problems do not occur

or the PSCO apparatus. In a conventional experiment, since
eaction (28) is a two-body process, the motion and energetics
f Ar+ could be derived from the data for the Ne+ ion via conser-
ation of momentum. Since the velocities of both product ions
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Fig. 6. A histogram of the scattering angle between Ar+ and He+ following the
e 2+

o
[

a
a
e
t
o
t
F
h
l
o
o
d
t
e
b
d
p

b
1
r
t
p
i
d
t
p
i
θ

t
d
d
f

Fig. 7. Internal frame scattering diagram for reaction (30) showing the relation-
ship of the N+ and N velocity vectors to the velocity of Ne+ at a CM collision
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lectron-transfer reaction of Ar with He measured at a CM collision energy
f 0.4 eV. The error bars are of length 2σ. Reprinted with permission from Ref.
142]. Copyright 2002, IOP Publishing Ltd.

re determined in the PSCO experiment, we can determine the
ngle between these velocities for each ion pair we detect. The
xtraction of this mutual scattering angle θ, which is constrained
o 180◦ by conservation of momentum, provides an excellent test
f the operation of the PSCO experiment. A histogram of θ for
he electron-transfer reaction between Ar2+ and He is shown in
ig. 6. The histogram is peaked at 180◦, as it should be, with a
alf width of 2◦, giving a reliable estimate of the angular reso-
ution in the velocities we determine. The above determination
f the mutual scattering angle demonstrates one great advantage
f the coincidence methodology. Specifically, since the coinci-
ence dataset is effectively just a list of the velocity vectors of
he products from each reactive event detected, the dataset can be
xamined at leisure off-line to search for relevant correlations
etween the different velocity vectors. As we will see below,
ifferent vector correlations may be the most useful dynamical
robes in different collision systems.

As discussed above, for a two-body reaction the angle
etween the velocities of the two ionic products will always be
80◦. However, as we will demonstrate below, for three-body
eactions the scattering of two of the products relative to the
hird product, the internal frame scattering, is a very powerful
robe of the reaction mechanism [141]. One way of represent-
ng the internal frame scattering is in an internal frame scattering
iagram which shows the scattering of any two products relative
o the third product. Internal frame scattering diagrams are again
olar histograms using the magnitude of the velocity of a given
on, for example w(1), as the radial co-ordinate and the angle
between w(1) and w(2), if ion 2 is to be the reference ion, as
he angular co-ordinate. Again, θ can be determined from the
ot-product of w(1) with w(2). As with the regular scattering
iagram, since 0◦ ≤ θ ≤ 180◦, the internal frame scattering data
or ion 1 with respect to ion 2 can be plotted in the upper half of

m
t
e
S

nvolving complexation and one a sequential mechanism. See Ref. [141] for
etails.

he diagram and the data for ion 3 with respect to ion 2 can be
isplayed in the lower half, as shown in Fig. 7. Of course, the
elocity of any of the three products can be used as the reference
elocity for an internal frame scattering diagram.

The PSCO experiment also provides energetic information
n the reactive events that are detected. The exothermicity, �E,
or each reactive event can be expressed in terms of the kinetic
nergy release of the reaction in the CM frame T and the CM
ollision energy, Ec:

E = Eproducts − Ereactants = T − Ec (29)

can be determined from the magnitudes of the CM velocity
ectors and Ec can be determined from the dication velocity and
he reduced mass of the reactants. Therefore, a histogram of the

E values for each reactive event detected can be constructed.
his “exothermicity spectrum” may be used to provide infor-
ation on the states of the reactant dication present in the beam

nd the product states populated in dication–neutral reactions
134,135,142]. For example, Fig. 8 shows the exothermicity
pectrum recorded for another atomic single-electron-transfer
eaction, studied for commissioning purposes, between Ar2+

nd He. The spectrum clearly shows the presence of the 3P and
D electronic states of Ar2+ in the dication beam which both
eact to produce Ar+ and He+ in their ground electronic states,
s has been observed previously [143]. Again, the coincidence

ethodology allows us to select from the experimental dataset

he events corresponding to the reaction of each of these dication
lectronic states to probe their angular distributions separately.
uch off-line analysis shows that the angular distribution of the
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ig. 8. The exoergicity spectrum for the reaction of Ar with He at a CM
ollision energy of 0.4 eV. The spectrum clearly shows the reaction of the 3P
nd 1D states of Ar2+ to form Ar+(2P) and He+(2S).

onocation products is different for the reaction of the 3P and
D states of Ar2+ [135,143,144].

