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Abstract

Collisions between SF2+ and Ar have been investigated using time-of-flight mass spectrometry over a collision energy range of 2.6–6.2 eV in the
centre-of-mass frame. The formation of SF+, S+ and Ar+ in single electron transfer reactions has been detected and the cross-sections, in arbitrary
units, for forming these species have been evaluated. This electron transfer reactivity has been rationalized by Landau–Zener calculations. The
reactivity in this collision system also involves an unusual bond-forming reaction which generates ArS2+. Quantum chemical calculations of the
relevant energetics show that the lowest lying singlet and triplet states of ArS2+ are bound and are energetically accessible to this collision system
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t the above collision energies. This energetics analysis also shows that electron transfer in the exit channel between the separating2+ and F
tom is likely to be inefficient, explaining why we detect the observed products and not ArS+ + F+.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The investigation of the bimolecular reactivity of small
olecular doubly charged ions (dications) has been the focus
f an increasing number of experimental initiatives in recent
ears[1–27]but our understanding of the chemical reactions of
hese species is still quite restricted. Due to the proximity of the
air of like charges, many electronic states of small molecular
ications are unstable, fragmenting to form a pair of monoca-

ions [28,29]. However, many molecular dications possess at
east one metastable electronic state that lives for a microsec-
nd or more. These metastable states exist due to a barrier to
harge-separating dissociation, which can confer on the dica-
ion a lifetime of the order of seconds[30].

The bimolecular reactivity of molecular dications has been
ecently reviewed[4,9,31,32], and the observed reactions can
e broadly divided into three classes: (i) electron transfer, (ii)
ollision-induced fragmentation and (iii) bond-formation. Sin-
le electron transfer (SET) processes usually give rise to the
ost intense product ion signals following collisions between

small molecular dications and neutral species. These SET
cesses may be dissociative or non-dissociative, as exem
by two reactions of CF32+ [3]:

CF3
2+ + Xe → CF2

+ + F + Xe+ (1)

CF3
2+ + O2 → CF3

+ + O2
+ (2)

At low collision energies, SET reactions are usually w
described by the reaction window model[2,4,31], derived
from Landau–Zener theory[33,34]. This model pictures th
SET reaction as occurring at the intersection of a rea
potential and a product potential, the so-called curve-cros
For a dication-neutral collision system the reactant pote
is dominated at pertinent interspecies separations by a
tive polarization forces. In contrast, the product potentia
dominated by the Coulomb repulsion between the pro
monocations (Fig. 1). Landau–Zener theory defines the pro
bility δ of remaining on one of these diabatic potential en
curves as the system passes through this curve-crossing.
∗ Corresponding author. Tel.: +44 20 7679 4650; fax: +44 20 7679 7463.
E-mail address: S.D.Price@ucl.ac.uk (S.D. Price).

course of a collision, the system will pass through the intersec-
tion twice, but for a successful electron transfer reaction to take
place the collision system must only change potential surfaces
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Fig. 1. Schematic potential energy curves showing the reactant potential, for a
dication A2+ encountering a neutral collision partner B, which is crossed by the
potential curves of three electronic states of A+ + B+. The lowest energy prod-
uct state, corresponding to a reaction with exothermicity�H1, intersects the
reactant curve outside the reaction window whereδ ≈ 0. The third product state
(with exothermicity�H3) also intersects the reactant curve outside the reaction
window, whereδ ≈ 1. At both the above intersections the SET cross-section is
predicted to be low. However, the first excited electronic state of A+ + B+ (with
exothermicity�H2) intersects the dication curve within the reaction window,
whereδ ≈ 1/2, and will be significantly populated in an SET reaction. The tra-
jectories show that for SET to occur, the system may switch potentials on either
its first or its second pass through the intersection.

once (Fig. 1). Thus, the probabilityP for SET occurring is:

P = δ(1 − δ) + (1 − δ)δ = 2δ(1 − δ) (3)

The methodology by which we calculateδ is discussed later,
but clearlyδ will be close to unity at large crossing radii, because
of the weak coupling of the potentials, and decrease as the inte
species separation of the curve-crossing decreases. When t
curve-crossing is at small interspecies separations, and the co
pling between the two potentials is significant,δ tends to zero.
In both of these limitsP is approximately zero. However, in
the intermediate coupling regime,P reaches a maximum when
δ = 0.5. Consequently, SET cross-sections become significant a
intermediate values of the crossing radiusrc, in what is termed
the ‘reaction window’, typically between 2̊A and 6Å. For the
prototypical potentials described above, and illustrated inFig. 1,
curve-crossings in the reaction window arise for SET processe
with exothermicities between 2 eV and 6 eV.

