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The nitrogen molecular dication (N2
2+) has been proposed as a minor but significant component of the

ionosphere of Saturn’s moon Titan with an abundance comparable to that of several key monocations.

It has also been suggested that the reactions of N2
2+ with H2 can provide a source of N2H2+ in Titan’s

atmosphere. This paper reports the results from experiments, using a position-sensitive coincidence

technique, which reveal the chemical reactions forming pairs of monocations following collisions of the

N2
2+ dication with H2(D2) at a centre-of-mass collision energy of 0.9(1.8) eV. These experiments show,

in addition to single electron-transfer processes, a bond-forming pathway forming NH+ + H+ + N and

allow an estimate to be made of the reaction cross section and the rate coefficient for this reaction. The

correlations between the product velocities revealed by the coincidence experiments show that NH+ is

formed via N atom loss from a primary encounter complex [N2H2]2+ to form NH2
2+, with this triatomic

daughter dication then fragmenting to yield NH+ + H+. A computational investigation of stationary

points on the lowest energy singlet and triplet [N2H2]2+ potential energy surfaces confirms the

mechanistic deductions from the experiments and indicates that the formation of NH+ occurs solely,

and efficiently, from the reaction of the c3S+
u excited electronic state of N2

2+.
1. Introduction

Due to their large intramolecular Coulomb repulsion, the

majority of the electronic states of small molecular di-positive

ions (dications), such as N2
2+, are dissociative. Population of

these electronic states results in very short lived species which

fragment rapidly to give a pair of monocations:

N2
2+ / N+ + N+ (1)

Given the above behaviour, one would not immediately expect

that these highly energetic ions could exhibit an extensive bond-

forming chemistry. However, the possibility of dicationic bimo-

lecular chemical reactions has been apparent since 1930, when

the observation of CO2+ using a mass spectrometric experiment

was reported.1 Since a variety of small molecular dications are

detectable via standard mass spectrometric techniques, these ions

must possess electronic states with a lifetime of at least a few

microseconds. These longer-lived states of small molecular

dications are commonly termed ‘‘metastable’’ and arise as a result

of energy barriers which confer kinetic stability on species2,3

which are usually4,5 thermodynamically unstable with respect to

dissociation to a pair of monocations (reaction (1)). Extensive

experimental and theoretical work over many years has revealed

that many small molecular dications possess at least one meta-

stable electronic state, and molecular dication lifetimes of the

order of seconds have been reported.6 Thus, in a variety of

environments, such as planetary ionospheres, metastable dica-

tions are sufficiently long-lived to experience collisions with

neutral molecules and undergo chemical transformations.

However, it is only comparatively recently that the extensive
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chemistry which occurs in such low-energy collisions between

molecular dications and neutral molecules has begun to be

revealed and the implications of this chemistry for the compo-

sition of energized media explored.2,4,7,8

The potential role of the chemistry of gas-phase monocations

in extreme environments, such as the interstellar medium and

planetary ionospheres, has long been appreciated.9,10 In addition

to their postulated role in some regions of the interstellar

medium,10,11 recent modelling has strongly suggested a contri-

bution from molecular dications to the chemistry of planetary

ionospheres.12–14 For example, CO2
2+ has been predicted to be

a measurable constituent of the Martian ionosphere and N2
2+ has

been implicated in the chemistry of the upper atmospheres of

Earth and Saturn’s moon Titan.13,14 In fact modelling indicates

that optical emission from N2
2+ should be observable in Titan’s

ionosphere.14 Dicationic chemistry has also been proposed as

a mechanism for the synthesis of larger hydrocarbons in Titan’s

atmosphere as well as elsewhere.15

The chemistry of Titan’s atmosphere has been described as

‘‘the richest . in the Solar System’’.16 Measurements taken by

the Cassini spacecraft, and their subsequent modelling, have

revealed a highly complex ionospheric composition, both on the

day-side and the night-side of this moon.16–19 These observations

indicate that molecular growth starts in the upper atmosphere of

Titan and results in large positively and negatively charged ions,

which are probably the precursors for even larger molecules and

eventually aerosols.16–19 Successful attempts to replicate the

general themes of this molecular synthesis in the laboratory have

recently been reported.20 Modelling has indicated that the

abundance of N2
2+ in Titan’s ionosphere, at altitudes of

approximately 1000 km, is comparable with that of several key

minor ions such as CN+ and C2H+.14 Indeed, the presence of

dications in Titan’s ionosphere is supported by the tentative

assignment of N2+ in the ion abundances recorded by Cassini.17

Recent investigations have concluded that to improve the
Chem. Sci.
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agreement between models and observations of Titan’s iono-

