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Abstract

Collisions between St and Ar have been investigated using time-of-flight mass spectrometry over a collision energy range of 2.6—6.2 eV in th
centre-of-mass frame. The formation of'SB" and Ar* in single electron transfer reactions has been detected and the cross-sections, in arbitran
units, for forming these species have been evaluated. This electron transfer reactivity has been rationalized by Landau—Zener calculations.
reactivity in this collision system also involves an unusual bond-forming reaction which generatés@u8ntum chemical calculations of the
relevant energetics show that the lowest lying singlet and triplet states éf ArSbound and are energetically accessible to this collision system
at the above collision energies. This energetics analysis also shows that electron transfer in the exit channel between the seffasaiihg ArS
atom is likely to be inefficient, explaining why we detect the observed products and not &S
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction small molecular dications and neutral species. These SET pro-
cesses may be dissociative or non-dissociative, as exemplified
The investigation of the bimolecular reactivity of small by two reactions of C§* [3]:
molecular doubly charged ions (dications) has been the focus
of an increasing number of experimental initiatives in recentCF32++Xe — CRy" +F + Xet (1)
yearg[1-27]but our understanding of the chemical reactions of
these species is still quite restricted. Due to the proximity of the 24 N N
pair of like charges, many electronic states of small moleculafFs™ +0z2— CR" + 02 )
dications are unstable, fragmenting to form a pair of monoca-
tions [28,29] However, many molecular dications possess at At low collision energies, SET reactions are usually well
least one metastable electronic state that lives for a microsegescribed by the reaction window modg,4,31] derived
ond or more. These metastable states exist due to a barrier i@m Landau—Zener theor{83,34] This model pictures the
charge-separating dissociation, which can confer on the dic&8ET reaction as occurring at the intersection of a reactant
tion a lifetime of the order of secon30]. potential and a product potential, the so-called curve-crossing.
The bimolecular reactivity of molecular dications has beenFor a dication-neutral collision system the reactant potential
recently reviewed4,9,31,32] and the observed reactions canis dominated at pertinent interspecies separations by attrac-
be broadly divided into three classes: (i) electron transfer, (iiXive polarization forces. In contrast, the product potential is
collision-induced fragmentation and (i) bond-formation. Sin- dominated by the Coulomb repulsion between the product
gle electron transfer (SET) processes usually give rise to theonocationsFig. 1). Landau-Zener theory defines the proba-
most intense product ion signals following collisions betweenbility § of remaining on one of these diabatic potential energy
curves as the system passes through this curve-crossing. In the
course of a collision, the system will pass through the intersec-
* Corresponding author. Tel.: +44 20 7679 4650; fax: +44 20 7679 7463.  tion twice, but for a successful electron transfer reaction to take
E-mail address: S.D.Price@ucl.ac.uk (S.D. Price). place the collision system must only change potential surfaces
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of a pair of monocation&) 3,371
2+ 2+
Reaction SF2t +CO — SR?" +F + CO (5)
Window CS?" +Ar — CSt+ St 4+ Ar (6)

Bond-forming reactions of small molecular dications are
markedly less common than SET reactions following dication-

24
AT ]? All neutral interactions, but the number observed experimentally
} is growing steadily. The first reported example of a bond-
AH, forming reaction between a small molecular dication and a
neutral molecule involved £3* [38]:
AH, 0,2t +NO — NO,* + 0O @)

—7
+B Subsequent experiments have observed bond-formation fol-

Fi . . , . lowing the collisions of rare gas dications and a vari-
ig. 1. Schematic potential energy curves showing the reactant potential, for a . : . .
dication A2+ encountering a neutral collision partner B, which is crossed by the€ty Of small  molecular dications with neutral species
potential curves of three electronic states ¢f#B8*. The lowest energy prod- [3,4,6—8,10,11,14-19,21,24,25,39-4The vast majority of

uct state, corresponding to a reaction with exothermigifyy, intersects the  these bond-forming reactions produce a pair of singly charged

reactant curve outside the reaction window whizr€0. The third product state pI’OdUCt jons. sometimes accompanied by additional neutral