Double electron transfer processes can also occur following
dication-neutral collisions, but at low collision energies such
processes are rare and their mechanisms are generally less w
understood than SET processes. Most examples of double ele
tron transfer reactions involve the noble gases[35]:

22Ne2+ + 20Ne → 22Ne+ 20Ne2+ (4)

llow
i p-
p uen
f dou
b on

of a pair of monocations(6) [3,37]:

SF4
2+ + CO → SF3

2+ + F + CO (5)

CS2
2+ + Ar → CS+ + S+ + Ar (6)

Bond-forming reactions of small molecular dications are
markedly less common than SET reactions following dication-
neutral interactions, but the number observed experimentally
is growing steadily. The first reported example of a bond-
forming reaction between a small molecular dication and a
neutral molecule involved O22+ [38]:

O2
2+ + NO → NO2

+ + O+ (7)

Subsequent experiments have observed bond-formation fol-
lowing the collisions of rare gas dications and a vari-
ety of small molecular dications with neutral species
[3,4,6–8,10,11,14–19,21,24,25,39–41]. The vast majority of
these bond-forming reactions produce a pair of singly charged
product ions, sometimes accompanied by additional neutral
species. However, in recent years the first bond-forming reaction
of a non-metallic atomic dication to yield a molecular dication
was observed[7]:

Ar2+ + N2 → ArN2+ + N (8)

The argon dication also undergoes similar bond-forming
reactions with CO and O[6,18]:
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Collision-induced processes are also often observed fo
ng dication-neutral collisions[1,4,31,36]. Here the energy su
lied by the collision results in the excitation and conseq

ragmentation of the parent dication. In these reactions, the
le charge may remain localised(5), or separate by the formati
r-
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u-
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ell
c-

-

t
-

2

r2+ + CO → ArC2+ + O (9)

r2+ + O2 → ArO2+ + O (10)

Furthermore, considering reaction(10), if the dipositive
harge is on the reacting CO molecule and not the argon
he same products still result[11]:

O2+ + Ar → ArC2+ + O (11)

To date, reaction(11) is the only reported observation o
ond-forming reaction in the gas phase involving small mol

ar dications as both reactant and product. This paper repo
nvestigation of the reactivity following collisions of SF2+ with
r. These experiments show that these collisions result in b
ond-forming reaction, which forms ArS2+, and two SET reac

ions. To rationalize this reactivity we also present a serie
b initio calculations to determine the energetics of the rele
eactant products and intermediates and reaction window c
ations to rationalize the state-selectivity of the SET proces

. Experimental details

The apparatus employed in this study has been describ
etail in previous publications[42] and is illustrated inFig. 2.
riefly, the apparatus consists of an electron-ionization (150

on source, in which the desired dications are generated
n appropriate precursor gas (SF6 in this case). All the ion

ormed in the source are extracted using ion optics and p
o a velocity filter. The resulting dication beam is re-focus
nd decelerated to the chosen collision energy, typically bet
eV and 16 eV in the laboratory frame. The collision ener
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Fig. 2. Schematic diagram of the experimental apparatus.

we employ are relatively low in order to encourage bond-forming
reactions. In the experiments reported in this paper, due to the
low numbers of SF2+ ions generated in the source, a usable dica-
tion beam could only be generated at collision energies between
7 eV and 14 eV in the laboratory frame. Following the decelera-
tor, the dication beam encounters a jet of the neutral reactant, Ar
in this case, in the source region of a linear time-of-flight mass
spectrometer (TOF-MS). The pressure in this collision region
is kept low (typically 4× 10−6 mbar) to ensure single-collision
conditions are maintained[43].

Application of a 400 V pulse across the source region of the
TOF-MS extracts all the ions present, both products and unre-
acted dications, into a second accelerating field and subsequently
into a drift tube and finally the ions impact on a microchannel
plate (MCP) detector. The repeller plate is pulsed at a frequency
of 50 kHz, so pulses occur every 20�s, a period to be compared
with typical ionic flight times of less than 6�s. Each repeller
plate pulse is triggered by a pulse generator, which simul-
taneously starts a multi-hit time-to-digital converter (TDC),
commencing the timing cycle. Ion signals from the MCP are
amplified, discriminated and passed to the TDC. It is important
to note that the discriminator has a dead time of 32 ns following
the processing of an ion signal. If two unreacted dications reach
the detector following a single pulse of the repeller plate, the
mass resolution is such that these ions will arrive within 32 ns of
each other and so only one ion will be recorded. These counting
l from
o

3

they
a ight
t 000
c . A

TOF spectrum typically takes between 30 min and 2 h to collect,
depending on the dication beam current. The ionic time of flight
spectrum can be readily converted into a mass spectrum using
the standard TOF-MS relationship[44]:

t = k

√
m

z
+ c (12)

To use Eq.(12), the constantsk and c, which depend on the
electric fields in the mass spectrometer and the time delay in the
detection electronics, are determined in a calibration experiment.