spheric ion abundances, beyond the current factors of 2-3,

requires a more detailed knowledge of the ion/neutral chem-

istry.19 Thus, since N2 is the most abundant molecule in Titan’s

ionosphere, it is highly pertinent to examine the reactions of N2
2+

with other key ionospheric species.

This paper reports a study of the reactivity of N2
2+ with H2, as

models indicate that H2 is the third most abundant molecular

species in Titan’s atmosphere.19 The principal loss mechanisms

for ionospheric molecular dications are electron recombination

and reaction with neutral species.14 Thus, our experimental

investigation of the consequences of N2
2+ collisions with H2 is of

particular relevance to the fate of N2
2+ in Titan’s ionosphere.

More specifically, recent computational studies21 have investi-

gated the structure of N2H2+. These calculations showed that the

ground state of N2H2+ is metastable and, in addition, that many

of the excited N2H2+ electronic states also possess local minima.

The authors of this computational study suggested that inter-

actions between N2
2+ and H2 may provide a source of long-lived

N2H2+ ions in Titan’s ionosphere. Such bond-forming reactions

are, in general, more likely to occur at low collision energies

(below 10 eV), where there is significant interaction time between

the reactants.22,23

Stimulated by the relevance to Titan’s ionosphere, and the

intriguing possibility of the formation of N2H2+, we report in this

paper an experimental study of the reactivity of N2
2+ with H2(D2)

using a position-sensitive coincidence (PSCO) experiment. This

experiment clearly identifies the reactions which generate pairs of

singly-charged ions following dication-neutral collisions,

revealing NH+ + H+ are formed following collisions of N2
2+ with

H2. Examination of the correlations between the velocities of the

product ions shows that the NH+ + H+ ion pair is formed via an

NH2
2+ reaction intermediate, a conclusion supported by an

accompanying computational investigation. Analysis of the

experimental results also allows the estimation of the reaction

cross section and the thermal rate coefficient for this reaction.

Coupled with the results of the computational investigation,

these estimates indicate that the bond forming reactivity is solely

due to reaction of the first excited triplet state of N2
2+, and this

state reacts with H2 to form NH+ at close to the collisional rate.
Fig. 1 The pairs spectrum recorded following the collisions of N2
2+ with

D2 at ECM ¼ 1.8 eV. The peaks involving coincidences with N+ have

a ‘‘split’’ shape due to the exclusion of a strip of false coincidences

resulting from the N+ ions present in the reactant ion beam. See text for

details.
2. Experimental section

The PSCO technique involves the mass-spectrometric detection

of the pairs of monocations, formed from dication-neutral

reactions, on an event by event basis at a position-sensitive

detector. This methodology allows us to determine the masses

and the velocities of each of the product ions and, by conserv-

ation of momentum, the velocity of any accompanying neutral

product.8,22 These data both identify the different dicationic

reactions which form pairs of positive ions from a given collision

system and also reveal the dynamics of these reactions.8

The details of the operation of the PSCO experiment have been

described elsewhere and will only be summarized very briefly

here.8,24 The reactant dications are generated via electron ioni-

zation of N2 and are energy monochromatized, pulsed and mass

selected before they are decelerated to encounter an effusive jet of

the neutral reactant. It is important to note that the ion beam is

mass selected at m/z ¼ 14 for N2
2+. Of course, this mass selection
Chem. Sci.
means that the beam of N2
2+ also contains a considerable number

of N+ ions. However, since the PSCO spectrometer only records

events that result in the formation of a pair of product ions, the

N+ ions do not contribute any true coincidences to the experi-

mental spectra.

