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HSO," formation from ion-molecule reactions of SO,™ with water

and methane:
dependent kinetic trend

Antonella Cartoni,*[a]’[b] Daniele Catone,[c] Paola Bolognesi,[b] Mauro Satta,*[d] Pal Markus ™ and Lorenzo Avaldi

Abstract: In this work an experimental and theoretical study on the
formation of HSO," ion from the SO,"-CH, and SO,"-H,O ion-
molecule reactions at different temperatures is reported. Tunable
synchrotron radiation has been used to produce the SO," ion in
excited vibrational levels of the ground state and mass spectrometry
has been employed to identify the product ions. Calculations in the
framework of the density functional theroy and variational transtition
state theory have been combined to explore the potential energy
surface of the reactions. The experimental results show that the only
product in both reactions is HSO,". Its yield decreases monotonically
with photon energy in the SO, "-H,O reaction, while it decreases at
first and then increases in the SO,*-CH, reaction. Theory confirms
this trend by calculating the rate constants at different temperatures
and explains the results by means of the polar, spin and charge
effects as well as structural reorganization occuring in the reaction
coordinate. This study provides new insights on the reactivity of
sulfur dioxide ions relevant for astrochemistry and the chemistry of
activation of simple molecules.

Introduction

The study of ionic processes in the gas phase has a
fundamental and applicative relevance in several fields of
chemistry and physics such as astro and atmospheric
chemistry,* ! biophysics,'?! activation and/or functionalization of
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simple starting materials.” The interest spans from the study of
the photofragmentation of ions and charged clusters to the
formation of charged species, molecules and radicals from
chemical reactions. Thus much effort has been devoted to study
ion-molecule reactions in the gas phase, considered as a model
laboratory of the chemistry of terrestrial and planetary
atmosphere, and of the molecular synthesis in the interstellar
space.[‘” Moreover, some of these reactions have also been
identified to be suitable models for more complex processes.
Hence a coherent and complete investigation of the kinetic,
thermochemical and mechanism features of these reactions has
to be considered of paramount multidisciplinary interest.®The
efficiency and reaction rate of the ion processes are usually
obtained at thermal condition and room temperature. However,
excited ions at higher temperature are often involved in many
processes, for instance in space, where energetic electrons,
photons and particles can ionize molecules. The purpose of this
work is to investigate this unexplored regime in the formation of

the ionic species HSO," from the SO, molecule. Sulfur dioxide,
one of the main sulphur-containing molecules, is present on
Earth and it has been observed in the interstellar space for the
first ime in 1975!°! and successively in molecular clouds, hot
corinos together with sulphur-containing positive ions, like SH*.
SO, is also present in extraterrestrial atmospheres, and it is the
main constituent of Jupiter's satellites lo. Furthermore its ion
SO, ", probably generated from ionization of SO, by Jupiter's
plasma, has been detected by Galileo spacecraft.'¥ It appears
that, despite the presence of these neutral and ionic species in
several astrophysical environments, there is an unexpected lack
in both experimental and computational study of its reactivity. In
its neutral (SO,) and cationic charge state (SO,™) the simplest,
most fundamental and widespread reactions with a general
compound R-H involve the proton transfer, (PT, H*), from R-
H%* to SO, and the hydrogen atom transfer, (HAT, H), from R-H
to SO,* both leading to the same ionic product, HSO," 8!
Despite the protonated sulphur dioxide has not yet been
detected in space, the growing field of the interstellar ion-
chemistry and the rotational spectra data collected in
laboratory! °! will certainly help identifying this ion. Hence
reactions that produce HSO," and the kinetic trend of the
reaction with the temperature are relevant to understand the
reactive network of sulfur-containing compounds. In this work
the study of the formation of HSO," at different temperatures
and internal energies from the ion-molecule reaction between
the excited ion SO,* and methane and water compounds is
reported. The choice of these molecules is due to their presence
in various environments in space ['° 1 but also to their
fundamental importance in model studies of bond activation and
functionalization of organic compounds. Actually the reactions
involving the O-H and C-H activation have been the object of
many studies and the mechanistic aspects are still under
debate.!'*! As reported in the literature and confirmed in the
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present work the HAT reactions are faster in the O-H case,
despite the higher or similar binding energy of O-H with respect
to C-H in several molecules.! In the case of water (O-H Bond
Dissociation Energy, BDE=497.1 kJ mol™) and methane (C-H,
BDE= 439.3 kJ mol™) the difference is 57.8 kJ mol*.*®* The
different reactivity of O-H and C-H bonds in the reaction with
SO, " has an interest connected with the dynamical processes
occurring along the reaction paths on the potential energy
surfaces. In this work the variational transition state theory
(VTST)® has been used to obtain the rate constants of the two
reactions as a function of the temperature and the trend is
compared with the experimental results obtained with tunable
synchrotron radiation. Moreover the theory has allowed to
elucidate the mechanistic aspects and to explain why SO,*
reaction with water is faster and more efficient than the one with
methane. This joint experimental and theoretical study will
provide new kinetic and mechanistic insights on the reactivity of
the sulfur dioxide ions relevant for astrochemistry as well as for
chemistry of activation and functionalization of simple model
molecules.'®! All along the test the point - in SO.* has been
omitted for the sake of simplicity.