(with exothermicityA H3) also intersects the reactant curve outside the reaction . . . ) . .
window, wheres =~ 1. At both the above intersections the SET cross-section isSpeCIes' However, inrecent years the firstbond formmg reaction

predicted to be low. However, the first excited electronic state’of B* (with ~ Of @ non-metallic atomic dication to yield a molecular dication
exothermicityAH>) intersects the dication curve within the reaction window, Was observe{ﬂ ]:

wheres ~ 1/2, and will be significantly populated in an SET reaction. The tra- 24 2

jectories show that for SET to occur, the system may switch potentials on eithefr=" +Nz — ArN“" +N (8)

its first or its second pass through the intersection. . . .
The argon dication also undergoes similar bond-forming

reactions with CO and £)6,18]:
once Fig. 1). Thus, the probability? for SET occurring is:

Ar®t £ CO — ArC?* 4+ 0 (9)
P=51-8)+(1-18)8=251-9) ()  Ar?r4+0,— ArO?t+0 (10)
The methodology by which we calculatés discussed later, Furthermore, considering reactidd0), if the dipositive

but clearlys will be close to unity at large crossing radii, becausecharge is on the reacting CO molecule and not the argon atom,
of the weak coupling of the potentials, and decrease as the intei?e same products still resjit1]:

species separqtion of the. curve—crpssing dec_reases. When thep+ +Ar — ArC2t+0 (11)
curve-crossing is at small interspecies separations, and the cou-
pling between the two potentials is significafitends to zero. To date, reactiorfll) is the only reported observation of a

In both of these limitsP is approximately zero. However, in bond-forming reaction in the gas phase involving small molecu-
the intermediate coupling regime,reaches a maximum when lar dications as both reactant and product. This paper reports an
§=0.5. Consequently, SET cross-sections become significant dtvestigation of the reactivity following collisions of 3Fwith
intermediate values of the crossing radigsin what is termed  Ar. These experiments show that these collisions resultin both a
the ‘reaction window’, typically between& and 6A. For the  bond-forming reaction, which forms AfS and two SET reac-
prototypical potentials described above, and illustratédgnl,  tions. To rationalize this reactivity we also present a series of
curve-crossings in the reaction window arise for SET processeab initio calculations to determine the energetics of the relevant
with exothermicities between 2eV and 6 eV. reactant products and intermediates and reaction window calcu-
Double electron transfer processes can also occur followintgtions to rationalize the state-selectivity of the SET processes.
dication-neutral collisions, but at low collision energies such
processes are rare and their mechanisms are generally less w&l|Experimental details
understood than SET processes. Most examples of double elec-

tron transfer reactions involve the noble gaf35: The apparatus employed in this study has been described in
detail in previous publicationgl2] and is illustrated irFig. 2
22Nt +20Ne — 2°Ne+ 2ONe?* (4)  Briefly, the apparatus consists of an electron-ionization (150 eV)

ion source, in which the desired dications are generated from
Collision-induced processes are also often observed followan appropriate precursor gas ¢Sk this case). All the ions
ing dication-neutral collisionfl,4,31,36] Here the energy sup- formed in the source are extracted using ion optics and passed
plied by the collision results in the excitation and consequento a velocity filter. The resulting dication beam is re-focussed
fragmentation of the parent dication. In these reactions, the downd decelerated to the chosen collision energy, typically between
ble charge may remain localisés), or separate by the formation 4 eV and 16 eV in the laboratory frame. The collision energies
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Fig. 2. Schematic diagram of the experimental apparatus.

we employ are relatively low in order to encourage bond-formingTOF spectrum typically takes between 30 min and 2 h to collect,
reactions. In the experiments reported in this paper, due to th#gepending on the dication beam current. The ionic time of flight
low numbers of SF* ions generated in the source, a usable dicaspectrum can be readily converted into a mass spectrum using
tion beam could only be generated at collision energies betweehe standard TOF-MS relationshy4]:

