Electron transfer and bond-forming reactions
following collisions of 1°* with CO and CS;

James D. Fletcher, Michael A. Parkes and Stephen D. Price*

Department of Chemistry, University College London, 20 Gordon Street, London, WC1H 0AJ,
UK

1 Abstract

Collisions between 12 and CO have been investigated using time-of flight mass spectrometry at
a range of centre-of-mass collision energies between 0.5 eV and 3.0 eV. Following 1>* + CO collisions
we detect I* + CO* from a single-electron transfer reaction and 10* + C* from bond-forming reactivity.
Reaction-window calculations, based on Landau-Zener theory, have been used to rationalise the
electron transfer reactivity and computational chemistry has been used to explore the [I-CO]?* potential
energy surface to account for the observation of 10*. In addition, collisions between I?* and CS; have
been investigated over a range of centre-of-mass collision energies between 0.8 eV and 6.0 eV. Both
single and double electron transfer reactions are observed in the 12*/CS; collision system, an observation
again rationalized by reaction-window theory. The monocations IS* and IC* are also detected following
collisions of 12* with CS,, and these ions are clearly products from a bond-forming reaction. We present
a simple model based on the structure of the [I-CS;]** collision complex to rationalize the significantly

larger yield of IS than IC™ in this bond-forming process.
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1 Introduction

A combined approach involving experiments and chemical modelling has indicated that the
properties and chemistry of small multiply-charged ions, particularly dications, are relevant in a number
of energised environments, such as plasmas, interstellar clouds and planetary ionospheres.[1-6] Such
potential applicability has made the gas-phase bimolecular reactivity of atomic and molecular dications
a focus of experimental investigations for a number of years. Single-electron transfer (SET) reactivity,
which is close to ubiquitous in collisions of small dications with neutrals, has been extensively studied
and is now reasonably well understood.[7-18] Specifically, the “reaction-window” concept, arising
from an application of Landau-Zener theory to dication-neutral collisions, readily explains the SET
reactivity in these encounters at low collision energies.[9-11,13,14,18-22] Scattering experiments,
employing crossed-beam mass spectrometers, guided ion beams and coincidence technigues, have also
been used to elucidate the detailed mechanisms of dicationic SET reactivity, usually revealing a direct
pathway.[9,11,14,21-28] More recently, similar experiments have been performed to help understand
the dynamics of double electron transfer (DET) reactions in dication-neutral collisions.[9] In parallel
with these studies of dicationic electron transfer, laboratory studies have also revealed that molecular
dications can take part in bond-forming reactivity at low collision energies in the centre-of-mass
frame.[11,14,20,22,28-39] Indeed, it has been shown that gas-phase dication chemistry can provide new
pathways for the formation of specific bonds and unusual compounds.[35,40]

Focusing on atomic dications, the reactive species in the current study, there has been
considerable attention paid to the bond-forming chemistry of metal atom dications; such investigations
were stimulated, in part, by an attempt to rationalise the activity of heterogeneous catalysts.[41] This
interest in the chemistry of metallic dications was prompted by the observation that atomic transition
metal dications exhibited varied and rich bond-forming chemistry following collisions with alkanes.[42-
44] In contrast to metallic species, there has been far less attention paid to the bond-forming reactivity
of non-metallic atomic dications with neutrals. Past experiments have focused predominantly on the
bond-forming chemistry of the Ar?* dication following collisions with various neutrals.[9,19,45-48] For
example, collisions between Ar?* with CO, CO;, O and N form ArC*, ArO*, ArO* and

ArN?*respectively, albeit with low yield.

In this paper we report the reactions that take place following collisions of doubly ionised atomic
iodine (I1%*) with two small neutral molecules: carbon monoxide (CO) and carbon disulphide (CS,). As
well as observing electron transfer reactivity, in both of these collision systems we detect singly charged
species generated by bond-forming reactions. Existing electrostatic models, in conjunction with ab inito
electronic structure calculations, have been used to rationalise the behaviour we observe in these

reactions of 12*.



2 Experimental

The experimental apparatus used in this study has been described in detail in previous
publications, therefore only a brief description is provided here.[49] In summary, monocations and
multiply-charged cations are generated, from an appropriate precursor gas, in an electron ionisation
source (~150 eV electrons). These positive ions are extracted from the source and accelerated to a
potential of 250 V. The extraction voltage and source design ensure that the resulting ion beam has a
small kinetic energy spread (0.5 eV). After acceleration, the ions enter a commercial velocity filter
which selects the dication of interest according to its m/z value. The resulting mass-selected ion beam
is decelerated to the chosen collision energy (typically less than 15 eV in the laboratory frame) and
refocused. After this deceleration and focusing, the ion beam then passes through an effusive jet of
reactant gas in the ‘interaction’ region of the experiment. The interaction region doubles as the source
region of a linear time-of-flight mass spectrometer (TOFMS). The TOFMS is aligned perpendicularly
to the direction of the reactant ion beam. The pressure in the interaction region is kept low (typically
significantly less than 10° Torr) in order to ensure that single-collision conditions are maintained.[50]
Relatively low collision energies were employed in this study in order to promote any bond-forming
reactivity. The lowest collision energy is limited by maintaining a practical flux of dications, as the
dication beam current decreases markedly with decreasing collision energy. Following the dication-
neutral interactions, a pulse generator, running at 50 kHz, triggers the application of a positive voltage
pulse to a repeller plate which accelerates all of the positively charged ions (reaction products and
unreacted parent dications) from the interaction region into the acceleration region of the mass
spectrometer and then into a field-free drift tube. At the end of the drift tube the ions impact upon a
micro-channel plate detector. Signals from the detector are amplified, filtered by a constant-fraction
discriminator and converted into arrival times by a time-to-digital converter (TDC). The start signal for
the TDC is provided by a trigger from the pulse generator, sent shortly after the repeller plate is
energised. The ionic flight times recorded by the TDC are sent to a PC, via a memory module, where
they are stored as a histogram of counts as a function of TOF (a mass spectrum). Recording a single
mass spectrum typically involves several thousand data acquisition cycles, where a single cycle involves
collecting 64 kB of data. For each collision energy studied in this work one initial mass spectrum,
comprising 10000 cycles, was gathered in order to ensure that even very weak ion signals were clearly
identified. A further six pairs of spectra, each comprising 5000 cycles, were gathered at each collision
energy for product ion intensity analysis. Each pair of mass spectra consists of a ‘gas-on’ spectrum,
with the collision gas present, and a ‘gas-off” spectrum, without the collision gas. In this study the
reactant 1>* ions were formed by dissociative multiple ionisation of I, molecules taken from the vapour
above a commercial, high purity, sample of solid iodine held at room temperature. The CO collision