Of course, the implementation of the PSCO methodology
escribed above has some shortcomings, several of which will
e addressed in a second generation instrument which is cur-
ently being designed. The principal shortcoming is the energy
esolution in the exothermicity spectrum which, as illustrated
n Fig. 8, is approximately 400 meV FWHM. This energy
esolution is not sufficient to distinguish the different vibra-
ional transitions involved in the electron-transfer reactions of
ven diatomic molecular dications, despite the vibrational level
pacings in such species being comparable with the current
xperimental resolution. Significantly better energy resolution
s needed to deconvolute the large number of vibronic tran-
itions involved in even a simple molecular electron-transfer
eaction if several reactant vibrational states are populated and
hose states can accept an electron to populate several vibrational
tates in the product monocation. Representative calculations of
ranck–Condon factors indicate that for N2

2+ an experimental
esolution of approximately 100 meV will be required to reveal
he contribution of individual vibrational levels. The energy
esolution of the existing PSCO experiment is limited by the
ositional resolution of the detector, which is determined by the
ns resolution of the timing electronics, and by the range of
M collision energies that result from using an effuse thermal
et of the target gas. In a second generation instrument, we plan
o employ a molecular beam to restrict the range of collision
nergies and improved timing electronics to achieve 100 meV
nergy resolution.
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. Representative results

The PSCO spectra recorded following the interactions of
olecular dications with neutrals at low collision energies are

emarkably rich, showing many different reactive channels. The
ost intense of these reactive processes usually involve electron

ransfer, as illustrated above. The focus of this article is the bond-
orming processes which compete with these electron-transfer
eactions. However, it is worth noting, in passing, that PSCO
tudies of dicationic electron-transfer reactions have shown that
ome of these processes, for example reaction (30), do not always
roceed by the expected “sequential” mechanism. In the case of
eaction (30), the sequential mechanism would involve an N2

+*

on, formed in the initial electron transfer, dissociating when
ell-separated from the Ne+ product ion:

e2+ + N2 → Ne+ + N+ + N (30)

n fact, PSCO experiments clearly show reaction (30) actually
roceeds via two different pathways, one of which involves com-
lexation of the reactants to form a [NeN2]2+ intermediate which
hen directly dissociates to the atomic products [141].

In contrast to the direct mechanism observed for reaction (30),
he PSCO technique has shown that the electron-transfer reac-
ions of CF3

2+ follow the expected sequential pathway [142]:

F3
2+ + Ar → CF3

+∗ + Ar+ (31)

F3
+∗ → CF2

+ + F+ (32)

he spectra also show that the excited states of CF3
+ populated

y the primary electron transfer are high-lying vibrational levels
f the ground electronic state. Similar conclusions, implicating
sequential mechanism, were drawn from earlier studies of the
issociative electron-transfer reactions of CO2

2+ [125].
Returning to the main theme of this article, the dynamics of

he bond-forming reactions of molecular dications, there fol-
ows a review of recent PSCO results which show the variety of

echanisms observed for these unusual reactive processes.

.1. CF2
2+ + H2O

Of all molecular dications, the dynamics of the low-energy
hemical and electron-transfer reactions of CF2

2+ have been the
ubject of the greatest experimental attention. This attention is,
n part, a result of the ease of forming useable beams of this
ication via dissociative ionization of CF4. The perfluorination
f the target molecule reduces the mass resolution required to
enerate dication beams uncontaminated by other ions, with a
onsequent increase in dication beam flux. As discussed above,
he reaction of CF2

2+ with D2 was the first low-energy reaction
f a molecular dication to be studied by angularly resolved tech-
iques [126,127]. This angularly resolved work, together with
tudies of intermolecular and intramolecular isotope effects in
he CF2

2+/HD(D2, H2) collision systems [119,122], hinted that

omplexation was involved in the reaction mechanism. These
xperimental conclusions were supported by subsequent theo-
etical investigations of stationary points on the potential energy
urface [119].
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ig. 9. A schematic representation of the calculated stationary points on the
otential energy surface for reaction (33).