7 eV and 14 eV in the laboratory frame. Following the decelera-

tor, the dication beam encounters a jet of the neutral reactant, Ar m

in this case, in the source region of a linear time-of-flight mas$ = k Z +c (12)
spectrometer (TOF-MS). The pressure in this collision region

is kep'g low (typical_ly 4_>< 10-%mbar) to ensure single-collision To use Eq.(12), the constant& and ¢, which depend on the
conditions are maintained3]. . electric fields in the mass spectrometer and the time delay in the
Application of a 400V pulse across the source region of thgjetection electronics, are determined in a calibration experiment.
TOF-MS extracts all the ions present, both products and unre- atjeast three “datasets” are recorded at each collision energy,
acted dications, into a second accelerating field and subsequenglych dataset comprising two mass spectra taken with the colli-
into a drift tube and finally the ions impact on a microchannelgjg, gas absent and a minimum of two mass spectra taken with
plate (MCP) detector. The repeller plate is pulsed at a frequengye collision gas present. All the spectra in a given dataset are
of 50 kHz, so pulses occur every 28, a period to be compared gcgled so that the unreacted dication peak has the same inten-
with typical ionic flight times of less thangs. Each repeller sity, and then theeaction (neutral gas present) abdckground
plate pulse is triggered by a pulse generator, which simulineytral gas absent) spectra are separately averaged. Background
taneously starts a multi-hit time-to-digital converter (TDC), spectra are taken in order to identify and remove any production
commencing the timing cycle. lon signals from the MCP aregjgng|s resulting from unimolecular decay of the parent dication
amplified, discriminated and passed to the TDC. It is importang from impurity ions in the dication beam. By comparison of
to note that the discriminator has a dead time of 32 ns followingpe background and reaction mass spectra, the ion signals corre-
the processing of an ion signal. If two unreacted dications reackponding to the bimolecular reactions occurring in the collision
the detector following a single pulse of the repeller plate, thesystem are identified. The magnitude of these product ion sig-
mass resolution is such that these ions will arrive within 32 ns of,5/s is then calculated by subtracting, on a peak-by-peak basis,
each other and so only one ion will be recorded. These counting,e signal in the averaged background spectrum from the signal
losses can become important in extracting cross-sections frogy the corresponding peak in the averaged reaction spectrum.

our mass spectra as explained in detail below. Before this subtraction, the contribution of stray ions, which
leads to a non-zero baseline in the mass spectra, is also removed.
3. Data processing The resulting product signals are then normalized to the signal

from the parent dication in the averaged background spectra
The ionic flight times we record are sent to a PC where theyo give a product rati®.ps These raw ratios are extracted for
are added to a histogram of ion counts as a function of fligheach product ion of interest and then corrected for the effect of
time, a TOF spectrum. A single spectrum is recorded for 500@ounting statistics and converted into reaction cross-sections in
cycles, with each cycle involving gathering 512 kb of data. Aarbitrary units as described below.
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In our experiments the dication current is always kept suffi- intersection with I
ciently low so that, on average, less than one dication is detectec neutyal gas ==
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 puldé&7]. As described e
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. Fig. 3. Diagram illustrating the sampling of the fast forward-scattered products
Hence, at higher beam currents the parent dication intensitiom SET reactions fromavolumé. The region encompassed by the interaction
recorded in the mass spectrum will increasingly underestimatgetween the dication beam and the neutral gas is a cylinder of léggihd

cross-sectional aref
the true beam intensity, and so the observed product ragias
will overestimate the true product ratidgye. This statistical —areaA and lengthLo where the dication beam intersects the gas
problem is corrected empirically, as calibration experimentget. For each product, a lengihof a further cylindrical volume
have shown that the following relationship exists between the/j will be imaged onto the detectoFig. 4). Note thatV; is

dication
— products
beam

observed and the true product ratjag]: the volume in which specigsmust present, when the repeller
Robs @ plate is pulsed, in order to be detected. Given the relationship
Roce ~ 7 +1 (13)  between the flux of a species, its densitand its velocityw,

rue

we therefore have the following relationship between the mass

In Eq. (13), 7 is the time taken to collect the data, which is gpectral intensity and the flux for an arbitrary species moving
inversely proportional to the dication beam current given theycross the source region of the TOF-MS:

constraint of a spectrum running for a fixed number of cycles,
anda andb are constants. Previous calibration of the instrumeny _ ,, vy — ,,1.4 = ELA (15)
has shown that andb are independent of the collision system

[17].