gas was a high-purity commercial sample and was used without further purification. The CS; sample



was taken from the vapour above a commercial liquid sample held at just below room temperature; the

CS; was purified, before use, by several cool-pump-warm cycles.

A complementary computational study using GAUSSIAN-09[51] was carried out in an attempt
to determine the structures and energetics of the products of the bond-forming reactions observed
following the collisions of 12* with CO and CS,. Calculated energetics were combined with data from
the literature[52] to determine the relative energies of the product asymptotes corresponding to the
product ions that we detect experimentally. Zero point energy corrections at the MP2 level are included
in all of our energetics. Additionally, the structures and relative energies of relevant intermediates and
transition states were also determined computationally. In all cases single point energy calculations
were performed using a CCSD(T)/aug-cc-pVTZ algorithm at optimised geometries obtained and

characterized using an MP2(fc)/aug-cc-pVTZ procedure.

3 Reaction-window theory

In both of the 1?* collision systems we have investigated, we find that single electron transfer
(SET) is the major contributor to the product ion yield. Reaction window (RW) theory has been used to
calculate cross-sections for these electron transfer reactions to assist in rationalising our experimental
findings. The methodology of our RW calculation has been described in detail in the literature,[12,49]
and only a brief account is provided here. In the RW model, electron transfer occurs at the intersection
(curve crossing) between reactant (dication + neutral) and product (monocation + monocation) potential
energy curves, with the reactants and products pictured as structureless particles and the inter-species
separation viewed as the reaction co-ordinate. The inter-species separation of the curve crossing, the
crossing radius, can be determined by using appropriate functions to approximate the potential energy
curves of the reactant and product states. For dication/neutral collisions, the reactant potential is
modelled as purely the result of polarization-attraction, a robust assumption given the significant
interspecies separations where reactive curve crossings occur. The potential curve for the singly-
charged products is represented purely by electrostatic repulsion, with an energy offset to ensure the

reactant and product states are separated by the appropriate exothermicity.

Given the above model potentials, Landau-Zener theory (equation (1)) is used to calculate the
probability 6 of remaining on the same diabatic potential energy curve as the collision system passes
through the crossing radius.[53-55] The value of ¢ determines the probability P of SET (equation (2))
as, for successful SET, the collision system must pass through the curve crossing twice (on approach
and separation) but change potential surfaces only once. Thus, the maximum possible value of P is 0.5.

The magnitude of ¢ is influenced by the values of several quantities at the crossing radius: the coupling

4



between the potential curves Hi,, the difference in the gradients of the potential curves |Vi — V.| and
the relative radial velocity of the reactants vy(b). The model potential energy curves are used to calculate
the crossing radius and [V1 — V2| and then a semi-empirical methodology, proposed by Olson, is used
to estimate |H12|.>[56] Thus, using the model potentials, 6 and P can to be calculated at a given collision

energy for an encounter with an impact parameter b.
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To derive a value for the SET cross section at this given collision energy we then integrate P over all

values of b (0 to bmax) for which the system passes through the crossing radius:

bmax
Gspr = f 21b P(b) db 3
0

Since the value of & decreases strongly as the radius of the curve crossing decreases, due to the
increasing coupling between the reactant and product states, this model results in a range of interspecies
separations, the so-called reaction window, over which SET is efficient. If the curve crossing is at too
small an interspecies separation, the coupling is too strong (6 —0, P—0) and an electron is transferred
as the reactants approach and as the species separate, thus there is no net electron transfer. Conversely,
if the curve crossing is at too large an interspecies separation, the coupling between the reactant and
product states is too weak (6 —1, P—0) for an electron to be transferred at all. Somewhere between
these two limits lies the reaction window. Previous studies have indicated that for dicationic SET the
reaction window lies between interspecies separations of approximately 3 A and 6 A. Given our simple
potential model, such separations correspond approximately to SET exothermicities between 2 eV and
6 eV.[14,49] The above model has allowed the satisfactory rationalisation of dicationic SET in a number
of different collision systems.[19,20,57] For collisions of 1>* with CO and CS;,, we have used this model
to estimate the SET cross sections for populating the accessible electronic states of the product

monocations to explain the reactivity we observe.