Chemical reactions were also observed following the inter-
ction of CF2

2+ with H2O [117]:

F2
2+ + H2O → OCF+ + H+ + HF (33)

he absence of mass-spectrometric signals corresponding to
F+, F+ and H2F+ from this collision system confirmed that H+

as the monocation partner of OCF+. The considerable rear-
angement in atomic connectivity in moving from reactants to
roducts in this chemical reaction suggests that complexation is
nvolved in the reaction mechanism.

This observation of such an unusual chemical reaction stim-
lated an ab initio investigation of the key stationary points on
he CF2

2+ + H2O potential energy surface [118]. This compu-
ational study revealed a broadly analogous mechanism to that
iscussed above (Fig. 3) for CO2

2+ + H2(D2). The stationary
oints on the potential energy surface are illustrated in Fig. 9
hich shows that the reaction proceeds initially via forma-

ion of a [H2O–CF2]2+ collision complex which subsequently
earranges to [HO–C(FH)F]2+. This dication then undergoes
harge-separation to H+ + OC(FH)F+ with the molecular cation
hen dissociating to OCF+ + HF. The quantum chemical calcu-
ations indicated that the barriers on the above reactive pathway
avoured the formation of OCF+ from the reaction of CF2

2+

ith H2O in comparison with D2O. However, due to the sam-
ling timescale, such an intermolecular isotope effect was not
bservable in a crossed-beam experiment [118].

Given the above detailed predictions regarding the reaction
echanism, collisions of CF2

2+ with H2O provided an ideal col-
ision system for study by the PSCO technique [145]. As shown
chematically in Fig. 10, the PSCO spectra showed clear signals
or the previously observed electron-transfer reactions and also
or the bond-forming reaction of interest (reaction (33)). The
SCO results unambiguously confirm that H+ is the monoca-

ion that accompanies the formation of OCF+, as intimated from
arlier mass-spectrometric studies [117]. In addition the PSCO
pectra also revealed (Fig. 10) weak signals corresponding to a
reviously unobserved bond-forming process:
F2
2+ + H2O → HCF2

+ + H+ + O (34)

oncentrating first on the reaction forming OCF+ (reaction
33)), the scattering diagram derived from the PSCO data for

b
u
H
p

ig. 10. Schematic PSCO spectrum of the bimolecular reactions observed fol-
owing collisions of CF2

2+ with H2O at CM energy of 5.6 eV.

he monocationic products is shown in Fig. 11. This scatter-
ng diagram reveals that the scattering of H+ is approximately
sotropic with respect to initial CM velocity of the dication.
he OCF+ is also isotropically scattered but with a much lower
M velocity. This symmetrical scattering is that expected for
reaction mechanism which involves the formation of a colli-

ion complex which has a lifetime at least comparable with its
otational period. The significant lifetime of the complex means
hat the velocity vectors of the products of its dissociation are
ncorrelated with the initial dication velocity, as clearly shown
n Fig. 11.

As described above, the earlier computational investigation
f the potential energy surface of this reaction [118] supports
his experimental evidence for a collision complex, suggest-
ng a reaction mechanism involving the initial formation of
H2O–CF2]2+. As described above, the velocity of the neutral
pecies which accompanies the formation of OCF+ and H+ can
e determined from the monocation velocities recorded for each
eactive event. It is important to note that the exothermicity spec-
ra recorded for this reaction clearly indicate that only the stable
round state of HF is populated in this reaction; the reaction is
ot a four-body process forming H and F atoms. The velocity
erived for the HF product is also distributed isotropically very
lose to the velocity of the centre of mass. From the internal
rame scattering diagram for this reaction (Fig. 12) we see that