Interactions with H2(D2) occur, under single collision condi-

tions, in the field-free source region of a specially designed time-

of-flight mass spectrometer (TOF-MS). Immediately after these

interactions, the product ions, and any un-reacted dications are

extracted and accelerated to strike a position sensitive detector

(PSD).25

For events where two ions arrive at the detector following

a single repeller plate pulse, we record the flight time of both of

the ions and the position at which each ion hits the detector. The

experimental conditions ensure such events are dominated by the

reactions of individual dications. The experiment accumulates

these coincidences for least 105 pair events, which usually takes

several days.

We process the experimental dataset off-line. Firstly, a two-

dimensional histogram of the pairs of flight times for the detected

reactive events is constructed to give a pairs spectrum (Fig. 1).

The different dicationic reaction channels, which generate

different pairs of monocations, appear as distinct peaks in the

pairs spectrum. To prevent a significant number of false coinci-

dences due to the N+ ions in the N2
2+ beam, we inhibit the

acquisition of pairs involving a narrow range of flight times close

to m/z ¼ 14. We can easily allow for real coincidences lost in this

excluded region when assessing the intensity of the different

product channels.26 The time and positional data corresponding

to each reaction channel identified in the pairs spectrum can then

be selected from the experimental dataset for kinematic analysis.

From the positions of the ionic impacts on the detector and the

ionic flight times, together with the known collision energy

(ECM), we can determine the velocities of the product ions in the

centre of mass (CM) frame of the N2
2+-H2 collision system:

w(X+).8,24 Then the CM velocity vector of any accompanying

neutral species can be derived from the velocity vectors of the two

charged species via conservation of momentum. Subsequently we
This journal is ª The Royal Society of Chemistry 2010
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examine, for each reactive channel, the correlations between the

velocities of the products and the relationship of these velocities

to the original velocity vector of the reactant dication. These

correlations have been shown to be a powerful probe of the

mechanisms of the chemical reactions of molecular dica-

tions.8,22,26–28
3. Results and discussion

Our experimental technique gives us the masses and the CM

velocities of the product ions formed following the collisions of

N2
2+ with H2(D2). We can also determine the velocity of any

accompanying neutral products. These data immediately (Fig. 1)

identify the different dicationic reactions which form pairs of

positive ions and examining the correlations between the product

and reactant velocities reveals the dynamics of the reactions.8

Five bimolecular reactions are clearly observed in the PSCO

pairs spectrum recorded following collisions of N2
2+ with H2

(Table 1). Experiments with D2 show analogous reactivity to that

observed for H2 (Table 1).

The reactivity we observe comprises four reactions (2)–(5)

(Table 1) which involve transfer of a single electron from H2(D2)

to N2
2+. Three of these reactions, (3)–(5), involve subsequent

decay of the monocation products (N2
+ + H2

+) of this initial

electron transfer. Our PSCO data (Table 1, Fig. 1) also clearly

shows the formation of NH+ + H+ following N2
2+ collisions.

However, in contrast to the theoretical predictions discussed

above, we see no signals due to N2D2+ or N2H2+ in the mass

spectra we collect in parallel with the PSCO data.29

The branching ratios (Table 1) of the different reactions in the

pairs spectrum (Fig. 1), do not place the rates of these reactions

on an absolute scale and such absolute measurements are those

of real value to ionospheric modelling. To obtain estimates of the

rate coefficient for the formation of NH+ + H+ from the signals in

our pairs spectra we have adopted two different approaches.