4 Results

Mass spectra were recorded, as described above, at centre-of-mass (CM) collision energies (Tcm)
ranging from 0.5 eV to 3.0 eV for 1?*/CO and 0.8 eV to0 6.0 eV for 12*/CS,. Product ions were identified
by comparison of ‘gas-on’ and ‘gas-off” spectra at each collision energy. The gas-off spectra were used
to correct the product ion yields in the gas-on spectra for any impurities present in the reactant ion beam

and for any contribution from reactions with the background gas in the collision region. For each



product ion, in order to quantify the ion yield, an average relative product ion signal R was determined
by normalisation of the corrected product ion signal to the incident dication intensity. The raw product
ion signal and R are both, of course, a function of the collision gas pressure. Hence, for consistency,

the collision gas pressure was maintained at the same value for all the experiments.

Table 1: Experimental product ion signals R (relative to 12*) for the product ions

detected following 12*/CO collisions as a function of CM collision

energy Tem.
Tem/eV 104R

cra Cco*P I*P I0*2
05 0.06 7.6 53.7 0.30
0.7 0.05 7.3 42.0 0.31
0.9 0.06 8.4 50.1 0.28
1.0 0.07 9.9 56.0 0.33
1.2 0.07 9.1 50.0 0.31
1.4 0.05 7.9 47.1 0.23
1.6 0.06 9.5 a47.7 0.34
1.9 0.07 115 57.4 0.42
2.2 0.11 145 57.5 0.50
2.4 0.10 14.0 49.0 0.52
2.7 0.03 9.1 394 0.33
3.0 0.05 9.5 36.6 0.28

a  Estimated uncertainty 20%
b Estimated uncertainty 4%

41 1*+CO

The product ions we observe following 12*/CO collisions are listed in Table 1, where R values
are also reported for each of the product ions at each collision energy. Table 1 also includes an estimate
of the uncertainties in the R values. These uncertainties are estimated from both the reproducibility of
individual measurements and an analysis of the uncertainty introduced by the subtraction of background
signals. We see that I" and CO™ ions are clearly the most abundant products, revealing a strong SET
reaction (reaction (4)). Given that this SET reaction evidently dominates the reactivity, one would in
principle expect the yields of I* and CO* to be approximately equal. However, Table 1 clearly shows
that the I* ion signal is seven times more intense than the sum of the CO* and C* signals at T¢cn = 0.5
eV. Furthermore, we can also clearly see in Table 1 that, while R(CO") increases with increasing Tem,
R(I") exhibits a gradual decrease. At Tem = 2.2 eV, R(I") is only four times greater than R(CO™).

I +CO —> 1"+ CO* (4)

The intensity difference between the I" and CO* signals, and the changes seen with collision energy,

are caused by significant differences in our experimental detection efficiency for ions derived from the



dication reactant (i.e. I") and ions derived from the neutral molecule (i.e. CO") in the SET reaction.
These discrimination effects have been discussed extensively in previous publications.[19,20] Strong
forward-scattering typically dominates the reaction dynamics in dicationic SET reactions, due to the
electron transfer occurring at significant inter-species separations.[14,49] This form of scattering results
in the I products having CM velocities predominantly orientated in the direction of the initial CM
velocity of 12*, whilst the products derived from the neutral molecule (CO*) have CM velocities
predominantly orientated in the direction of the initial CM velocity of the neutral molecule. At the
collision energies in our work, these CM scattering dynamics give the singly-charged products (I* and
CO") distinctly different laboratory (LAB) frame velocity distributions.[14,49] The ions derived from
the reactant dication possess significant LAB frame velocities, velocities markedly greater than the
LAB velocity of the CM, and are termed ‘fast’ ions. In contrast, ions derived from the neutral molecule
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Figure 1:  Schematic diagram of the TOF-MS interaction region illustrating the effect of a
product ion’s velocity on its detection efficiency for ‘fast’ (A) and ‘slow’ ions (B).

See text for details.

have low LAB frame velocities, distinctly less than the velocity of the CM, and we term these species
‘slow’ ions. Our experimental geometry is optimized to collect the fast ions significantly more
efficiently than the slow ions. This experimental geometry (Figure 1) involves the jet of neutral gas
crossing the dication beam before the ion beam reaches the centre of the source region of the TOF-MS.
At our collision energies, fast ions created in the interaction region pass efficiently (Figure 1) into the
TOFMS and are detected. However, with this experimental arrangement, slow ions are sampled from a
distinctly different volume of the interaction region to the fast ions. As illustrated in Figure 1, only slow
ions formed considerably closer to the centre of the source region of the TOFMS will go on to reach
the detector. The neutral gas pressure is markedly lower in this second region of the apparatus, as it is

further from the gas jet, and thus fewer detectable CO* ions are formed.



We have calculated the I* and CO* product ion velocities using the known I?* reactant velocity
and by estimating the kinetic energy release following 12*/CO collisions.[21-23] These product
velocities, and the internal geometry of the mass spectrometer, are then used to estimate the detection
efficiencies of the singly charged ions using the procedure previously outlined by Burnside et al.[19,20]
As expected, the detection efficiency of 1™ greatly exceeds that of CO* at our low collision energies.
Upon increasing collision energy, the I* detection efficiency steadily decreases as the sampled volume
of the source region decreases in size. In contrast, as the CO* LAB frame velocity increases the detection
efficiency for these ions also increases as the detected ions are sampled from regions of higher neutral
gas pressure. This analysis clearly accounts for the variation in the I* and CO* signals with increasing
collision energy (Table 1). For example, at Ten = 2.2 eV the ratio of I" to CO™ detection efficiencies
given by the above analysis is approximately 4. Such a value for the relative detection efficiency of
these product ions then indicates, given the experimental R values (Table 1), that the I* and CO* product
ions are formed in equal numbers, as expected. Previous work, using the same experimental apparatus,

yields results which show the same pattern of behaviour following CI?*/CO collisions.[19]

As illustrated in Figure 2, a clear signal corresponding to 10* is also observed following collisions
of 12 with CO. No signals corresponding to any other bond-forming reactivity (e.g. IC*) are detected.