+ is quite symmetrically scattered with respect to the velocity
f OCF+, which indicates that the formation of these two ions
s separated in time. Fig. 12 also shows the velocity of HF is
harply anticorrelated with that of OCF+. Such scattering can
nly result if the collision complex charge separates to form H+

nd [HO–CF2]+, with the molecular ion subsequently dissoci-
ting to HF and OCF+. Due to the mass difference between H+

nd [HO–CF2]+ the proton will take with it most of the kinetic
nergy of the dissociation. Hence, the [HO–CF2]+ will have a
ery low velocity in the centre of mass frame. If the [HO–CF2]+

hen lives for a timescale comparable with its rotational period,
+ +
efore dissociating to HF and OCF , the H velocity will be

ncorrelated with that of OCF+ as we observe. However, the
F and OCF+ species formed in this final two-body dissociative
rocess must have velocity vectors which are anticorrelated, as
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ig. 11. Two-dimensional and three-dimensional representations of the scatte
nergy of 5.6 eV. In the two-dimensional plot the data for OCF+ is also plotted
merican Institute of Physics.

e observe experimentally. The discussion above clearly shows
hat the PSCO data for the formation of OCF+ and H+ is in
erfect agreement with the reaction mechanism calculated com-
utationally. The slight asymmetry in the scattering of H+ with
espect to OCF+ in Fig. 12, can readily be accounted for if the
issociation of [HO–CF2]+ occurs within the field of the depart-
ng proton.
Considering the weaker bond-forming reaction generating
CF2

+ and H+, the scattering diagram for this channel shows
hat H+ is approximately isotropically scattered, with a large

ig. 12. Internal frame scattering diagram showing the motion of H+ and HF,
ormed in reaction (33), relative to OCF+. The data for H+ is plotted in the upper
alf of the figure and the data for HF in the lower half. Reprinted with permission
rom Ref. [145]. Copyright 2004, American Institute of Physics.
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iagram showing the motion of H and OCF formed in reaction (33) at CM
expanded scale. Reprinted with permission from Ref. [145]. Copyright 2004,

elocity, in the CM frame with respect to the initial dication
elocity [145]. In contrast, HCF2

+ is forward scattered and O
s backscattered and both of these heavy species have markedly
ower CM velocities than H+ [145]. The scattering of the H+ ion
gain points to the presence of a long-lived species in the reaction
athway. However, the scattering in this channel is significantly
ifferent from that involved in the formation of OCF+ + H+ + HF.
pecifically, the molecular ionic product and the neutral are not

sotropically scattered in the CM frame, indicating a fundamen-
ally different mechanism is operating in comparison with the
ormation of OCF+ + H+ + HF. The forward scattering of the
CF2

+ with respect to the initial dication velocity is indicative
f a “direct” reaction mechanism where the CF2

2+ “flies by”
he H2O molecule picking up a hydride ion as it passes, leaving
n OH+ partner ion. As described above, such strong forward
cattering is also observed in dicationic electron-transfer reac-
ions where the reactant ion flies past the neutral picking up an
lectron [3,134]. If the OH+ partner ion then lives long enough
o rotate significantly before decaying to H+ + O, the H+ ion will
e isotropically scattered with respect to the initial velocity of
he dication, as we observe. If the OH+ primary product decays
hen well-separated from the HCF2

+ ion, we would expect the
+ and O atom velocities to be distributed symmetrically about

he final OH+ velocity. Such behaviour has been observed in

SCO data from “slow” dissociative electron-transfer reactions
4]. We can estimate the expected final velocity of the OH+ inter-
ediate, by conservation of momentum, from the velocity for

he HCF2
+ ion. This velocity is indicated in the internal frame
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Fig. 13. Internal frame scattering diagram showing the motion of H+ and O,
formed in reaction (34), relative to HCF2

+. Marked on the figure as a dotted arrow
is w(OH+), the calculated precursor velocity of an OH+ ion formed together with
t
o
R

s
t
v
H
H
w
g
s
e
w

3

l
i
p
i
t
o
N
b
c
s
p
p
c
b
t
t
p
i
a
e
u
s
r
n

Fig. 14. Section of the coincidence spectrum recorded following collisions of
N2

2+ with O2 at 7.1 eV. The spectrum clearly shows the two bond-forming
reactions that occur in this collision system [Eqs. (35) and (36)]. The horizontal
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he HCF2
+ ion. The arc represents the H+ velocity formed from the fragmentation

f such an ion with an energy release of 4.2 eV. Reprinted with permission from
ef. [145]. Copyright 2004, American Institute of Physics.

cattering diagram for this reaction (Fig. 13) and we see that
he O and H+ velocities are isotropically distributed about this
ector, in excellent agreement with the proposed mechanism.
ence, it seems quite clear that the formation of HCF2

+ and
+ proceeds via a direct reaction to form HCF2

+ and OH+*,
ith the OH+* subsequently dissociating to H+ and O. Ener-
etic considerations in fact implicate the population of the c1�

tate of OH+ [146], which is known to predissociate with a large
nergy release, rather than higher lying unbound levels which
ill dissociate rapidly [147].