At least three “datasets” are recorded at each collision energy,
each dataset comprising two mass spectra taken with the colli-
sion gas absent and a minimum of two mass spectra taken with
the collision gas present. All the spectra in a given dataset are
scaled so that the unreacted dication peak has the same inten-
sity, and then thereaction (neutral gas present) andbackground
(neutral gas absent) spectra are separately averaged. Background
spectra are taken in order to identify and remove any product ion
signals resulting from unimolecular decay of the parent dication
or from impurity ions in the dication beam. By comparison of
the background and reaction mass spectra, the ion signals corre-
sponding to the bimolecular reactions occurring in the collision
system are identified. The magnitude of these product ion sig-
nals is then calculated by subtracting, on a peak-by-peak basis,
t ignal
o trum.
B ich
l oved.
T ignal
f ectra
t for
e ct of
c ns in
a

osses can become important in extracting cross-sections
ur mass spectra as explained in detail below.

. Data processing

The ionic flight times we record are sent to a PC where
re added to a histogram of ion counts as a function of fl

ime, a TOF spectrum. A single spectrum is recorded for 5
ycles, with each cycle involving gathering 512 kb of data
he signal in the averaged background spectrum from the s
f the corresponding peak in the averaged reaction spec
efore this subtraction, the contribution of stray ions, wh

eads to a non-zero baseline in the mass spectra, is also rem
he resulting product signals are then normalized to the s

rom the parent dication in the averaged background sp
o give a product ratioRobs. These raw ratios are extracted
ach product ion of interest and then corrected for the effe
ounting statistics and converted into reaction cross-sectio
rbitrary units as described below.
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In our experiments the dication current is always kept suffi-
ciently low so that, on average, less than one dication is detected
per repeller plate pulse. However, if the average number of dica-
tions per pulse approaches unity, it becomes statistically more
likely that on some occasions two dications will reach the detec-
tor following a single repeller plate pulse[17]. As described
above, due to the space-focussing in our TOF-MS, if this situa-
tion arises only the first dication of the pair will be counted.
Hence, at higher beam currents the parent dication intensity
recorded in the mass spectrum will increasingly underestimate
the true beam intensity, and so the observed product ratiosRobs
will overestimate the true product ratiosRtrue. This statistical
problem is corrected empirically, as calibration experiments
have shown that the following relationship exists between the
observed and the true product ratios[17]:

Robs

Rtrue
= a

tb
+ 1 (13)

In Eq. (13), t is the time taken to collect the data, which is
inversely proportional to the dication beam current given the
constraint of a spectrum running for a fixed number of cycles,
anda andb are constants. Previous calibration of the instrument
has shown thata andb are independent of the collision system
[17].

The counting effects, described above, do not affect the col-
lection of product ions, as the product ion intensities are typically
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Fig. 3. Diagram illustrating the sampling of the fast forward-scattered products
from SET reactions from a volumeVj. The region encompassed by the interaction
between the dication beam and the neutral gas is a cylinder of lengthL0 and
cross-sectional areaA.

areaA and lengthL0 where the dication beam intersects the gas
jet. For each product, a lengthLj of a further cylindrical volume
Vj will be imaged onto the detector (Fig. 4). Note thatVj is
the volume in which speciesj must present, when the repeller
plate is pulsed, in order to be detected. Given the relationship
between the flux of a species, its densityn and its velocityv,
we therefore have the following relationship between the mass
spectral intensityI and the flux for an arbitrary species moving
across the source region of the TOF-MS:

I = nV = nLA = F

v
LA (15)

Fig. 4. The lengthLj of the ion beam that is imaged onto the detector depends
on the velocity of ionj. Fast-moving ions (SF+, S+) are sampled from short
cylinders early in the source region, whilst slower ions (Ar+) are sampled from
longer cylinders later in the source region.
ore than 1000 times weaker than the parent dication i
ity. Thus, the probability of two product ions of the same m
rriving at the detector following the same repeller plate p

s negligible.
The absolute cross-section for production of an ion is

ortional to the flux of that product across the source re
f the TOF-MS. However, as will be shown below, determ

ng the constant of proportionality in this relationship a
ence extracting absolute reaction cross-sections from ou

s experimentally very difficult. Therefore, as described be
e usually extract integral reaction cross-sectionsin arbitrary
nits (σ′

j) from our data, these cross-sections being proport
o the absolute reaction cross-sections[17].

The flux of a reaction product,Fj can be related to the flu
f incident dications,Fd, by:

j = σjNnL0Fd (14)

n Eq.(14), Nn is the number density of the neutral collision g
0 is the length over which the dication beam is attenuate

he neutral reactant andσj is the absolute reaction cross-sec
or forming speciesj.