I+

10°

T T T T T 1 T T T T T T T T
125 130 135 140 145 150 125 130 135 140 145 150 155 160 165

Mass-to-charge ratio Mass-to-charge ratio

Figure 2:  Representative mass spectra recorded following collisions of 12*/CO
(left) and I1*/CS, (right) at Ten = 3 €V and 6 eV respectively
highlighting the signals due to the bond-forming reactions. In both
cases the black line indicates a normalised “gas on” spectrum and the
grey line indicates a normalised “gas off” spectrum, recorded at the
same collision energy. The inset on the right panel shows the 12*/CS,
spectrum on enlarged horizontal and vertical scales in order to highlight
the IC* peak at m/z = 139.



Given conservation of charge and mass, the ion that accompanies 10* formation must be C*. Satisfyingly
(Table 1) we also detect C* ions following collisions of 12 with CO. The mechanism of this bond
forming reaction is likely to involve the formation of a collision complex,[21,58] as discussed in detail
below. This class of reaction dynamics results in effectively isotropic product scattering in the CM
frame and the pairs of product ions which are formed are sampled from similar volumes in our
apparatus. Therefore the detection efficiency of these product ions is determined largely by their
velocity, which, in turn, is governed by their mass. Specifically, when a doubly-charged complex (e.g.
[1-CO]%") fragments, the kinetic energy released is distributed between the two singly-charged products
and the light products will be formed with greater energies than the heavier products. As a consequence
of this energy distribution, a greater number of the light ions formed will be lost ‘sideways’ and not
reach the detector. The heavier partner ions, formed in equal numbers, will therefore be detected more
efficiently. This efficiency effect accounts for the markedly larger product ion signals for 10* than for
the lighter partner C* ion (Table 1). Other possible sources of C* are dissociative SET and double
electron transfer (DET); the yield of C* from these processes are discussed in detail below.

42 1 +CS;

The product ions detected following 12*/CS; collisions are listed in Table 2, where R values for
each ion are also reported. As shown in Table 2, intense signals corresponding to CS;* and I* are
observed at all of the collision energies investigated. Again, R(I") greatly exceeds R(CS;") revealing the
same strong forward scattering dynamics following SET as discussed above. Furthermore, as well as
CS*, C*and S* fragments, a CS,?* signal is also observed which indicates that DET makes a significant
contribution to the reactivity in 12*/CS; encounters. The observation of DET following 12* collisions
with CS,, but not following collisions with CO, is readily rationalized on energetic grounds.
Specifically, DET is exothermic for 12*/CS; collisions (AH; = -3.8 V), in contrast to the 12*/CO collision
system where it is markedly endothermic (AH, = 12.8 eV).[52,59,60] Thus, DET between I?* and CS;
is expected to occur across the collision energy range of this work. The sampling volumes for the
formation of CS," and CS,?* from SET and DET were calculated using the model described above. In
calculating the product ion velocities we assume that DET has a negligible kinetic energy release. The
model indicates both ions will be detected with approximately equal efficiency. Therefore, we conclude
that, in this collision system, non-dissociative SET is the dominant reactive process, since R(CS;") is
more than ten times larger than R(CS;?*) across the energy range of the study. These electron transfer

processes are discussed further below.

Two product ions, IC*" and IS*, arising from bond-forming processes are detected throughout the
collision energy range investigated in this study. The intensity of IS* is significantly greater than IC*,
as shown in Figure 2. These bond-forming products are likely to be formed via the dissociation of a

short-lived [ICS;]?* collision complex and, as mentioned above, the detection efficiency of a given



product ion formed in such a process is strongly influenced by its mass. Since IC* and IS* ions produced
in bond forming reactions are much heavier than their partner ions, and we estimate that such heavy
species will be detected with approximately equal efficiency. Therefore, we conclude that the 1S*/IC*
intensity differences we observe broadly reflect the different reactive cross sections for the different

bond-forming processes; an explanation for this propensity is discussed further below.

Table 2: Experimental relative product signals R (relative to 12*) for the product
ions detected following 12*/CS; collisions as a function of CM collision

energy Tem.

Tem/eV 104R

cre g*b CS,*®  CS*P  CSp*h P IC™2 IS8

0.7 5.1x107% 0.66 0.03 1.00 0.08 39.13 0.04 0.55
15 5.1x1073 0.80 0.06 1.12 0.20 24.24 0.05 0.49
2.2 7.4x10° 1.14 0.05 1.33 0.46 20.66 0.05 0.51
3.0 1.2x10% 1.60 0.12 1.78 2.00 19.53 0.09 0.53
3.7 1.7x107 2.31 0.15 2.62 2.48 22.52 0.15 0.62
4.5 2.1x1072 3.70 0.25 5.01 1.73 25.58 0.15 0.67
5.2 1.9x10% 3.45 0.22 4.45 1.34 22.76 0.14 0.56
6.0 2.0x1072 3.74 0.24 4.75 7.64 22.01 0.15 0.62

a  Estimated uncertainty 20%
b Estimated uncertainty 4%
c Estimated uncertainty 30%