.2. N2
2+ + O2

Recent detailed ionospheric modelling has indicated that
ong-lived electronic states of molecular dications can play a role
n the chemistry of planetary ionospheres [19–21]. For exam-
le, recent simulations indicate that CO2

2+ is involved in the
onospheric chemistry of Mars and N2

2+ in the chemistry of the
errestrial ionosphere. As described briefly in Section 1.3, as part
f a research programme designed to elucidate the chemistry of
2

2+ and other ionospherically important dications, guided ion
eam experiments in Paris have shown that NO+ is formed in
ollisions of N2

2+ with O2 (see Footnote 1). However, this mass-
pectrometric investigation does not reveal the identity of the
artner monocation (and perhaps neutral species) that accom-
any the formation of the NO+ ion in this collision system. Thus,
ollisions of N2

2+ with O2 are an ideal system for investigation
y the PSCO technique. An additional advantage of the PSCO
echnique for such an investigation is that isotopically substi-
uted (14N15N) molecular nitrogen is not required as the dication
recursor. In conventional mass-spectrometric experiments such
sotopic substitution is required to allow the molecular dications,
t m/z = 14.5, to be distinguished from the N+ ions. In the PSCO
xperiments, since only dications can generate the pairs of prod-

ct ions detected, the use of 14N2 and a beam of ions at m/z = 14
till allows the accumulation of coincidence spectra revealing the
eactivity of the N2

2+ dications, despite the presence of atomic
itrogen monocations in the beam.

c
v
i
s

ine in the spectrum, at the time of flight of m/z = 14, is due to the contribution of
alse coincidences involving an unreacted ion. Reprinted with permission from
ef. [148]. Copyright 2005, American Institute of Physics.

The bimolecular reactions between N2
2+ and O2 were studied

sing the PSCO technique, at a range of CM collision energies
etween 4 and 12 eV [148]. Five dominant bimolecular reac-
ions were clearly seen in the coincidence (pairs) spectra. A
ection of a typical coincidence spectrum is presented in Fig. 14.
he reactions observed involve both non-dissociative electron

ransfer and dissociative electron transfer, together with two
ond-forming channels [Eqs. (35) and (36), Fig. 14]:

2
2+ + O2 → NO+ + O+ + N (35)

2
2+ + O2 → NO+ + N+ + O (36)

he horizontal line in the portion of the coincidence spectrum
isplayed in Fig. 14 arises from false coincidences with unre-
cted ions (principally N+ ions) in the dication beam. However,
he bond-forming channels can be easily distinguished from
his false coincidence signal, although the false coincidences

ust be subtracted before further data processing occurs. After
his pre-processing the PSCO intensities reveal that the two
ond-forming reactions are equally intense and that the bond-
orming events are about five times less frequent than dissocia-
ive electron-transfer events.

.2.1. Formation of NO+ + O+ + N
The exothermicity spectrum for this reactive channel is broad

nd unresolved indicating only that the reaction exothermicity is
istributed between ∼1 and 12 eV with a maximum at approxi-
ately 4 eV. As described in the literature, the upper limit of the

bserved exothermicities corresponds well with the formation
f the products in their ground states from the ground X(1�g

+)
tate of N2

2+. The range of exothermicities observed experimen-
ally is consistent with the formation of NO+ with a wide range
f vibrational excitation [148].