The counting effects, described above, do not affect the col- T
lection of productions, as the production intensities are typically
more than 1000 times weaker than the parent dication inten- to detector
sity. Thus, the probability of two product ions of the same mass
arriving at the detector following the same repeller plate pulse
is negligible.

The absolute cross-section for production of an ion is pro-
portional to the flux of that product across the source region
of the TOF-MS. However, as will be shown below, determin-
ing the constant of proportionality in this relationship and,
hence extracting absolute reaction cross-sections from our data
is experimentally very difficult. Therefore, as described below,
we usually extract integral reaction cross-sectionarbitrary
units (a}) from our data, these cross-sections being proportional
to the absolute reaction cross-secti@hg).

The flux of a reaction produck;; can be related to the flux
of incident dicationsFy, by:

Fj = 0;NnLoFg4 (14)

In Eq.(14), Ny, is the number density of the neutral collision gas,
Lo is the length over which the dication beam is attenuated by
the neutral reactant arq is the absolute reaction cross-section
for forming specieg.

Theintensity; of the signal from product specigis the mass
spectrum is determined by the number of spetirshe region
of space in the source region of the TOF-MS that is imaged onto

SF
the detectomor the flux of products across the source region. To gas beam
convert our measurements of the ion densities to fluxes, to allow inlet Lgp L g
us to extract values of;, we have to consider the ionic velocities +ve

across the source region. As has been discussed before, product
f df lind | dication b that t Fig. 4. The lengttL; of the ion beam that is imaged onto the detector depends
ions are formed from acylin rical dication beam tha propaga eﬁn the velocity of ionj. Fast-moving ions (SF S') are sampled from short

across the source region of the TOF-M&( 3). Thus, product  cyilinders early in the source region, whilst slower ions*(are sampled from
ions will be formed in a cylindrical volum®y of cross-sectional longer cylinders later in the source region.
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Using Eq.(15) explicitly to express the fluxes in E¢l4)forthe  the absence of stray fields, the residence time should tend to very

product specieg)and the dication (d) we have: large values. However, in practice, due to the pulsed nature of
Iv: Iqvg the experiment, the experimental maximum residence time of an

L]Aj = GanLoﬁ (16) ionis limited by the period of the pulsing of the repeller plate.
J2 dAad

In the current experimental arrangement, a repeller plate pulse
For the forward-scattered ions from electron transfer reactiongccurs every 2Q.s with a duration of 1us, giving a maximum

the cross-sectional area of the ion beam, the neutral gas densigsidence time of an ion in the source ofid€) In fact, as the
and the interaction length are all constants as the mass spectgh¢ation beam undoubtedly takes afinite time to re-stabilize after
intensities are recorded in the same experiment. Thus, definiritp deflection by the repeller plate pulse, the maximum residence
o, = aj/NnLo as the absolute cross-section in arbitrary units wdime will be slightly less than 1@s. Thus, we can rewrite Eq.
have: (17)in terms of the residence timeof the ion of interest in the

viLalj v Lg volume of the source that is imaged onto the ion detector:

L= L 14 *?Rtrue (17) 74
vd Ljld - Vd&j if 7j < 10us  thers) = — Ryue (18)
The dication velocity {q) is known from the beam energy Y
and, as described before, the product velocity can be estimat e W
using momentum and energy argumda; 17,39—41]Briefly, %(HherWISQTf = gofie (19)

to determine the velocity across the source region of the product Given the above equation we are now, in principle, able to

ion we firstly assume that a typical kinetic energy release of &5t yalues o8, for both the fast forward-scattered ions and
charge transfer reaction is about 6 eV, as has been determinggl, ¢\, backward-scattered ions

experimentally{8,10,45] For a charge transfer reaction, we also
know that the reaction dynamics are dominated by forwardzl Reaction window calculations
scattering4,13,42] Thus, given the above kinetic energy release
we can estimate the average velocity of the products for such an
electron transfer process. Ongehas been estimated the length
of the source region from which these product ions are image
onto the detectok; can be calculated from the internal dimen-
sions of the TOF-MS and the applied voltages.