Discussion

4.3 12" + CO collision system

4.3.1 Electron transfer reactivity

The energetic data taken from the literature for both SET and DET reactions relevant to the 12*/CO
collision system are summarised in Table 3.[52,60,61] The neutral reactant gas is admitted as an
effusive jet, therefore only the ground (X '=*) electronic state of the CO reactant will be populated.
However, since we use 150 eV electrons to generate our dication beam, a number of 1?* excited states
are energetically accessible. We certainly expect that the 1>* beam will be primarily composed of the *S
ground state and perhaps the 2D and 2P excited states from the 12*(p®) configuration.[62] The cross
sections for populating higher-lying excited states of 12* in the electron ionization source should drop
off rapidly with the increasing energy of these excited states, and inspection shows that such higher

energy states should have facile radiative relaxation pathways to the p? electronic states.[60] Supporting
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this analysis, we see below that the reactivity we observe is satisfactorily explained assuming just the

two lowest I12* electronic states (*S and 2D) are present in our ion beam.

In this collision system a number of I" + CO* product states are accessible, the relevant

combinations of reactant and product electronic states are listed in Table 3.[60,63]

Table 3: Calculated SET cross-sections ose, in arbitrary units, for the population
of various product states following 12*/CO collisions at Tem = 1.9 V.
Also listed are reaction enthalpies AH, for the various channels.

[52,60,63]
Electronic states of products Electronic state of I?* reactant®
" co* XS A?D

AH; eV OSET AH; eV OSET
X3p X2zt -5.1 0.8 -6.6 ~0
A'D X2zt -3.4 28.0 -4.9 1.6
X3p A 21 -2.6 3.3 -4.0 18.1
B1S X2zt -1.4 ~0 -2.9 12.9
A'D A 21 -0.8 ~0 -2.3 1.0
X3p B2zt 0.6 - -0.9 ~0
B1S A °TI, 1.2 - -0.3 ~0

2The 2D state of 1?* lies 1.5 eV above the ground state.[60]

For both the *S and 2D states of the 1>* reactant, Table 3 shows the relevant energetics of the accessible
product asymptotes and the calculated SET cross sections oser for populating those asymptotes. The
values of oser are derived from the RW algorithm outlined above.[12,49]. The values of aser shown in
Table 3 indicate that three specific SET processes are responsible for the vast majority of the products
of the non-dissociative SET reaction we observe in this collision system all three populating stable
states of CO* .

125 (X *S) + CO (X =) — I* (A D)+ CO* (X 2=*) (5)
12* (A 2D) + CO (X 1T*) — I* (B 1S)+ CO* (X %*) (6)
1* (A 2D) + CO (X 1T*) — I* (X 3P)+ CO* (A 2 T;) (7

We note that spin is not conserved in reaction (5) and this reaction might perhaps be disfavoured with
respect to reactions (6) and (7). However, previous work has shown that increased spin-orbit (SO)

coupling, caused by the presence of heavy atoms such as iodine, can relax spin conservation in ionic
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reactions and facilitate reactive processes which are nominally spin-forbidden, allowing them to occur
efficiently.[64-66] Indeed, as shown below, the available non-dissociative SET reactions in the 12*/CS;
collision system are all spin allowed. Hence, the broadly comparable yields of I* from collisions with
CO and with CS; that we observe (Table 1 and Table 2) perhaps hint that spin conservation is not

restricting the non-dissociative SET reactivity of the ground state of 12* in reactions with CO.

Considering the C* ions we detect (Table 1), these ions must accompany the formation of 10* but
could also, in principle, be formed by dissociative SET or DET. We note this C* signal from reactions
of 12" with CO is strikingly smaller than the other ET product signals (Table 1). C* signals from
dissociation of CO?" ions formed by DET can be ruled out because, as discussed above, DET is
significantly endothermic (AH; = 12.8 eV) in this collision system, even allowing for the presence of
excited 12*(p®) states in the reactant beam.[52,61] Indeed, there is no additional experimental evidence
for the occurrence of DET, such as an O* or CO?" signal (CO?* is metastable but with sufficient lifetime
to be detectable in our experiment). SET reactions which populate high-lying dissociative states of CO*
are strongly endothermic from the p® manifold of I1>*, as the lowest dissociative electronic state of CO*
(E 2%) lies 9 eV above the ground state.[63] Therefore, we conclude that bond-forming reactivity must
account for all of the observed C* signal. The C* ion intensity we observe is smaller (by about a factor
of 5) than that of 10*. However, this relative intensity difference is undoubtedly due to the larger
detection efficiency of the heavy products (I0* in this case) from bond-forming reactions, as discussed
above.

If, as we conclude above, the bond-forming reaction is the dominant source of C* then we would
expect the ratio R(C*)/R(10") to remain effectively constant, or vary slowly, over the range of collision
energies studied; a slow variation being a result of changes in the relative collection efficiency of the
two product ions. We can extract the R(C*)/R(IO") ratio from the data presented Table 1 (See
Supplementary Information, Figure S1). Satisfyingly, this analysis shows that, within the error limits
given in Table 1, R(C*)/R(10*) decreases very slightly over the collision energy range studied, in accord
with our conclusion that the bond-forming reaction is the only source of both 10* and C*. The absence
of any contribution from SET to the C* signal shows that the SET reactivity in this collision system is
exclusively non-dissociative. This analysis also supports the conclusion than no highly excited states

of 12" are present in the reactant beam.

4.3.2 Bond-forming reactivity

As described above, we detect 10* across the range of 12*/CO collision energies investigated in
this work (Table 1). The yield of 10" is approximately 100 times smaller than the yield of I* from SET.