The scattering diagrams derived from the PSCO data for the
ormation of NO+ + O+ + N show that all the products from this

hannel are predominantly sideways scattered, relative to the
elocity of the CM, over a relatively large range of scatter-
ng angles [148]. As described above, such scattering is a very
trong indication that the products have been formed from the
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Fig. 15. Internal frame scattering diagram showing the motion of O+ and N
formed in reaction (35), recorded following collisions of N2

2+ with O2 at 7.1 eV,
relative to that of NO+. In this diagram w(i) is the radial co-ordinate and the angle
between w(i) and w(NO+) is the angular co-ordinate. The data for O+ is plotted
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Fig. 16. Internal frame scattering diagram showing the motion of NO+ and
O+ formed in reaction (35), recorded following collisions of N2

2+ with O2 at
7.1 eV, relative to that of N. In this diagram w(i) is the radial co-ordinate and
θ(i) the angle between w(i) and w(N) is the angular co-ordinate. The data for
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n the upper semicircle of the figure and the data for N in the lower semicircle.
eprinted with permission from Ref. [148]. Copyright 2005, American Institute
f Physics.

reak-up of a collision complex, [N2O2]2+ in this case. The
nternal frame scattering diagram presented in Fig. 15 shows
hat there is a marked anti-correlation between the velocities
f the charged products NO+ and O+. That is, the O+ ion is
cattered strongly in the opposite direction to the NO+ product.
onversely, Fig. 15 also shows that the velocity of the N atoms is
ot strongly correlated with either of the velocities of the charged
roducts. Consideration of the possible scattering mechanisms
148] shows that the only reaction pathway compatible with this
SCO data involves a collision complex initially losing a neutral
pecies and the resulting dication later dissociating (37):

N2O2]2+ → NO2
2+ + N → NO+ + O+ + N (37)

his reaction mechanism will result in the velocity of the N
tom being markedly lower than, and not strongly correlated
ith, the velocities of either of the charged products. Conversely,

he scattering of the charged products will involve them having
utually anticorrelated velocities which are not correlated with

he motion of the centre of mass.
Further evidence in favour of the above reaction mechanism,

nvolving initial neutral loss from the collision complex, is pro-
ided by consideration of the magnitudes of the velocities of the
roducts. The modal velocity of the N fragment is 0.6 cm �s−1.
hus, by conservation of momentum, the velocity of the NO2

2+

on formed in the initial neutral loss step should be 0.18 cm �s−1.
hat is, if the “neutral loss” mechanism (37) is operating we
ould expect the NO2

2+ to be moving away from the centre of

ass at 0.18 cm �s−1 in the opposite direction to the N atom. As

hown in Fig. 16 the centres of the isotropic distributions of the
harged species are indeed displaced from the velocity of the CM
y close to this velocity. When viewed in this displaced frame,

N
a
v
c

O+ is plotted in the upper semicircle of the figure and the data for O+ in the
ower semicircle. Reprinted with permission from Ref. [148]. Copyright 2005,
merican Institute of Physics.

s illustrated in Fig. 16, the velocities of the ionic products are
onsistent with the two-body dissociation of an NO2

2+ ion; that
s, the magnitudes of the momenta of the NO+ and the O+ ions
re equal. Indeed, the velocities of the O+ and NO+ indicate an
verage kinetic energy release upon dissociation of 7.8 eV, in
greement with the energy release reported for the dissociation
f long-lived NO2

2+ ions [149,150].
In the light of the above analysis, the PSCO data clearly indi-

ate that this reactive channel proceeds, as indicated in Eq. (37),
ia initial neutral loss from a collision complex followed by
harge-separation of the resulting NO2

2+ dication.
Theoretical support for the existence of a collision complex

n the reaction of N2
2+ with O2 comes from quantum chemi-

al calculations which indicate a “tetrahedral” [N2O2]2+ (C2v)
inimum on the singlet potential energy surface [148], a geom-

try analogous to that predicted for the isoelectronic species N4
nd N3O+. This minimum lies 4.8 eV below the reactant asymp-
ote of N2

2+(1�g
+) + O2(3�g

−) [148]. On the triplet [N2O2]2+

urface, further quantum chemical calculations reveal a “lin-
ar” (Cs) minimum with connectivity N–N–O–O. This “linear”
riplet minimum lies 8.2 eV below the N2