Results and Discussion

The experiments were performed at the “Circular Polarization”
beamline (CiPo) of ELETTRA (Trieste, Italy) [®! where
monochromatic VUV photons of tunable energy were used to
ionize the SO, molecules of an effusive beam. The apparatus for
ion-molecule reaction studies (Figure 1S in Sl) consists of an
octupole ion-guide and a quadrupole mass spectrometer. The
SO," ions are transported into the octupole by an extraction
optics, which also defines their collision energy, CE. The neutral
reacting molecules are introduced in the octupole at a controlled
pressure and the charged products are analyzed by the
guadrupole mass spectrometer. The ion-molecule reaction
measurements were performed recording the ion yields of ionic
reagent and products as a function of the photon energy, hv, at
fixed collision energy and pressure. Details of the set-up and
procedures are collected in the Experimental section. In order to
interpret the results, the structure of the energy levels and
photofragmentation of SO, in the VUV range have to be
considered. The photoelectron spectra of SO, in the energy
range 12-14 eV are characterized by two bands.!*’! The first
band (12-13 eV) corresponds to the ionic ground X 2A; state
(12.349 eV) while the second band (13-14 eV) is assigned to the
two excited electronic states 2B, and 2A*"? which are very close
in energy, their binding energies being 12.988 and 13.338 eV
respectively. Photoelectron-photoion coincidences (PEPICO)
experiments demonstrated that in these electronic states the
parent ion SO," is stable and it doesn't dissociate.™® Indeed the
appearance energy (AE) of the first fragment ion SO* (m/z 48)
(AE) is about 16.0 eVI*1 as confirmed in this work where
AE(SO")= 16.05+0.05 eV has been measured (Figure 2S, see
Sl). At the photon energy lower than 13.0 eV the SO, parent ion
can be formed in the fundamental or vibrationally excited ground
electronic state ?A; (first band, IP= 12.349 eV). When the photon
energy is close to 13.00 eV, but lower that 13.338 eV, the first
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excited state 2B, of SO," is also produced. However, the conical
intersection (CI) between 1°A; and 1°B, , makes °B, convert into
A, in a femtoseconds time scale. 2% Moreover, the excitations to
higher ion electronic states as the 2A; one (IP=13.338 eV) are
characterized by decays to the ground ionic state with lifetimes
shorter than 10 ns.?Y! All the above processes occur on a time
scale shorter than the travelling time of SO," from the ion source
to the reaction zone (octupole), which has been estimated to be
of a fraction of ps. Hence, the SO, ions produced under
vacuum condition of about 10 mbar and at hv > 12.349 eV can
be considered to be in excited vibrational levels of the ionic
ground state, which are those actually involved in the reactions.
Taking into account the above considerations, in the following
only the ion ground state dynamics has been considered. The
ion-molecule reactions of these “hot” SO," (m/z 64) with both
water and methane give the product ion HSO," (m/z 65) as
clearly shown in Figure 1.
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Figure 1. Mass spectra (m/z in amu) recorded at the photon energy of 14.0 eV,
Collision Energy (CE) =0 eV and PHZO/CH4:1.0x10'5 mbar for the reactions of
SO, with a) CH,4 and b) H,0.