We see that there is little change in R(IO*) as Tcm increases, this relative independence of the yield of

12



bond-forming reactions to small changes in Tcm has been noted before.[19,20,34] The observation of
I0* can be rationalised using a model for dication/neutral reactions developed by Herman.[14] This
model considers the competition between electron transfer and bond-forming processes, highlighting
the importance of a collision complex on the route to the formation of new chemical bonds. Following
Herman, [14] schematic potential energy surfaces (PESSs) for a typical dication/neutral collision system
are shown schematically in Figure 3, where the dication is 1>* and the neutral is a diatomic molecule
XY.

IX*+Y

Vir)
A

[IX*+Y']*

X +Y"

IXY*
Collision complex

r(1-XY) r(IX-Y)

Figure 3: Schematic potential energy surfaces for rationalizing bond-forming
reactivity in dication/neutral collision systems. See text for details.

As shown in Figure 3, the I>* + XY PES is dominated by polarisation attraction (curve A). As the
reactants approach each other they encounter a number of curve crossings which lead to single electron
transfer. If the collision system does not cross onto these electron transfer surfaces the reactants can
associate to form a collision complex. As described above, for the 12*/CO collision system, many of
these SET product curves lie within the theoretical reaction window, hence there is a significant
probability of SET occurring. This conclusion is clearly demonstrated in the experimental results given
in Table 1, where SET dominates the product ion yield. The collision complex can, of course, back-

dissociate without rearrangement. The separating reactants then have another opportunity to cross onto
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surfaces leading to SET products. Alternatively, again as shown in Figure 3, the collision complex can
separate along a new reaction coordinate, to yield bond-forming products with different connectivity
(e.g. IX?* + Y, Figure 3, curve B). As the new products separate they will encounter a number of
different curve crossings allowing access to product asymptotes involving pairs of monocations, such
as IX* + Y* (Figure 3, curve C). The asymptotes for forming these pairs of monocations are typically
markedly lower in energy than the IX?* + Y asymptote (Figure 3). This energetic arrangement means
that the ET curve crossings in the exit channel typically occur at small interspecies separations where
the electronic coupling is strong. This strong coupling favours the population of the most exothermic
product asymptotes for bond-forming reactivity, as the system only passes through these crossings in
the exit channel once, as the products separate. Thus, we expect the majority of trajectories passing into

the exit channel to form a pairs of monocations, again as observed experimentally

IT+3co* —I11.7

N
74 —A=0¥ +3C
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Figure 4: Calculated stationary points and product asymptotes on the 1>* + CO
potential energy surface. See text for details. Energies (in eV) are
expressed relative to the (*S) 12" + 1CO asymptote. All species are linear
and the bond-lengths are given in Angstroms. Literature energetic data
for electron transfer processes are indicated on the left-hand side of the
diagram.[52,61]

As described above, we have explored the 12*-CO PES using computational chemistry. The
stationary points we have located in this exploration strongly indicate that the schematic model,
described above, satisfactorily represents this collisional encounter (Figure 4). A number of viable
structures for collision complexes have been located, at energies below the reactant asymptote, and

these structures are shown in Figure 4. The ground and first excited states of the I1?* reactant are also
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included in Figure 4. Additionally, Figure 4 shows the thermodynamic asymptotes for the possible
bond-forming reaction products following 12/CO collisions; these relative energetics again were
determined computationally. The SET and DET asymptotes, the energetics of which were taken from

literature sources, are also included in Figure 4 for comparison.[52,60,61,63]

The above calculations show that the product asymptotes for forming IC* + O and 10"+ C* lie
much lower in energy than the asymptotes for forming the dicationic products, IC? and 10%, as
predicted above. Thus, again as explained above, we would expect the majority of flux in the exit
channel of the bond-forming region of the PES to form monocationic products, as we observe
experimentally. However, of the potential iodine containing products of this bond-forming process (10*
and IC*) we only observe 10*. Formation of 10" + C* is the most exothermic bond-forming channel
(Figure 4). This channel is exothermic for the excited state I?* reactant, which we expect to be present
in the beam, but for the ground state of 12* the formation of 10* is nominally endothermic and requires
the involvement of the collision energy to take place. Considering the coupling arguments presented
above, we would expect most of the bond-forming flux to arrive at the 10 + C* asymptote, as we
observe experimentally. However, it seems surprising that no IC* is observed when this channel is just
0.4 eV more endothermic than the formation of 0™ The experimental data therefore suggests that the
IC* + O asymptotes, although thermodynamically available (if one allows for the participation of the
collision energy), are in some way dynamically inaccessible. To test this hypothesis we have performed
further electronic structure calculations in order to search for transition states linking the collision
complexes shown in Figure 4 to the I0* + C* and IC* + O* product asymptotes. As shown in Figure 4,
a linear structure has been determined for 2[IOC]**T, a transition state which is found to lie
approximately 3 eV above the reactants in their ground states. Structures for *[IOC]**", [ICO]?** and
2[1ICOJ**" were also found lying significantly higher in energy than ?[I0OC]*'. However, reliable
energetic data cannot be reported for these latter three transition states as diagnostic tests revealed that
these stationary points require multi-configuration wavefunctions for their full description, calculations
beyond the scope of this work. Nevertheless, our calculations do indicate that the lowest accessible
transition state leads to the formation of 107, transition states allowing the formation of IC* probably
lie markedly higher in energy and could well be inaccessible at our collision energies. As such, this
analysis readily explains our observation of only 10* as a bond-forming product. As discussed above,
we expect spin conservation restrictions to be relaxed in this collision system due to significant spin-
orbit coupling. Hence, we suggest that the 2[IOC]#T transition state can perhaps be formed following
collisions between both ground and excited (p®) states of 1>* with ground state CO, and both these

interactions can result in the formation of 10*.
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4.4 17" + CS; collision system