The intensityIj of the signal from product speciesj in the mas
pectrum is determined by the number of speciesj in the region
f space in the source region of the TOF-MS that is imaged

he detector,not the flux of products across the source region
onvert our measurements of the ion densities to fluxes, to
s to extract values ofσ′

j, we have to consider the ionic velocit
cross the source region. As has been discussed before, p

ons are formed from a cylindrical dication beam that propag
cross the source region of the TOF-MS (Fig. 3). Thus, produc

ons will be formed in a cylindrical volumeV0 of cross-sectiona
l
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Using Eq.(15)explicitly to express the fluxes in Eq.(14)for the
product species (j) and the dication (d) we have:

Ijvj

LjAj

= σjNnL0
Idvd

LdAd
(16)

For the forward-scattered ions from electron transfer reactions,
the cross-sectional area of the ion beam, the neutral gas density
and the interaction length are all constants as the mass spectral
intensities are recorded in the same experiment. Thus, defining
σ′

j = σj/NnL0 as the absolute cross-section in arbitrary units we
have:

σ′
j = vj

vd

Ld

Lj

Ij

Id
= vj

vd

Ld

Lj

Rtrue (17)

The dication velocity (vd) is known from the beam energy
and, as described before, the product velocity can be estimated
using momentum and energy arguments[16,17,39–41]. Briefly,
to determine the velocity across the source region of the product
ion we firstly assume that a typical kinetic energy release of a
charge transfer reaction is about 6 eV, as has been determined
experimentally[8,10,45]. For a charge transfer reaction, we also
know that the reaction dynamics are dominated by forward-
scattering[4,13,42]. Thus, given the above kinetic energy release
we can estimate the average velocity of the products for such an
electron transfer process. Oncevj has been estimated the length
of the source region from which these product ions are imaged
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the absence of stray fields, the residence time should tend to very
large values. However, in practice, due to the pulsed nature of
the experiment, the experimental maximum residence time of an
ion is limited by the period of the pulsing of the repeller plate.
In the current experimental arrangement, a repeller plate pulse
occurs every 20�s with a duration of 10�s, giving a maximum
residence time of an ion in the source of 10�s. In fact, as the
dication beam undoubtedly takes a finite time to re-stabilize after
its deflection by the repeller plate pulse, the maximum residence
time will be slightly less than 10�s. Thus, we can rewrite Eq.
(17) in terms of the residence timeτ of the ion of interest in the
volume of the source that is imaged onto the ion detector:

if τj < 10�s thenσ′
j = τd

τj

Rtrue (18)

otherwiseσ′
j = τd

10
Rtrue (19)

Given the above equation we are now, in principle, able to
extract values ofσ′

j for both the fast forward-scattered ions and
the slow backward-scattered ions.

4. Reaction window calculations

As will be discussed in detail below, we observe two SET
reactions following collisions of SF2+ with Ar. In order to ratio-
n have
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nto the detectorLj can be calculated from the internal dim
ions of the TOF-MS and the applied voltages.

In most instances the above data processing works wel
here is good agreement between the values ofσ′

j we derive
sing this procedure and those of other workers for fast, forw
cattered ions generated in dication SET reactions[39,41,45].
owever, problems with the above procedure arise whe

aboratory frame velocity of a reaction product is low. S
ow laboratory frame velocities are possible if we consider
etection of the backward-scattered products (Ar+) of an elec

ron transfer reaction. In previous work we have not attem
o quantify the intensities of these slow ions. The low la
atory frame velocities of the Ar+ product ions arise due
he low experimental centre-of-mass collision energies an
igh kinetic energy releases of the dicationic SET react
iven these conditions, the Ar+ ions, which are back-scattered

he centre-of-mass frame, have low velocities across the s
egion of the TOF-MS or in fact can even be back-scatt
n the laboratory frame. For example, in the current collis
ystem, the Ar+ ions are calculated to have laboratory fra
elocities of between 400 m s−1 (at a laboratory frame collisio
nergy of 14 eV) and−1000 m s−1 (at 6 eV collision energy

ar slower than SF+ ions, which have laboratory frame velocit
f 7000 m s−1 and 5500 m s−1 under the same conditions.

For the slow Ar+ ions discussed above, Eq.(17) is not appli-
able. Asvj decreasesLj increases but, for very slow ions,Lj

s limited by the internal dimensions of the spectrometer.
hortcomings of Eq.(17) can be explained by considering
uantityLj/vj , which can be interpreted as the residence tim
product ion in the cylindrical volume, of lengthLj, of the sourc

egion that is imaged onto the detector (Fig. 4). As vj → 0, in
d

-

e
.

e

alize the relative intensity of these two channels we
erformed a calculation of their relative cross-sections u
eaction window theory. The methodology for these calcula
as been described in detail before[2,46]. Briefly, the proba
ility δ of remaining on a diabatic potential curve throug
urve-crossing is a function of the gradients of the two po
ial curves at the crossing radius,V ′

1 andV ′
2, the relative radia

elocity at the crossing point,vr(b), and the electronic couplin
atrix element,H12.