In most instances the above data processing works well, a
there is good agreement between the values’ofve derive

As will be discussed in detail below, we observe two SET
(r]eactions following collisions of S¥ with Ar. In order to ratio-
nalize the relative intensity of these two channels we have
performed a calculation of their relative cross-sections using
rgaction window theory. The methodology for these calculations
"fas been described in detail bef¢pe46]. Briefly, the proba-

using this procedure and those of other workers for fast, forwarol?IIIty 6 of remaining on a diabatic pote_nt|al curve through a
curve-crossing is a function of the gradients of the two poten-

scattered ions generated in dication SET react[88s1,45] tial curves at the crossing radiug, andVy, the relative radial

However, problems with the above procedure arise when th\(?elocit at the crossing point,(b), and the electronic couplin
laboratory frame velocity of a reaction product is low. Such y g pomty(b), pling

- S . matrix elemen .
low laboratory frame velocities are possible if we consider the tH1

detection of the backward-scattered products JAf an elec- —7|Hiof?
tron transfer reaction. In previous work we have not attempted = €XP (M)
to quantify the intensities of these slow ions. The low labo- ! 2
ratory frame velocities of the Arproduct ions arise due to AS discussed below, the relative radial velocity is a function of
the low experimental centre-of-mass collision energies and th#e impact parametér, and the probability> of SET is related
high kinetic energy releases of the dicationic SET reactionglo § by (3); hence,P is also a function ob. The calculated
Given these conditions, the Aions, which are back-scattered in cross-section for electron transfer is then the surR ofer all

the centre-of-mass frame, have low velocities across the sour@ppropriately weighted valuesifor which the collision system
region of the TOF-MS or in fact can even be back-scatteredeaches the crossing radius.

(20)

in the laboratory frame. For example, in the current collision bmax

system, the A¥ ions are calculated to have laboratory frameocaic = / 27tb P(b) db (21)

velocities of between 400 nT$ (at a laboratory frame collision 0

energy of 14eV) and-1000ms? (at 6 eV collision energy); As shown inFig. 1, it is important to realize that there are

far slower than SFions, which have laboratory frame velocities likely to be several product asymptotes accessible to a SET

of 7000 m s and 5500 ms! under the same conditions. reaction, these different asymptotes corresponding to different
For the slow A¥ ions discussed above, §d.7)is not appli-  electronic states of the product monocations. If the energies

cable. Asv; decreases; increases but, for very slow iong;  of the accessible electronic states of the product monocations
is limited by the internal dimensions of the spectrometer. Theare known then the above numerical methodology can be used
shortcomings of Eq(17) can be explained by considering the to determine the relative reaction cross-section for populating
quantityL ;/v; which can be interpreted as the residence time okach product asymptote. To do this, as described b{2pt6],
aproductioninthe cylindrical volume, of length of the source  we calculate the curve-crossing radius for each accessible prod-
region that is imaged onto the detectbig. 4). Asv; — 0,in  uct asymptote by setting our prototypical reactant (polarization
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attraction) and product (Coulombic repulsion) potentials to have
an asymptotic energy difference equal to the reaction exother- SF
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 radjug,— V5| and

we estimate a value fai12 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 determinémax, 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 E&1), 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, 0|'§
alternatively may dissociate. For example, in the present experi- =
ment S ions are generated by dissociation of $#hs 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
observd1,2,17,36,46,48,49]

5. Results AFS3+

Mass spectra were recorded, as described above, at collision
energies from 6.0eV to 14.0eV in the laboratory frame corre-
spondingto 2.6—6.2 eV inthe centre-of-mass frame. Comparison
of the reaction and background mass spedgig. (5 clearly
indicates the formation of 'S SF', Ar* and Ar$™* ions. We EEEEAEA RN ELEEEELELEREEREELE
do not detect the formation of"From bimolecular collisions. 30 35 40 45 50 55 60
The absence of Fsignals following bimolecular reactions has il
also been reported following collisions of other fluorinated dica-,:ig. 5. Anexample mass spectrum foSF Ar. The thick line indicates a spec-
tions[1,26,48,50] We also do not observe any#rions, which  trum recorded with the collision gas (Ar) present, whilst the thin line indicates
would be produced by double electron transfer processes. Givein appropriately normalized spectrum recorded with the collision gas absent.
the absence of any'Fsignals it is clear that two SET reactions
are occurring in the SF + Ar collision system together with a

bond-forming reaction generating A4S parent SFE ion. We discuss the extraction of thé values for
SP* L Ar — SFr+Art 22) the formation of the Ar&f ion in more detail below.
SP*+Ar > ST4+F + Arf (23) 6. Discussion