2+(1�g
+) + O2(3�g

−)
eactant asymptote [148]. The reactant N2

2+ beam certainly
ontains dications in the X(1�g

+) ground state and probably
ications in the c(3�u

+) state. Hence, in principle, both the
inglet and triplet complexes are accessible in spin-allowed pro-
esses from the ensemble of reactant molecules. Intuitively,
iven their respective connectivity, it is easier to envisage the
inglet “tetrahedral” [N2O2]2+ complex dissociating directly to

O2

2+ + N than the linear triplet complex with its N–N–O–O
tomic arrangement. If the reaction conserves spin and proceeds
ia the singlet “tetrahedral” complex this would implicate the
(3�u

+) state of N2
2+ as the reactant. However, spin-flipping
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rocesses in dicationic dissociations are known [151] and the
xothermicity spectrum certainly hints strongly that the ground
tate of the dication is also involved in the reaction. Of course,
t is perfectly possible that both electronic states of the dication
eact with O2.

In summary, the PSCO spectra clearly indicate that the forma-
ion of NO+ + O+ + N from collisions of N2

2+ with O2 proceeds
ia the formation of a collision complex which then dissociates,
ia neutral loss, to leave an NO2

2+ dication. This dication then
ecays to NO+ + O+. Quantum chemical investigations support
his idea of local minima, corresponding to collision complexes,
xisting on the [N2O2]2+ potential energy surface.

.2.2. Formation of NO+ + N+ + O
The scattering diagrams extracted from the PSCO data for this

hannel [148] look exceptionally similar to those presented for
he formation of NO+ + O+ + N. The scattering diagrams show
gain that the products NO+, N+ and O are isotropically scat-
ered in the CM frame. Again, this isotropic scattering is strong
ndication that the products have been formed from the break-up
f a collision complex which is sufficiently long-lived to rotate
efore dissociation. Analogously to reaction (35), the data shows
hat there is a strong anti-correlation between the velocities of
he charged products, NO+ and N+, whilst the velocity of the
eutral fragment, O in this case, is not correlated with either of
he charged products.

Hence, similarly to the reaction forming NO+, N+ and O, the
ata strongly indicates that the mechanism for the formation of
O+ + N+ + O is

N2
2++ O2 → [N2O2]2+ → [N2O]2+ + O → NO+ + N++ O

(38)

gain, the N2O2+ dication is well known to possess long-lived
etastable states which could readily survive for several hun-

red picoseconds before dissociating to NO+ + N+ [47,152].
Using the ab initio geometries of the [N2O2]2+collision com-

lex we estimate [153] that the rotational period for both these
omplexes, given the considerable angular momentum of our
ollision system, to be of the order of 20 fs, indicating that
he [N2O2]2+ collision complex must survive for approximately
00 fs before dissociating. This analysis emphasizes that these
icationic collision complexes do not have to live for hundreds
f picoseconds for their decay to exhibit scattering indicative of
omplexation, as due to the high angular momentum of these
ollision systems the complexes possess very short rotational
eriods.

.2.3. Other reactions of N2
2+

Investigations of the reactions of N2
2+ with other small

olecules, of relevance in the ionospheric chemistry of vari-
us planets, reveal a rich range of reactivity. For example with
2H2, encounters of relevance to the ionosphere of Titan, we

bserve the following bond-forming reactions:

2
2+ + C2H2 → H+ + NC2

+ + NH (39)

2
2+ + C2H2 → H+ + NC2H+ + N (40)

e
t
a
t
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2
2+ + C2H2 → N+ + NC2

+ + H2 (41)

2
2+ + C2H2 → N+ + NC2H+ + H (42)

hist with H2O we observe a variety of reactions forming NO+:

2
2+ + H2O → NO+ + NH+ + H (43)

2
2+ + H2O → NO+ + H2

+ + N (44)

2
2+ + H2O → NO+ + H+ + NH (45)

2
2+ + H2O → NO+ + N+ + 2H (46)

O+ formation is also observed following collisions between
2

2+ and CO2, although this reaction is much weaker than the
lectron-transfer reactivity observed in this collision system:

2
2+ + CO2 → CO+ + NO+ + N (47)

he detailed extraction and analysis of the dynamics of these
hemical processes from the PSCO data is in progress.