= exp

( −π|H12|2
2h̄|V ′

1 − V ′
2|vr(b)

)
(20)

s discussed below, the relative radial velocity is a functio
he impact parameterb, and the probabilityP of SET is related
o δ by (3); hence,P is also a function ofb. The calculate
ross-section for electron transfer is then the sum ofP over all
ppropriately weighted values ofb for which the collision system
eaches the crossing radius.

calc =
∫ bmax

0
2πbP(b) db (21)

As shown inFig. 1, it is important to realize that there a
ikely to be several product asymptotes accessible to a
eaction, these different asymptotes corresponding to diff
lectronic states of the product monocations. If the ene
f the accessible electronic states of the product monoca
re known then the above numerical methodology can be

o determine the relative reaction cross-section for popul
ach product asymptote. To do this, as described before[2,46],
e calculate the curve-crossing radius for each accessible
ct asymptote by setting our prototypical reactant (polariza
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attraction) and product (Coulombic repulsion) potentials to have
an asymptotic energy difference equal to the reaction exother-
micity for forming the product asymptote of interest. This pro-
cedure requires only the polarizability of the neutral species and
the relevant exothermicity. By determining the intersection of the
potentials we can calculate the crossing radius,|V ′

1 − V ′
2| and

we estimate a value forH12 using the semi-empirical formula
of Olson et al.[47]. Using the form of the reactant potential,
and knowing the collision energy of our experiments, we can
then determinebmax, the largest impact parameter for which
the collision system will reach the crossing radius. We are then
in a position to evaluate the integral in Eq.(21), recalling, as
noted above, that the radial velocity of the collision system at the
crossing is a function of the impact parameter. The evaluation
of Eq. (21) gives the cross-section for populating the relevant
product asymptote and the procedure is then repeated for the
other accessible product asymptotes. As noted above, the vari-
ous accessible electronic states of the products may be stable, or
alternatively may dissociate. For example, in the present experi-
ment S+ ions are generated by dissociation of SF+ ions formed in
electronically excited states. If we know the fate of the accessible
electronic states of the products we can then use our calculations
of the cross-sections for populating these electronic states to pre-
dict the relative intensities of the various product ions that we
observe[1,2,17,36,46,48,49].
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Fig. 5. An example mass spectrum for SF2+ + Ar. The thick line indicates a spec-
trum recorded with the collision gas (Ar) present, whilst the thin line indicates
an appropriately normalized spectrum recorded with the collision gas absent.

parent SF+ ion. We discuss the extraction of theσ′
j values for

the formation of the ArS2+ ion in more detail below.

6. Discussion

6.1. Electron transfer reactions

Fig. 6 shows the values ofσ′
j we derive for the formation

of SF+ and S+ as a function of centre-of-mass frame collision
energy. Note that the ratio between theσ′

j values for forming SF+

and S+ is approximately 2:1. The values ofσ′
j do not vary signif-

icantly with collision energy over the range of our experimental
investigations. A similar insensitivity to the collision energy has
been observed for several other SET reaction of dications in this
energy regime[50]. To perform the Landau–Zener calculations
outlined above, to attempt to account for the relative intensities
. Results

Mass spectra were recorded, as described above, at co
nergies from 6.0 eV to 14.0 eV in the laboratory frame co
ponding to 2.6–6.2 eV in the centre-of-mass frame. Compa
f the reaction and background mass spectra (Fig. 5) clearly

ndicates the formation of S+, SF+, Ar+ and ArS2+ ions. We
o not detect the formation of F+ from bimolecular collisions
he absence of F+ signals following bimolecular reactions h
lso been reported following collisions of other fluorinated d

ions[1,26,48,50]. We also do not observe any Ar2+ ions, which
ould be produced by double electron transfer processes.

he absence of any F+ signals it is clear that two SET reactio
re occurring in the SF2+ + Ar collision system together with
ond-forming reaction generating ArS2+:

F2+ + Ar → SF+ + Ar+ (22)

F2+ + Ar → S+ + F + Ar+ (23)

F2+ + Ar → ArS2+ + F (24)

For the products of the SET reactions the relevant ion int
ies in the mass spectra were processed, as also described
o yield the relevantσ′

j values for these ions as a function
ollision energy. Note that for the formation of the S+ ion we
ssume, as has been determined experimentally for simila

ision systems[26], that the energy release upon dissocia
f the excited electronic states of SF+ to from S+ is negligible

n comparison to the energy release involved in the separ
f the SF+ and Ar+. Thus, the S+ ion moves across the sour
egion of our experiment with approximately the velocity of
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Fig. 6. Absolute reaction cross-sectionsσ′
j , in arbitrary units, for the formation

of SF+ (�), S+ (�), Ar+ (�) and ArS2+ × 100 (�) as a function of centre-of-mass
frame collision energy.