In the water case the ion at m/z 19 (HsO") is also observed as
the further reaction of HSO," with another water molecule.*
The yields of both HSO," and SO," ions have been measured
in the two reactions, at CE=0 eV and fixed pressure of the
neutral reagent. Their ratios (HSO,"/SO,") have been plotted
as function of photon energy in Figure 2.
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Figure 2. HSO,"/SO," ratio vs photon energy measured for the reaction of
S0O," with water (blue) and methane (red), at the fixed pressure of 1.0x10°
mbar and CE=0 eV. The pressure of the reagent gas SO in the ion source is
6.2x10°® mbar.

The results for photon energy in the 12.0-14.0 eV range,
show that in the reaction with methane the HSO,"/SO, ratio
decreases at first (until 12.6 eV) and then increases, while it
monotonically decreases in the water case. The same trend
is observed in other experimental conditions where i-the
collision energy (CE=0.5 and 1.0 eV, Figure S3 in SI) is
changed; ii-the pressure of the neutral reagent is varied and
iii- the intensity of the ion at m/z= 19 is included in the
calculation of the ratio in reaction with water ((HSO,'+
Hs0")/S0O,", Figure S4 in the SI). The different trends of the
ratios with photon energy, namely internal energy of ion, is
quite intriguing since both the reactions lead to the same
product ion HSO," through a HAT from CH4/H,0 to SO,". It is
known that at the thermal condition of 298 K, SO," reacts with
water and methane with a rate constant k= 2.60x10° and
6.58x10%° + 30 % cm®s™molecule? respectively and the
collision efficiency, ¢, relative to the collision rate’?? of the
reaction is higher with water than methane, being 100% and
64 % respectively.**®In this study new aspects have been
investigated. The first aim of the work was to explain the
different efficiencies of the two reactions, and the second
one, more challenging, to explore how the internal energy of
the SO," in its ionic ground state affects the reaction with
water and methane.

In the experiment with synchrotron radiation and in
collisionless conditions, the internal energy of the SO," ion in
its ground electronic state, increases when the energy used
to ionize the SO, molecule is higher than 12.349 eV. The
excited SO, ions result in different reactivity with methane
and water as shown in Figure 2. In order to understand these
relevant aspects an extensive theoretical study has been
performed. DFT and VTST calculations have been combined
to explore the potential energy surface (PES) of the reactions
and to provide insights into the factors controlling the reaction
rates. For both reactions the lowest energy path which
controls the hydrogen migration to SO," is associated with
the cis conformation of the reaction complex, where the
methane or water molecule bounds to one of the O atoms of
SO," via the lone pair orbital in cis conformation with respect
to the other O-atom.

In Figure 3 the minimum energy paths (MEP) of the two
reactions are shown. Using the VTST approach,[23] for both
reagents CH, and H,O, we searched along the MEP, the
geometry of the reaction complex at which the reaction flow is
at its minimum:_this geometry corresponds to the variational
transition state configuration (VTS, indicated with red
rhombus in Figure 3.) which is the “bottleneck” of the
reaction, namely where the evolution of the reaction is
slowest. It is worth noting that for reactions having an energy
barrier between reagents and products, the activated
complex geometry, namely TS, is the molecular configuration
corresponding to the highest energy point of the barrier.
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Instead, barrierless exothermic reactions have the TS
localized at some point along the MEP in between reagents
and products. Moreover when the reactions are extremely
fast the VTST predicts that the TS is localized in the region of
the MEP close to the products (for details see Theoretical
section and Table S1 in Sl).
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Figure 3. PES of the hydrogen transfer reactions between SO,.” and a)
methane and b) water. The structures, computed at the B3LYP/6-31++g**
level of the theory, represent the VTS (rhombus, red) and the minimum (circle,
green) energy geometries. Charges are omitted for the sake of clarity.