Firstly we have extrapolated the absolute measurements of the

cross section for forming N2
+ from reactions between N2

2+ and

H2 of Agee et al.30 to our collision energy and then used the

measured relative intensity of the channels forming N2
+ and NH+

(Table 1) to deduce that the absolute cross section for forming

NH+ under our experimental conditions is 1.0 � 10�17 cm2.31 To

estimate the corresponding thermal rate constant for this reac-

tion from this cross section we assume the limiting ECM
�½

dependence of an ion-molecule reaction cross section and

perform the standard integration over a Boltzmann distribu-

tion.32 This procedure yields an estimated rate coefficient k6 for

the formation of NH+ at 300 K of 1.0� 10�11 molecule�1 cm3 s�1.
Table 1 The bimolecular reactions observed between N2
2+ and H2 (ECM

¼ 0.9 eV) and D2 (ECM¼ 1.8 eV). The table also gives the branching ratio
R for each channel in the different collision systems

Reaction R (N2
2+ + H2) R (N2

2+ + D2)

(2) N2
2+ + H2 / N2

+ + H2
+ 53.1 61.2

(3) N2
2+ + H2 / N+ + H2

+ + N 31.5 23.6
(4) N2

2+ + H2 / N2
+ + H+ + H 10.3 12.1

(5) N2
2+ + H2 / N+ + H+ + (N + H) 3.4 1.6

(6) N2
2+ + H2 / NH+ + H+ + N 1.7 1.5

This journal is ª The Royal Society of Chemistry 2010
The other approach to estimate k6 is to assume product

formation occurs at every close approach of the reactants, at the

so-called Langevin rate,33 and partition this rate between the

various channels in proportion to our measured branching ratios

(Table 1). This calculation results in an estimate of k6 ¼ 5.4 �
10�11 molecule�1 cm3 s�1, a value independent of temperature and

in good accord with our first estimate.34

We now consider the mechanisms of the reactions we observe

following collisions of N2
2+ with H2(D2) (Table 1). The detailed

dynamics of dicationic electron transfer reactions at low collision

energies (below ECM ¼ 10 eV) have been extensively investigated

in recent years.22,28,35,36 Experimental work shows that in this low

energy regime the electron is transferred from the neutral to the

dication at a significant (3–6 �A) interspecies separation, where

the interaction potential between the reactants is not strong.8

Thus, most electron transfer events simply involve the dication

and neutral flying past each other and exchanging an electron.

Such electron transfer forms monocationic products which move

in the same direction as the reactant from which they were

formed. Thus, in reaction (2) the N2
+ is formed with a velocity

vector which is closely aligned with that of the reactant N2
2+. This

strong alignment between the product and reactant velocities is

termed forward scattering. The electron transfer reactions (2)–(5)

we observe in the N2
2+ + H2 collision system all exhibit the

expected forward scattering and will not be discussed further.

The mechanism of the bond-forming reaction which generates

NH+ + H+ is far more unusual and complex than that of the

electron transfer processes. To reveal the kinematics of this

chemical process we examine the correlations between the

product and reactant velocities by generating a variety of scat-

tering diagrams from our PSCO data. We present here the data

for the N2
2+ + D2 collision system, which displays identical

correlations to those we observe for N2
2+ + H2. Fig. 2 shows the

CM frame scattering diagram for the ND+ and D+ ions generated

by reaction (6). This scattering diagram is a radial histogram

where, for all the reactive events detected in the ND+ + D+
Fig. 2 The CM frame scattering diagram for the reaction N2
2+ + D2 /

ND+ + D+ + N, showing the scattering of ND+ and D+, relative to the

direction of the reactant dication velocity w(N2
2+), derived from PSCO

data recorded at ECM¼ 1.8 eV. The inset shows the scattering of the ND+

fragment on a larger scale. See text for details.

Chem. Sci.
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channel, we plot the angle q between a product ion’s CM velocity

and the initial CM velocity of the N2
2+ reactant (0� # q # 180�) as

the angular co-ordinate. The radial co-ordinate in these diagrams

is the magnitude of the product ion’s CM velocity, |w(X+)|. The

data for ND+ is plotted in the upper semicircle of Fig. 2 and the

data for D+ in the lower semicircle. Fig. 2 shows that there is little

correlation between the velocities of the products of reaction (6)

with the velocity of the reactant N2
2+. Although not shown in

Fig. 2, a similar lack of correlation is observed for the CM

scattering of the product N atom. This lack of correlation is

a clear indication that a collision complex [N2–H2]2+ is involved

in the reaction pathway, before the formation of any of the

observed products.33 If the collision complex lives for at least

a few rotational periods then the products have no ‘‘memory’’ of

the original direction of the reactant N2
2+ ion, as we observe in

Fig. 2.