of SF+ and S+ that we observe, requires the relative energies
of the relevant electronic states of SF2+ and SF+. Little experi-
mental information is available on the relative energetics of the
monocationic and dicationic states of SF+. Hence, we have deter-
mined these energies using a quantum chemical approach. The
detailed results of these quantum chemical investigations into
the potential energy curves of SF2+ and SF+ will be reported in
detail elsewhere[51,52]. Briefly, the computational modelling
involved generating potential energy curves for electronic states
of SF+ and SF2+ by performing single-point energy calculations
at 0.05Å intervals using the state-averaged AQCC method with a
full valence active space, coupled with an uncontracted basis set
as implemented in Molpro v.2002.3 consisting of 16s11p3d2f1g
functions for S atoms and 12s6p3d2f1g functions for F atoms
[53]. The results from the computational work show that the
ground dication state of SF2+ (X 2�) is metastable, as it pos-
sesses a significant barrier (∼4.5 eV) to charge separation. The
first SF2+ excited state (A 2�) is also metastable, possessing a
barrier of∼2.5 eV to charge separation, and lies 4.0 eV above the
ground state. A further six metastable dication states lie within
6.0 eV of the ground state, but these are all much more weakly
bound (<1 eV). Thus we may expect our dication beam to be
predominantly composed of SF2+ ions in both their ground and
first excited electronic states. With regard to the monocation we
find that the first three electronic states of SF+ (X 3�−, a 1�,
b 1�+) are bound; the first dissociative state (A 3�) lies 5.7 eV
a tes
o c
i rst
i .1 eV
[
T
s the
e
a s
i
e not
e s, a

Table 1
Landau–Zener calculations showing relative SET cross-sectionsσSET (in Å2)
and exothermicities�H from the ground (X) and first excited states (A) of SF2+

to the first six electronic states of SF

Electronic state of SF+ product Electronic state of SF2+ reactant

X 2� A 2�

�H (eV) σSET �H (eV) σSET

X 3�− (→SF+) −5.5 1 −9.5 0
a 1� (→SF+) −4.4 12 −8.4 0
b 1�+ (→SF+) −3.5 21 −7.5 0
A 3� (→S+ + F) +0.3 0 −3.7 23
d 1� (→S+ + F) +1.4 0 −2.7 3
D 3� (→S+ + F) +2.2 0 −1.9 0

These calculations were performed for a collision energy of 10.0 eV in the lab-
oratory frame, equivalent to 4.4 eV in the centre-of-mass frame.

has been confirmed experimentally for other collision systems
[54].

Table 1shows SET cross-sections we calculate for populat-
ing the various electronic states of SF+, formed together with
Ar+(2P), from the two electronic metastable states of SF2+. It
can be seen fromTable 1that the probability of the SET reaction
populating the dissociative electronic states of SF+ is negligible
if the SF2+ is not electronically excited. This implies that the S+

signal observed in the mass spectra must result from the popu-
lation of the dissociative higher lying states of SF+ by the SET
reactions of the first excited state of SF2+, supporting our expec-
tation that our dication beam is composed of SF2+ ions in both
their ground and first excited states. Hence, the Landau–Zener
calculations indicate that the magnitude of the S+ signal we
observe is a measure of the relative population of the ground
and first excited electronic states of SF2+ in our beam. Given the
cross-sections listed inTable 1, and our experimentally observed
ratio of S+ to SF+, we can see that there must be a significant
population of the SF2+(A) state in our beam. We estimate that
the beam comprises approximately half as many dications in the
first excited electronic state as dications in the ground electronic
state.

The value ofσ′ for the formation of Ar+ from the SF2+ + Ar
collision system should, of course, be equal to the sum of the
σ′ values for the formation of SF+ and S+ since Ar+ must be
produced in all SET reactions. However, as shown inFig. 6, the
v r
i due
t its”
i
s rived
σ on the
n
i e, are
s n to
t s for
o he
a e
d ns
i et is
bove the ground state of SF+ and the higher electronic sta
f SF+ we calculate are also dissociative[51,52]. The adiabati

onization energy of SF+ is calculated to be 21.3 eV and the fi
onization energy of SF is experimentally established as 10
54], a value in good agreement with our calculations[51,52].
he ionization energy for populating the 3p−1 (2P) electronic
tate of Ar+ is well known, and hence we are able to evaluate
xothermicities for populating the accessible SF+ + Ar+ product
symptotes, which are listed inTable 1. Note that SET reaction