The sensitivity of the PSCO experiment is demonstrated by
he observation of a new, but weak, bond-forming reactions.
or example, following collisions of N2

2+ with Ar, the PSCO
pectrum shows clear but low intensity signals corresponding to
he formation of ArN+ + N+:

2
2+ + Ar → ArN+ + N+ (48)

ond-forming reactivity of molecular dications with the rare
ases has been reported before, where channels forming dica-
ionic products have been observed, as well as channels forming
airs of monocations [115,129]. This PSCO observation pro-
ides the first opportunity to probe the dynamics of this class
f reactions. The exothermicity spectrum we extract for this
eaction reveals the dominant energy difference between the
eactants and products lies between 2 and 8 eV, peaking at
eV. This exothermicity distribution correlates well with the

eaction of ground state reactants to give ground state prod-
cts, for which we calculate an expected exothermicity of
.3 eV:

2
2+(X1�g

+) + Ar(1S0) → ArN+(3�−) + N+(3P) (49)

owever, the range of observed exothermicities also encom-
asses the reaction of the c(3�u

+) excited state of N2
2+ to form

he 2p2 singlet states of N+ and the ground electronic state of
rN+. However, it seems clear the products are formed in their
round electronic configurations.

The angular scattering extracted from the weak coincidence
ignals for this reaction, illustrated in Fig. 17, clearly shows the
roducts are distributed over a wide range of scattering angles,
articularly in comparison with a typical dicationic electron-
ransfer reaction (Fig. 5) [134], indicating the involvement of
n encounter complex in the reaction mechanism. It is impor-
ant to realize in the interpretation of the scattering diagrams
erived from the PSCO data, such as Fig. 17, that the PSCO

xperiment captures the total angular scattering. Thus, the scat-
ering diagrams showing intensity as a function of scattering
ngle ϕ, are an integration over the azimuthal angle with respect
o vc and will show a different intensity distribution to a section
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Fig. 17. Scattering diagram showing the velocities of the product ions, N+ and
ArN+ from reaction (48), relative to the velocity of the N2

2+ reactant at 7.1 eV
in the CM frame. The data for the ArN+ product ions are displayed in the upper
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emicircle of the figure and the data for the N+ ions are displayed in the lower
emicircle of the figure.

n ϕ at fixed azimuthal angle. Hence, the angular maxima in
ig. 17 are displaced from ϕ = 0◦. Despite this integration over

he azimuthal angle, which emphasizes values of ϕ close to 90◦,
t is clear from Fig. 17 that the products are scattered over a
ide range of angles without showing the totally symmetrical

cattering expected if a collision complex lives for much longer
han its rotational lifetime. Thus, this reaction seems to proceed
ia an “encounter complex” which lives on average for less than
ts rotational lifetime.

Computational geometry optimizations with a cc-VTZ basis
et, using both MP2 and B3LYP methodologies indicate that
inear and C2v minima exist on the singlet and triplet ArN2

2+

urfaces [154]. The geometries of these complexes derived by
he MP2 algorithm, which are very similar those derived by
he B3LYP methodology, are detailed in Table 1. The singlet
rN2

2+ minima lies, according to CCSD(T) calculations, 7.8 eV
elow the ground state reactant asymptote, whilst the triplet min-
mum lies 1.5 eV below the reaction asymptote for the c(3�u

+)
tate of N2

2+. So collision complexes are definitely energeti-
ally accessible to the reactants, in accord with the experimental
bservations. Given the above observations it seems clear that, as
ad been postulated earlier, even dicationic bond-forming reac-

ions involving rare gas atoms proceed via collision complexes
132].

able 1
alculated geometries of singlet and triplet minima of ArN2

2+ geometries

ultiplicity Symmetry r(Ar–N) (Å) r(N–N) (Å)

C∞v 1.64 1.14
C2v 1.96 1.35

ee text for details of the calculations.
ss Spectrometry 260 (2007) 1–19 17

. Conclusions

Position-sensitive coincidence spectroscopy is proving a
owerful probe of the reactivity and reaction dynamics of small
olecular dications with neutral molecules. The spectra show

hat the bond-forming reactions of molecular dications often
roceed via the formation of a collision complex, although
irect reaction pathways have also been observed. For reac-
ions involving a collision complex, these intermediates initially
ecay towards the observed products by either charge-separation
r neutral loss.
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