As it can be seen in Figure 3, both reactions are barrierless
and exothermic for 76.1 kJ mol® (CH,) and 33.5 kJ mol™®
(H20) and lead to HSO," and CH3/OH radicals. The main
difference observed along the reaction coordinate, is the
location of the VTS. In the reaction with methane, VTS
(Figure 3a, -125.6 kJ mol™ in) is close to the reagents (early
TS) and before the minimum (MIN) (green circle, -142.7 kJ
mol™) structure, which is close to the products. Instead VTS
is close to the products (late TS, Figure 3b, at -120.0 kJ mol’
1y and after the MIN (-123.8 kJ mol™®) in the reaction with
water. In both systems the geometries at the minima reflect
those of their respective final products, with CH; and OH
radical bond to the HSO," ions. Only in the reaction with
methane the VTS, being near the reagents, has a geometry



far from that of the products and the two moieties, SO, and
CH,4, maintain their identity with the H atom mainly belonging
to methane (bond length of C-H 1.22 A against 1.34 A of O-H
in HSO,, see Figure 3a). On the contrary, in the water case
the MIN and VTS are both late and close to each other in the
reaction coordinate and hence have similar geometry: the O-
H bond length in HSO, is 1.08 A in MIN and 1.06 A in VTS
(see Figure 3b). Therefore, the VTS in SO,"-H,O reaction,
being in the region of the products where hydrogen atom
transfer has been almost completed, does not hamper the
reaction, which is fast and complete. This simple picture,
proposed for the first time with the VTST, already justifies and
allows shaping up the collision efficiency, ¢, to 100% for the
reaction of SO, with H,O.

To explore possible factors that make reaction faster with
water than with methane, the electronic distribution of the
molecules have also been considered and the distributions of
the charge and spin of the two systems has been
investigated (Figure 4 and 5). Interestingly, the faster reaction
with water reflects the evidence that the difference in BDE of
57.8 kJ mol™*3¥ of O-H in water relative to C-H in methane, is
not the only factor determining the rate constant. 22224
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Figure 4. Charge (in €) and spin distribution (blue isosurface) at the B3LYP/6-
31++g** level of the theory in the atoms of VTS and MIN optimized structures
obtained for the reaction of SO," with a) methane and b) water. The numbers
in red are the total charge in SO,, HSO,, CH,4, CHz and OH moieties.
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Figure 5. Partial charge and spin distribution at the B3LYP/6-31++g** level of
the theory for the relevant fragments, H (black), CH3 (blue) and SO, (red)
involved in both the reactions of SO," with methane (a and b, left panel) and
water (c and d right panel) as a function of the reaction coordinate H-CH; and
H-OH respectively.