4.4.1 Electron transfer reactivity

We detect both CS," and CS,?* ions following 12*/CS; collisions, an observation which indicates
both SET and DET are occurring in this collision system. Considering the SET reactivity, we have
again used the RW model to rationalize which product states can be populated by SET. Table 4 lists the
SET product asymptotes relevant to the 12*/CS; collisions, along with the relevant energetic data and
calculated values of the SET cross section oser; the latter again considering the population of both the

ground and first excited states of 12*.[52,60,67,68]

Table 4:

Reaction window calculations of SET cross-sections oser, in arbitrary
units, calculated following 12*/CS; collisions. The cross-sections listed

are calculated at Tcm = 3.7 eV. We do not observe a significant change

of o<t as a function of collision energy.[52,60,67,68]

Electronic states of products

Electronic state of 1?* reactant

XS A?D
I* CSy*

AH, leV OSET AH, leV OSET
X3p X 2 -9.1 2.4 -10.5 2.2
A'D X 2 -7.3 3.7 -8.8 2.5
X3p A I, -6.3 6.3 -7.7 3.3
B1S X Mg -5.4 11.7 -6.8 4.8
X3P B 2%, -4.7 20.5 -6.1 7.1
A'D A 211, -4.5 22.1 -6.0 7.6
X3p C %y -3.1 26.3 -4.5 23.8
A'D B 2%, -2.9 23.0 -4.4 25.5
B1S ATl -2.6 9.5 -4.0 32.1
A'D Cxy" -1.3 ~0 -2.8 16.0
B1S B2z, -1.0 ~0 -2.4 4.6
B1S Cxy" 0.6 - -0.8 ~0

The oser values listed in Table 4 show that, in this collision system, SET populates both the
ground states and a number of excited states of CS,* (X 2I1g, A %1, B 2Z," and C 2Zg)and 1" (X °P, A
D and B !S). The X 2I14, A 2I1, and B 2%,* states of CS,* are all stable,[69,70] therefore any CS* or S*
ions formed via SET must originate from the C 2Z4* state, which the RW model predicts will also be
populated. Photoionisation studies have shown that (C 2Z4") CS," can fragment to form either CS* + S

or S* + CS, with approximately equal probability, which is in line with our observations in Table
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2.[69,70] States of CS,* that lie higher in energy than C 2Z5* will not be populated as they are
energetically inaccessible, consequently we do not observe any S, ions, which can only be formed via
the dissociation of these higher-lying excited states.[69,70] We do observe C*, but again the states of
CS,* which form this ion are also inaccessible to SET, even if the contribution of collision energy and
the population of the p? excited states of the dication are considered. Satisfyingly, in accord with the
above analysis, we will show below that the major source of C* is the bond-forming reactions of 12
with CS;. [69,70]

We detect CS,?* following collisions of 12* with CS; as the double ionisation energy of CS; is
27.2 £ 0.2 eV, and DET is therefore exothermic.[59] As described above, our model of the product ion
velocities indicates that CS,%* and CS;* are detected with approximately equal efficiency and, since
R(CS.") is substantially greater than R(CS,?*), we conclude that SET is the dominant ET process,
although the contribution of DET to the ion vyield is still significant. Previous studies of
dication/molecule collision systems have explored the mechanism of DET in some detail.[9,71] The
tentative conclusions of this earlier work were that in the DET process two electrons are transferred in
a single step at the intersection of X?* + Y and X + Y?* reactant and product potentials. Experimental
data indicates that efficient crossing radii for this DET process appear to lie between 2 A and 3 A [71]

Table 5: Calculated crossing radii for DET reactions following 12*/CS; collisions.

Electronic states of products Electronic state of 1?* reactant
I cs,2 XS A2D
AH: /eV  Rcrossing /A AH; eV Rcrossin /A
X?P X 3%, -2.4 2.8 -3.8 2.4
X2p alAg -1.6 2.9 -3.1 2.5
X2p b x4 -1.0 3.3 -2.4 2.6
X2p clzy 0.2 - -1.2 3.0

We have used literature data to calculate the reaction exothermicities for DET in the 1>*/CS;
collision system (Table 5).[52,59] We find that the exothermicities of energetically accessible product
combinations range from 1.0 to 3.8 eV. These energetic calculations allow for the population of the
A(°D) state of I** in the ion beam, as well as the ground state of 1?*. DET reactions forming neutral
iodine in anything other than the ground state are endothermic so are not included in this analysis. Using
these exothermicities, and a simple electrostatic model for the product and reactant PESs, we are able
to calculate the interspecies separations at which the reactant and product surfaces for DET intersect
(the ‘crossing radius’). We find that this model gives crossing radii for DET between 2.4 and 3.3 A in
the 12*/CS; collision system. These crossing radii are comparable to those which allow efficient DET in
the previously investigated O,?*/COS and O,?*/CS; systems, and again support the idea that in dicationic
DET the two electrons are transferred in a single step.[71] The product PESs corresponding to the X