To probe the mechanism of reaction (6) in more detail we

examine the correlations between the product velocities in the

‘‘internal frame’’, the frame defined by the velocities of the

product ions themselves.8 In an internal frame scattering

diagram, another radial histogram, the radial co-ordinate is

again |w(X+)|or |w(X)|. However, the angular co-ordinate f is

now the scattering angle between the velocity of the product of

interest and the velocity of another reference product. For

example, Fig. 3a shows the scattering of w(ND+) and w(N) with

respect to the direction of w(D+). Fig. 3b and Fig. 3c show

internal frame scattering diagrams with reference to the velocities

of N and ND+ respectively.

There are four possible mechanisms (7)–(10) for the formation

of ND+ + D+ + N, given that, as discussed above, the CM

scattering data (Fig. 2) shows that the first step in this mechanism

is the formation of a collision complex:

N2
2+ + D2 / [N2D2]2+ / ND+ + N + D+ (7)

N2
2+ + D2 / [N2D2]2+ / ND+ + ND+ then ND+ / N + D+(8)

N2
2+ + D2 / [N2D2]2+ / N2D+ + D+ then N2D+ / ND+ + N(9)

N2
2+ + D2 / [N2D2] 2+ / ND2

2+ + N

then ND2
2+ / ND+ + D+ (10)
Fig. 3 The internal frame scattering diagrams from reaction (6) in the N2
2+ +

and N relative to w(D+), Fig. 3b shows the scattering of the ND+ and D+ relativ

The insets in (b) and (c) show the scattering of the ND+ and N fragments res

Chem. Sci.
The form of Fig. 3 immediately allows us to discount the

concerted fragmentation of the collision complex in mechanism

(7). Such concerted reactions give internal frame scattering

diagrams where there are fixed angular relationships between the

velocity vectors of the products.37 The scattering diagrams in

Fig. 3 clearly do not show such fixed angular relationships

between the product velocity vectors.

From inspection of Fig. 3, the sequential mechanism (8) can

also readily be discounted. Charge separation of the [N2H2]2+

collision complex to form two ND+ ions would form these

primary products with significant velocities. A typical dicationic

charge separation involves an energy release of approximately

6 eV, which would give the ND+ ions velocities of the order

0.6 cm ms�1. Extraction of the CM velocity distributions of the

product ions from our data (Fig. 4) shows that the average value

of w(ND+) is markedly lower than this expected value of

0.6 cm ms�1. Furthermore, following the secondary fragment-

ation of one of the ND+ ions in mechanism (8), the velocity of the

N atom will remain close to that of the precursor ND+ due to

conservation of momentum and energy. Thus, mechanism (8)

would predict ND+ to have a significant velocity which will be

strongly anticorrelated with w(N). None of these predicted

features are apparent in Fig. 3.

Mechanism (9) involves the charge separation of the initial

collision complex and then subsequent secondary fragmentation

of the N2D+ product of this initial decay. If this mechanism is

operating we can determine the average velocity of this N2D+

precursor to be 0.18 cm ms�1 via conservation of momentum from

the measured modal value of w(D+) ¼ 2.75 cm ms�1 (Fig. 4). We

would then expect the velocities of ND+ and N to be isotropically

distributed about w(N2D+), the velocity of the precursor ion, as

we have observed before for such secondary fragmentations.35

Fig. 3a clearly does not show such a characteristic distribution

for the N atom. In addition, the secondary fragmentation of

N2D+ should not involve a significant kinetic energy release, in

comparison to the large kinetic energy released upon the charge

separation of the doubly-charged collision complex. Thus, we

would expect the average value of w(ND+) to be similar to that of

the precursor ion w(N2D+) ¼ 0.18 cm ms�1. As shown in Fig. 4,

the average value of w(ND+) is almost twice this value.