SPt +Ar — ArS?t 4+ F (24)

6.1. Electron transfer reactions

For the products of the SET reactions the relevantion intensi-
ties in the mass spectra were processed, as also described abovefig. 6 shows the values af; we derive for the formation
to yield the relevant’, values for these ions as a function of of SF" and S as a function of centre-of-mass frame collision
collision energy. Note that for the formation of thé ®n we  energy. Note thatthe ratio between ﬁje/alues for forming SF
assume, as has been determined experimentally for similar cand S is approximately 2:1. The valuesmj do not vary signif-
lision systemd26], that the energy release upon dissociationicantly with collision energy over the range of our experimental
of the excited electronic states of St from S is negligible  investigations. A similar insensitivity to the collision energy has
in comparison to the energy release involved in the separatiobeen observed for several other SET reaction of dications in this
of the SF and Ar*. Thus, the $ion moves across the source energy regimgs0]. To perform the Landau—Zener calculations
region of our experiment with approximately the velocity of the outlined above, to attempt to account for the relative intensities
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30 Table 1

Landau—Zener calculations showing relative SET cross-sectigas (in AZ)
and exothermicitie\ H from the groundX) and first excited stated ) of SF2*
to the first six electronic states of SF

20 1 Electronic state of SFproduct  Electronic state of $Freactant

X2m A2

AH(eV) oser AH(eV) oser

Reaction cross-section / arbitrary units

104 X35~ (>SF) -55 1 -95 0

alA (—SF) —4.4 12 -84 0

b1zt (—SF) -35 21 75 0

A3 (->S"+F) +0.3 0 -37 23

o d (—S"+F) +1.4 0 27 3

25 30 35 40 45 50 55 60 65 DM (—S" +F) +2.2 0 -19 0
Centre-of-mass collision energy / eV 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.
Fig. 6. Absolute reaction cross—sectimjsin arbitrary units, for the formation

of SF" (4), S (@), Ar* (¢) and Ar$* x 100 (@) as a function of centre-of-mass

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

of SF" and S that we observe, requires the relative energies Table 1shows SET cross-sections we calculate for populat-

of the relevant electronic states of8fand SE. Little experi-  ing the various electronic states of SFormed together with

mental information is available on the relative energetics of theé\r*(2P), from the two electronic metastable states of 'Sk
monocationic and dicationic states of'SHence, we have deter- can be seen frofable 1that the probability of the SET reaction
mined these energies using a quantum chemical approach. Thepulating the dissociative electronic states of &hegligible
detailed results of these quantum chemical investigations intt the S** is not electronically excited. This implies that the S
the potential energy curves of SFand SF will be reported in ~ signal observed in the mass spectra must result from the popu-
detail elsewherg51,52] Briefly, the computational modelling lation of the dissociative higher lying states of '3y the SET
involved generating potential energy curves for electronic statetgactions of the first excited state of&Fsupporting our expec-

of SF" and SE* by performing single-point energy calculations tation that our dication beam is composed of Siens in both
at0.05A intervals using the state-averaged AQCC method with gheir ground and first excited states. Hence, the Landau-Zener
full valence active space, coupled with an uncontracted basis seglculations indicate that the magnitude of the signal we

as implemented in Molpro v.2002.3 consisting of 16s11p3d2figbserve is a measure of the relative population of the ground
functions for S atoms and 12s6p3d2flg functions for F atom&nd first excited electronic states of&k our beam. Given the
[53]. The results from the computational work show that thecross-sections listed ifable 1, and our experimentally observed
ground dication state of $F (X 2I1) is metastable, as it pos- ratio of S to SF', we can see that there must be a significant
sesses a significant barrier4.5 eV) to charge separation. The population of the S#(A) state in our beam. We estimate that
first SE* excited state4 2I1) is also metastable, possessing athe beam comprises approximately half as many dications in the
barrier of~2.5 eV to charge separation, and lies 4.0 eV above thérst excited electronic state as dications in the ground electronic
ground state. A further six metastable dication states lie withirstate.