nvolving the population of higher electronic states of Ar+, for
xample the 3s−1(2S1/2) state, are endothermic and thus are
xpected to be populated in Landau–Zener style transition
 s

alue ofσ′ we determined from our data for the formation of A+

s significantly lower than this value. This discrepancy arises
o the values of the constants involved in the “arbitrary un
n which we express our values ofσ′

j. For example, Eq.(16)
hows that the constant of proportionality between our de
′
j values and the true absolute cross-sections depends
umber density of the neutral gas.Fig. 4 shows that the Ar+

ons, being backward-scattered in the centre-of-mass fram
ampled from a spatially distinct portion of the source regio
he forward-scattered product ions. Thus, the arbitrary unit
ur values ofσ′

j for the “fast” product ions are different to t
rbitrary units for the values ofσ′ for forming Ar+ because of th
ifferent number density of Ar in the spatially distinct regio

n which the relevant ions are formed. The neutral gas j



286 P.W. Burnside, S.D. Price / International Journal of Mass Spectrometry 249–250 (2006) 279–288

positioned above the ion beam, before the source region of the
TOF-MS (as shown inFig. 4). This position is ideal for the gen-
eration and collection of fast product ions from SET reactions.
However, since the Ar+ ions are so slow in the laboratory frame
the Ar number density will be substantially lower in the region
from which Ar+ ions are formed compared with that for the SF+

and S+ ions. Thus, given our current experimental arrangement
we cannot expect theσ′

j values we derive to be comparable for
the “fast” and “slow” product ions. In principle, one could over-
come this problem by introducing the target gas effusively well
away from the source region of the TOF-MS so that the neu-
tral gas density will be uniform across the interaction region,
although this would present problems with attenuation of the
dication beam before it reaches the TOF-MS. However, despite
the above problems it is satisfying to see that (Fig. 6) the energy
dependence of theσ′ values for forming Ar+ is effectively iden-
tical to that we observe for S+ and SF+ as one would expect.
Thus, whilst not being able to extract directly comparableσ′
values for the slow backward-scattered ions from SET reaction,
we now can at least determine the collision energy dependence
of their reaction cross-sections. A significant step forward in the
data we can extract from our experiments.

6.2. Formation of ArS2+

As discussed above, the peak we observe in the in the mass
s
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Fig. 7. Schematic potentials showing the route from AB2+ + C to AC2+ + B [4].
The reactants must avoid switching potential surfaces at Points 1 and 2 and have
sufficient kinetic energy to reach the product asymptote (�E).

of monocations are often observed following collisions of dica-
tions with neutrals[31]. Even if the collision system successfully
negotiates this second region of curve crossings it must possess
sufficient kinetic energy�E to reach the asymptotic limit corre-
sponding to ArS2+ + F. Of course, in addition to these energetic
and dynamic considerations, the doubly charged product must
be formed in a non-dissociative state in order to be detected.

Fig. 8 shows the relative energetics of the various critical
points in the reaction mechanism forming ArS2+ for our collision
system. All of the product asymptotes inFig. 8can be reached in
a spin allowed fashion from the ground state of SF2+ and, hence,
other factors must account for the propensity for forming ArS2+

in this collision system. To derive some of the energetics shown
in Fig. 8, we have performed quantum chemical calculations to
determine the energies and geometries of species containing an

F ed with
t
i ted in
t

pectrum atm/z = 36 (Fig. 5) is assigned to ArS2+, clearly indi-
ating the occurrence of reaction(24). Fig. 6shows the values o
′ for the formation of ArS2+ as a function of collision energ
s shown below, the formation of ArS2+ is thought to procee
ia the formation of an ArSF2+ collision complex. Hence, th
xtraction of theσ′ values for ArS2+ assumes that the kine
nergy release accompanying the dissociation of the col
omplex is negligible and the laboratory frame velocity of Ar2+

s assumed to be equal to the velocity of the centre-of-ma
he collision system. It appears clear fromFig. 6that the cross
ection for this bond forming reaction rises from a threshold
elow 2.5 eV. A more accurate determination of this thres

s not possible in our experiments due to the small ArS2+ signal
nd the low flux of SF2+ in these experiments. Note that inFig. 6

heσ′ values for forming ArS2+ are multiplied by a factor of 10
As discussed above, the observation of a doubly cha

olecular product form the reaction of a small molecular d
ion with a rare gas atom is rather unusual. A schematic m
roposed to rationalize the occurrence of bond-forming d

ionic reactions has been presented before[4,8,10], and is illus-
rated in Fig. 7. The left hand side diagram represents
pproach of the reactant dication and the neutral. Howeve

he reactants to achieve the intimate contact they require to
ew chemical bonds, the collision system must successfully

hrough the curve-crossing in the entrance channel that lea
ET (Point 1,Fig. 7). If the collision system passes throu
oint 1 then a collision complex can be formed and the ne
ary chemistry may occur. As the products separate they
ass through the curve-crossing at Point 2 (Fig. 7), where a
hange of potential surfaces will result in the formation of a
f monocations. Indeed, bond-forming reactions forming p
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s
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ig. 8. Relative energies of the reactant and product asymptotes associat
he formation of ArS2+ from the reaction of SF2+ + Ar. See text for details.Ecm

ndicates the minimum collision energy available in the experiments repor
his paper.
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Table 2
Optimised geometries calculated for relevant species containing an ArS bond

r(Ar S) (Å) r(F S) (Å) ∠(Ar S F)