Hence, the scattering is clearly not in accord with mechanism (9).
D2 collision system at ECM ¼ 1.8 eV. Fig. 3a shows the scattering of ND+

e to w(N) and Fig. 3c shows the scattering of D+ and N relative to w(ND+).

pectively on a larger scale. See text for details.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Product velocity distributions for reaction (6).

Fig. 5 Stationary points on the singlet [N2H2]2+ potential energy surface.

All energies include zero point energies and are expressed relative to the

infinitely separated singlet reactants. The levels labelled TS are transition

states with a critical vibration shown by the double headed arrow. Bond

lengths are in �Angstr€oms and angles in degrees.
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In mechanism (10) the collision complex first loses an N atom

to form NH2
2+ and this daughter dication then undergoes a two-

body charge separation to form the observed products. For this

mechanism we would expect w(N) to be broadly anticorrelated

with w(D+) and w(ND+), as we observe in Fig. 3b. From the

measured average value of w(N) of 0.2 cm ms�1 we can estimate,

using conservation of momentum, the average value of w(ND2
2+)

to be 0.16 cm ms�1. The scattering of ND+ and D+ should then be

centred about this value of w(ND2
2+), as is also clearly visible in

Fig. 3b where w(ND2
2+) is marked as vp. Thus, the only reaction

mechanism in full accord with the PSCO data is mechanism (10).

To lend further support to the above mechanistic conclusions

we have investigated the stationary points on the N2
2+ + H2

potential energy surface (PES) computationally.38 We initially

restricted our calculations to the singlet potential energy surface,

as experiments have indicated that the majority of dications in

N2
2+ beams are in the ground X1S+

g state.39 Stationary points

were located by B3LYP/aug-ccVTZ optimization and their

energies characterized by CCSD(T)/aug-ccVTZ single point

calculations. B3LYP frequency analysis was used to identify

minima and transition states, and the connectivity of the tran-

sition states was confirmed by the IRC methodology and

inspection of imaginary frequencies.23 The geometries of several

of the reactant and product species have been determined before

either theoretically or experimentally.40–42 In these cases our

calculated geometries agree well with the literature values. The
This journal is ª The Royal Society of Chemistry 2010
energy of any excited states of the atomic products were deter-

mined by adding spectroscopic excitation energies43 to our

calculated energies of the relevant ground states. This procedure

generates a calculated reaction exothermicity of �2.8 eV (Fig. 5)

for reaction (6), which on the singlet PES forms NH+ and N in

doublet states, in excellent agreement with literature thermody-

namics (�2.8 eV).40,44

Fig. 5 reveals two pathways from N2
2+(X1S+

g ) + H2 on the

singlet [N2H2]2+ surface to reach pairs of monocations with new

chemical connectivity; one of these pathways leads to the

formation of the experimentally observed products NH+ + H+ +

N (Rxn. 6). Both pathways proceed via the formation of a colli-

sion complex (1).45 The lowest energy reaction pathway involves

charge-separating decay of 1, via a transition state 2, to form

NH2
+ (3) + N+. We observe no evidence of this pathway in our

PSCO spectra. Clearly there are dynamic or energetic constraints

in the formation of N+ + NH2
+ via this pathway that are not

revealed by our calculated stationary points.

The second reactive pathway revealed by our calculations

(Fig. 5) corresponds exactly to the experimentally determined

mechanism (10) for forming the observed NH+ + H+ + N

products. Specifically, the theoretical pathway involves the loss

of a nitrogen atom from 1 to yield an NH2
2+ dication 4 in

a doublet state. This loss of an N atom appears not to involve

a transition state. The NH2
2+ ion (4) then decays via a transition

state (5) to yield the experimentally observed products. However,

the energetics revealed in Fig. 5 indicate that this pathway

proceeds via structures (4 and 5) which are energetically inac-

cessible to reactants in their ground vibrational levels, even

allowing for the contribution of the CM collision energy. The

N2
2+(X1S+

g) ions in our reactant beam are not necessarily in their

ground vibrational states. However, investigations of the pop-

ulation of the ground electronic state of N2
2+ following photo-

ionization clearly show the population of the three lowest

vibrational levels is favoured, giving a maximum vibrational

energy of 0.5 eV.44 Thus, if the vibrational distribution of the

N2
2+ reactant ions in our beam is similar to that formed by

photoionization, then the N2
2+(1S+

g ) + H2 collision system should
Chem. Sci.
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not be able to energetically access the observed products via

intermediates 4 and 5.