6.0 eV of the ground state, but these are all much more weakly The value of’ for the formation of At from the SE* +Ar
bound (<1eV). Thus we may expect our dication beam to beollision system should, of course, be equal to the sum of the
predominantly composed of Fions in both their ground and ¢’ values for the formation of SFand S since Af" must be

first excited electronic states. With regard to the monocation w@roduced in all SET reactions. However, as showfi@ 6, the

find that the first three electronic states of'§& 3=, a 1A,  value ofo’ we determined from our data for the formation of Ar

b 1x*) are bound; the first dissociative state¥(1) lies 5.7eV s significantly lower than this value. This discrepancy arises due
above the ground state of SBnd the higher electronic states to the values of the constants involved in the “arbitrary units”
of SF" we calculate are also dissociatifd,52] The adiabatic in which we express our values of. For example, Eq(16)
ionization energy of SFis calculated to be 21.3 eV and the first shows that the constant of proportionality between our derived
ionization energy of SF is experimentally established as 10.1 e values and the true absolute cross-sections depends on the
[54], a value in good agreement with our calculati§®s,52] ~ number density of the neutral gasig. 4 shows that the Ar

The ionization energy for populating the 3p(2P) electronic  ions, being backward-scattered in the centre-of-mass frame, are
state of AF is well known, and hence we are able to evaluate thesampled from a spatially distinct portion of the source region to
exothermicities for populating the accessiblé $RAr* product  the forward-scattered product ions. Thus, the arbitrary units for
asymptotes, which are listed Table 1 Note that SET reactions our values of’; for the “fast” product ions are different to the
involving the population of higher electronic states of Afior  arbitrary units for the values of for forming Ar* because of the
example the 3s'(°Sy,) state, are endothermic and thus are notdifferent number density of Ar in the spatially distinct regions
expected to be populated in Landau—Zener style transitions, &s which the relevant ions are formed. The neutral gas jet is
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positioned above the ion beam, before the source region of the

TOF-MS (as shown ifrig. 4). This position is ideal for the gen- BC™'+ A
eration and collection of fast product ions from SET reactions.
However, since the Arions 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 the’; 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 as™+c*
dication beam before it reaches the TOF-MS. However, despite
the above problems it is satisfying to see thag( 6) the energy
dependence of the values for forming At is effectively iden-  Fig. 7. Schematic potentials showing the route from?PABC to AC2* +B [4].

tical to that we observe for'Sand SF as one would expect. The reactants must avoid switching potential surfaces at Points 1 and 2 and have
Thus, whilst not being able to extract directly comparafle Sufficient kinetic energy to reach the product asymptoig)

values for the slow backward-scattered ions from SET reaction,

we now can at least determine the collision energy dependengg monocations are often observed following collisions of dica-
of their reaction cross-sections. A significant step forward in thejons with neutral§31]. Evenifthe collision system successfully

data we can extract from our experiments. negotiates this second region of curve crossings it must possess
. oy sufficient kinetic energ\ E to reach the asymptotic limit corre-
6.2. Formation of ArS sponding to Ar&* + F. Of course, in addition to these energetic

and dynamic considerations, the doubly charged product must

As discussed above, the peak we observe in the in the magg formed in a non-dissociative state in order to be detected.
spectrum atn/z =36 (Fig. 5) is assigned to Ar&, clearly indi- Fig. 8 shows the relative energetics of the various critical
cating the occurrence of reacti@@). Fig. 6shows the values of - yointsin the reaction mechanism forming At$or our collision
o’ for the formation of Ar&* as a function of collision energy. system. All of the product asymptotesfiig. 8can be reached in
As shown below, the formation of AfSis thought to proceed 4 spin allowed fashion from the ground state of'S&nd, hence,
via the formation of an ArS¥ collision complex. Hence, the  gther factors must account for the propensity for formingrS
extraction of theo’ values for Ar$* assumes that the kinetic i, this collision system. To derive some of the energetics shown
energy release accompanying the dissociation of the collisiop, Fig. 8 we have performed quantum chemical calculations to

complex is negligible and the laboratory frame velocity of ATS  getermine the energies and geometries of species containing an
is assumed to be equal to the velocity of the centre-of-mass of

the collision system. It appears clear fréig. 6 that the cross-
section for this bond forming reaction rises from a threshold just
below 2.5eV. A more accurate determination of this threshold
is not possible in our experiments due to the smallArSgnal

and the low flux of SF* in these experiments. Note thaffiy. 6
theo’ values for forming Ar&* are multiplied by a factor of 100.