2ArSF2+ 2.14 2.05 167.47◦
2ArS+ 2.13 – –
3ArS2+ 2.06 – –
1ArS2+ 2.02 – –

Ar S bond. These calculations were performed using Gaussian
98[55] implemented on a Linux workstation. Optimised geome-
tries (seeTable 2) were determined using an MP2 algorithm with
a cc-VQZ basis set and the energies of these geometries (rela-
tive to Ar+ + F+ + S) were then evaluated using a coupled cluster
[CCSD(T)] algorithm. As described above, the ionization energy
of SF+ was calculated via an alternative methodology as part of
a different investigation[51,52]. However, since the ionization
energy and heat of formation of SF are known experimentally
[54], the relative energy of the reactant asymptote can be located
appropriately, as is shown inFig. 8.

In the present experiment the collision system readily crosses
at the first curve intersection, (Point 1,Fig. 7) as strong signals
of SF+ (and S+) and Ar+ are observed. However, the observation
of products with new chemical bonds shows that a significant
number of collisions do not cross at this first intersection. For the
equilibrium geometries of ArS2+ and ArS+, the asymptote corre-
sponding to ArS+ + F+ lies just 0.8 eV below the asymptote cor-
responding to3ArS2+ + F and 2.3 eV below that corresponding
to 1ArS2+ + F (Fig. 8). These small energy differences between
these asymptotes means that the critical curve-crossings in th
exit channel, towards ArS2+ + F (Point 2,Fig. 7), occur at large
interspecies separations. Hence, the probability of crossing a
Point 2 (Fig. 7) will be small. This energetic argument clearly
explains why no ArS+ signal is observed in this collision sys-
tem, even though the observation of ArS2+ tells us there will
b nnel
N te
o ica-
t sta
r xcee
1 lds i
b rom
F g
t the
t s. In
a
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t
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the population of dissociative excited states of the product
dication.

7. Conclusions

The formation of S+ and SF+ in SET reactions between SF2+

and Ar has been detected and the cross-sections, in arbitrary
units, for forming these species have been evaluated as a function
of collision energy from 2.6 eV to 6.2 eV in the centre-of-mass
frame. The form of this SET reactivity has been rationalized by
Landau–Zener calculations, which indicate that the S+ product
results from the dissociation of excited electronic states of SF+

populated by the reaction of the first excited electronic state of
SF2+. The calculations also indicate the stable SF+ ions detected
result from the SET reactions of the ground state of SF2+. The
reactivity of this collision system also involves an unusual bond-
forming reaction, which generates ArS2+. Quantum chemical
calculations of the relevant energetics show that the lowest lying
singlet and triplet states of ArS2+ are bound and are energetically
accessible for this collision system at the above collision ener-
gies. The observation of ArS2+ has been rationalized in terms of
the relative energetics of the competing chemical and electron
transfer reactions. This analysis shows that electron transfer in
the exit channel between the separating ArS2+ and F atom is
likely to be inefficient, explaining why we detect the observed
p
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ote that our energetics (Fig. 8) show that excited singlet sta
f ArS2+ lies 1.5 eV above the ground triplet state of this d

ion and that accessing these asymptotes from the ground
eactants requires the centre-of-mass kinetic energy to e
.8 eV and 3.6 eV, respectively. The lower of these thresho
elow our experimental collision energy range. However, f
ig. 6 the values ofσ′ for forming ArS2+ appear to be fallin

owards a threshold at approximately 2 eV, in accord with
hreshold expected from our calculations of the energetic
ddition there appears to be a sharp increase in theσ′ values for

orming ArS2+ close to the 3.6 eV collision energy calcula
o be required to open the channel generating1ArS2+. Thus,
ur experimental data indicates that perhaps both the s
nd triplet states of the dicationic product are populated in
eaction. The contribution of excited SF2+ reactant ions to th
eaction cannot be confidently ascertained from this data.

It is likely that at higher collision energies than are repo
n this paper, the cross-section for forming ArS2+ will begin
o fall off, as has been observed for the formation of Ar2+

6,11]. This fall in the cross section results as the incre
n the internal energy of the collision system results
e

t

.

te
d

s

t

roducts and not a pair of monocations.
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