To resolve the above inconsistency between the calculated

energetics on the singlet surface of [N2H2]2+ and the experimental

observation of reaction (6) we note that it is well established that

beams of N2
2+ contain a small proportion of ions in the meta-

stable triplet c3S+
u state.39 This state lies 1.5 eV above the ground

electronic state of N2
2+.42,46 Thus, given the difficulties in

explaining the observation of the formation of NH+ + H+ via

a singlet PES we have also calculated (Fig. 6) stationary points

on the triplet [N2H2]2+ surface.

The triplet surface we calculate (Fig. 6) is qualitatively similar

to that of the singlet surface (Fig. 5) with the same two series of

stationary points leading to NH+ + H+ + N and NH2
+ + N+.47

However, inspection of the triplet surface (Fig. 6) reveals that the

stationary points on the pathway to form NH+ + H+ + N(4S) now

all lie at energies below the N2
2+(c3S+

u) asymptote. Thus, our

computational results strongly indicate that NH+ formation

proceeds via the reaction of the metastable triplet N2
2+ ions in our

dication beam. No quantitative evaluation of the relative

abundances of the X and c states of N2
2+ in dication beams is

available. Previous investigations of the electron transfer

reactivity of N2
2+ with the rare gases, show that reactions of the

ground (singlet) electronic state of the dication dominate the ion

yield when such channels are accessible. Hence, it is likely that

the N2
2+(c3S+

u) species are a distinct minority species in our

dication beam, and the small yield of NH+ + H+ in our experi-

ments is indicative of a large reaction cross section for NH+

formation from the N2
2+(c3S+

u) state. If, as might be expected, less

than 10% of the N2
2+ ions in our ion beam are in the c3S+

u state

then our data would indicate that the c3S+
u state reacts with H2 to

form NH+ on almost every encounter.

Given the above results, it seems clear that a long-term goal

should be a fully state-resolved investigation of the reactivity of

N2
2+ ions with H2. With regard to the ionospheric chemistry of

Titan, clearly improved models of dicationic chemistry need to
Fig. 6 Stationary points on the triplet [N2H2]2+ potential energy surface.

All energies include estimated zero point energies and are expressed

relative to the infinitely separated singlet reactants (see Fig. 5); the energy

zero is the same in both Fig. 5 and 6. The levels labelled TS are transition

states with a critical vibration shown by the double headed arrow. All

bond lengths are in �Angstr€oms and angles in degrees. Note the vertical

scale breaks at �2 eV and �8 eV.
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differentiate the long-lived X and c electronic states of N2
2+. If

a significant fraction of the N2
2+ ions present in Titan’s iono-

sphere are in the c3S+
u state, the reactions of such ions with H2 to

form NH+ + H+ + H may contribute significantly to the observed

ionic abundances.
4. Conclusions

We have investigated the chemical reactions forming pairs of

monocations following collisions of the N2
2+ dication with

H2(D2) at a centre-of-mass collision energy of 0.9(1.8) eV. These

experiments reveal, in addition to single electron transfer

reactions, a bond-forming pathway forming NH+ + H+ + N.

Correlations between the velocities of the products of this bond-

forming channel show that NH+ is formed via N atom loss from

a primary encounter complex [N2H2]2+ to form NH2
2+. This

triatomic dication then fragments to yield NH+ + H+. No

evidence for the involvement of an N2H2+ ion is observed. A

computational investigation of the [N2H2]2+ potential energy

surfaces confirms the mechanistic deductions from the experi-

ments and indicates that the formation of NH+ occurs solely, and

efficiently, from the reaction of the c3S+
u excited electronic state of

N2
2+ with H2.
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