324, a A, b 1Tt and ¢ 1T, states of CSy?* all intersect the reactant curves within the empirical RW for
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DET, therefore we could reasonably expect them all to be populated.[70] Although these low-lying
states of CS,?* all lie energetically above the CS* + S* asymptote, the X state is metastable, thus a CS,?*
is observed in the product mass spectra.[72] We cannot disentangle the contributions of dissociative
SET and DET to the singly-charged fragment ion signals (CS*, S* and C*) but the vast majority of CS%*
ions formed in excited states are likely to dissociate to form CS* + S*.[72] As stated above, the absence
of any S," signal (Table 2) supports the above analysis of the DET process. The S;* ions is minor product
of the dissociation of the d 3, state of CS,** (forming S,* + C*) and this higher lying excited state of
the dication is clearly not populated, in agreement with our cross-section calculations. The three body
dissociation channels of CS,?* (S* + S* + C and S + S* + C*) are also likely to be extremely weak as
both originate from higher excited states of the CS; dication. Therefore, since, R(C") is of the same
order as R(IC*) and R(IS*) we again conclude that bond-forming reactivity accounts for the majority of
C~ that we detect, having already ruled out a contribution from dissociative SET above. In contrast, the
CS*and S* fragment ion signals will contain contributions from both dissociative electron transfer and
bond-forming reactivity.

4.4.2 Bond-forming reactivity

We detect IC* and IS* following 12*/CS; collisions across the range of Tem studied in this work.
No significant change in intensity of either species is observed with variation in T Over the collision
energy range studied. Again, as rationalized above, the bond-forming products are monocations. The
energies of the relevant bond-forming product asymptotes are listed in Table 6.

Table 6: Reaction exoergicities of selected bond-forming processes following
12*/CS; collisions relative to the two populated states of 12* in the ion
beam. The reactant 'CS; is in the ground state. The energetics were
obtained from both literature energetics and computational
chemistry.[52,59,60,73]

Bond-forming AH: feV
reaction products (*S) I7* (D) I”*

HC + 25yt -7.3 -8.7
%IS* +2CS* -6.8 -8.2
1S +2CS* -6.0 -7.5
}ICt +2S," -4.9 -6.3

HCH +4S* +38 -1.8 -3.2
21S** +3CS -1.4 -2.9
2IC* + 35, 2.0 0.6
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The relative energetics of IC and IS species, as well as their single and double ionisation energies, have
been calculated using the computational methodology outlined above. Energetic data concerning the
other products were obtained from the literature.[52,59,60,73] Table 6 clearly shows that the lowest
lying bond-forming asymptotes are *IC* + 2S,* and 3IS* + 2CS*. As explained in our analysis of the
bond-forming reactivity in the 12*/CO collision system, if the collision complex separates along the
bond-forming co-ordinate it should predominantly populate the low-lying product asymptotes,
involving IC* and IS* rather than IC?* and 1S, just as we observe. However, given that we do not
observe any S,* and R(IS*) > R(IC*) (Table 2), clearly a markedly greater proportion of the bond-
forming trajectories reach the slightly less exothermic IS* + CS™ asymptote than the IC* + S," asymptote.
This disfavouring of the IC* + S;* asymptote can be accounted for qualitatively, as formation of S;* +
IC* clearly requires a far more involved rearrangement of the reactants than the formation of CS*, which
is formed together with IS*. Indeed, since we detect no S,* ions, it is clear that the IC* + S,* asymptote
is inaccessible and thus IC* must be formed together with S*+ S. Since the IC* + S* + S asymptote is
considerably less exothermic than IS™ + CS*, we then expect the crossing onto the IS* + CS* asymptote
to be the favoured bond-forming process as observed experimentally. To help further support this
explanation of the bond-forming reactivity in the I12*/CS; collision system we have again used
computational chemistry to identify stationary points on the 12*/CS, PES, using the methodologies and
basis sets outlined above. A doublet [I-CS;]** complex was located which satisfactorily supports our
explanation of the bond-forming reactivity given above. No quartet structures could be found, but, as
explained above, the relaxation of spin selectivity, caused by the presence of the heavy | atom, means
that it is viable to form this complex following collisions between CS; and both the *S ground state and
the 2D first excited state of 12*. The structure of the collision complex is illustrated in Figure 5. Both I-
S and I-C interactions are present in this [I-CS;]?>* complex, but clearly it is dynamically less elaborate

for the complex to fragment to yield IS* + CS* than to form IC* + S,".

2 2+

Figure 5: Structure of the collision complex located on the ?[I-CS;]* potential
energy surface. See text for details. Bond lengths are given in
Angstroms. Bond angles: (a) 782 (b) 75°; (c) 46° (d) 59°.
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5 Conclusions

We have studied the collisions of the atomic dication of iodine with neutral species for the first
time, using a crossed-beam mass spectrometer. Reactions with CO and CS; both result in bond-forming
processes as well as electron transfer. We can readily explain our observations using a simple
electrostatic model of dication-neutral interactions coupled with electronic structure calculations.
Electron transfer is the dominant reactive process in both of the collision systems, and the products we
observe can be rationalized using reaction-window calculations. Chemical reactivity to form
monocationic products of the form I)X* makes a small, but not insignificant, contribution to the overall
reactivity. In the case of 12*/CO we see that only 10" is formed and our analysis indicates IC bonds
cannot be formed in the collision energy range we have studied. For 12*/CS;, the relative yields of IC*

and IS* appear to be determined largely by the structure of the accessible collision complex.
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Figure S1 Plot of R(C*)/R(10*) following reactions of 1>* with CO. As discussed in the text
we would expect this ratio, if the only source of the C* ions is the bond-forming
reaction, to be effectively constant or only vary slowly over the collision energy
range studied. Such behaviour is shown by the data
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