As discussed above, the observation of a doubly charged 3024 2

molecular product form the reaction of a small molecular dica- :
tion with a rare gas atom is rather unusual. A schematic model
proposed to rationalize the occurrence of bond-forming dica-
tionic reactions has been presented beféy@,10] and is illus- 0.1eVy
trated inFig. 7. The left hand side diagram represents the

1 2+ 2
ArS + F

0.8eV

approach of the reactant dication and the neutral. However, for LleV
the reactants to achieve the intimate contact they requiretoform | “sr >+ 'ar

new chemical bonds, the collision system must successfully pass

through the curve-crossing in the entrance channel that leads to 556V

SET (Point 1,Fig. 7). If the collision system passes through o
Point 1 then a collision complex can be formed and the neces- SF__+ "Ar”
sary chemistry may occur. As the products separate they must _ _ . ,
through the curve-crossing at PoianKJ( 7) where a Fig. 8. Relative energies of the reactant and product asymptotes associated with
pass g - . 9 . v _the formation of Ar$* from the reaction of S¥ + Ar. See text for detailsEcm
change of potential surfaces will result in the formation of a paifingicates the minimum collision energy available in the experiments reported in

of monocations. Indeed, bond-forming reactions forming pairshis paper.
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Table 2 the population of dissociative excited states of the product
Optimised geometries calculated for relevant species containing-a8 Bond dication.
HAr—S) &) HF—S) @) Z(Ar—S—F)
2prSP2* 214 2.05 167.47 7. Conclusions
2Ars* 2.13 - -
3ArS§+ 2.06 - - The formation of $ and SF in SET reactions between 3F
1 + . . .
ArS 2.02 - - 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
Ar—S bond. These calculations were performed using Gaussigfame. The form of this SET reactivity has been rationalized by
98[55] implemented on a Linux workstation. Optimised geome-Landau—Zener calculations, which indicate that thie®duct
tries (se@able 2 were determined using an MP2 algorithm with results from the dissociation of excited electronic states &f SF
a cc-VQZ basis set and the energies of these geometries (relgopulated by the reaction of the first excited electronic state of
tive to Ar* + F* + S) were then evaluated using a coupled clustesP2*. The calculations also indicate the stablé &fs detected
[CCSD(T)]algorithm. As described above, the ionization energytesult from the SET reactions of the ground state ot*SFhe
of SF" was calculated via an alternative methodology as part ofeactivity of this collision system also involves an unusual bond-
a different investigatiort51,52]. However, since the ionization forming reaction, which generates £AS Quantum chemical
energy and heat of formation of SF are known experimentallytalculations of the relevant energetics show that the lowest lying
[54], the relative energy of the reactant asymptote can be locatesinglet and triplet states of AfSare bound and are energetically
appropriately, as is shown ig. 8 accessible for this collision system at the above collision ener-

In the present experiment the collision system readily crossegies. The observation of AfShas been rationalized in terms of

at the first curve intersection, (PointHig. 7) as strong signals the relative energetics of the competing chemical and electron
of SF* (and S) and Ar" are observed. However, the observationtransfer reactions. This analysis shows that electron transfer in
of products with new chemical bonds shows that a significanthe exit channel between the separating Ar&nd F atom is

number of collisions do not cross at this firstintersection. For theikely to be inefficient, explaining why we detect the observed
equilibrium geometries of ArS and ArS', the asymptote corre- products and not a pair of monocations.

sponding to Ar$ + F* lies just 0.8 eV below the asymptote cor-
responding tGArS2* + F and 2.3 eV below that corresponding Acknowledgements
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