In the reaction with methane (an apolar molecule, IP=12.61
eV)¥the VTS has the charge almost equally shared between
the SO, (+0.43 e) and CHs (+0.57 e) moieties while the
doublet spin is 0.25 in the O of SO,", directly involved in the
interaction, and the remaining is on H (0.16) and CH3; (0.55)
of CHs (see the isosurfaces in Figure 4a). At the MIN
structure both charge and doublet spin are almost completely
separated: the charge (+ 0.79 e) is mainly on the newly
formed species HSO," and the spin is almost entirely
localized in the CHs; (0.82) moiety (Figure 4a). In summary,
the results obtained with methane show that at the VTS, the
charge and the spin are distributed in the two separated
moieties SO, and CHj that interact through the H atom
(Figure 5a-b). A different scenario (Figure 4b and 5 c-d) is
observed in the reaction with water (a polar molecule with
po= 1.847 D and IP=12.62 eV)** where the doublet spin and
the charge belong to the OH group of the still intact H,O at
the beginning of the reaction (Figure 5 c- d) while in the MIN
as well as in the VTS the total spin (~1.0) and the charge
(MIN=+0.82 e, VTS= +0.86 e) are localized in the newly
formed OH and HSO," species respectively (Figure 4b). It
may be claimed that, despite the similar IP of the two reacting
neutrals and the higher BDE of O-H in H,O with respect to C-
H in CHa, the reaction with water proceeds without
“obstacles”. The higher polarity of water, its capacity to form
hydrogen bonds with the oxygen of sulfur dioxide, the
electronegativity of O in water higher than that of C in
methane and finally, the less structural reorganization
required to pass from the planar HOH to the OH radical, with
respect to the one needed to change from tetrahedral CH4 to
the CHs planar structure are at the base of the different spin
and charge distribution along the reaction path of the two
systems. Hence with water, a rapid electron-proton transfer
(EPT)!*202] mechanism in a well interacting and connected
structure [OSO-HOH]™ is operative and clearly results in
higher reaction rate constant and collision efficiency ¢
observed for this reaction. In the water case, no VTS before
the minimum reduces the rate of the formation of the final
products and each collision is a reactive collision, namely the
experimental rate constant 2.60x10° + 30 % cm®s*molecule™
at 298 corresponds to the collision rate constant
(keoi=2.60x10° cm®s™*molecule™) obtained according to the
average dipole orientation theory.”? On the contrary, in the
reaction with methane the VTS located near the reagents,
with spin and charge not completely separated, produces a
slowdown of the reaction, resulting in an actual rate constant
lower than collision rate constant (kei=1.03x10° cm’s’
'molecule™) and a collision efficiency lower than 100%.*¢

The kinetic trend of the two reactions with the temperature of
the reagent ion SO," in its ionic ground state has been also
investigated for the first time by calculating the temperature
dependence of the rate constants (see equations (1) and (2)
in theoretical section). In Table 1 some values of the



calculated k vs temperature (in eV and K) are reported while
the whole trend of k in the range 12.373-12.804 eV is shown
in Figure 6.The temperature scale used in the rate constants
calculations has been fixed in such way that 0 K corresponds
to the calculated adiabatic ionization potential of SO
IP=12.373 eV.

Table 1. Calculated values of kinetic constants vs temperature for the reaction
of SO," with methane and water (at IPsoz(theory= 12.373 eV, T=0 K).

T (eV) T(K) Kera® Krizo®
12.399 298.15 6.70 (6.58)" 23.9 (26.0)
12.416 500 1.75 19.5
12.442 800 1.36 16.4
12.459 1000 1.51 15.2
12.804 5000 19.1 9.78
[a] x10*° cm® s molecule’; [b] Ref. [11€]; [c] Ref. [11f].
K
3000 5000
T

-8 1000 2000 4000
T T T

10

T

-1

w
"o
8 10°
3
E
o
£
(6]
=~
1070
L | L 1 L | |
12.4 12.5 12.6 12.7 12.8
T/eV

Figure 6. Calculated rate constants vs temperature (in K and eV) for the
hydrogen transfer reactions of SO, with water (blue line) and methane (red
line).

The theoretical results are in agreement with the
experimental data. Indeed, the rate constants for both
chemical reactions measured at 298.15 K overlap, within the
error, with the experimental ones (Table 1), and the plot of
the calculated rate constants with the temperature (Figure 6)
clearly reflects the trend of ratio product/reagent obtained in
our experiments at the increasing photon energy (Figure 2).
The higher internal energy, distributed in its vibrational and
rotational degrees of freedom in the SO," radical cation,
leads to a weaker and less stable interaction between the
S0," ‘and H,O, where the hydrogen bond plays a
fundamental role. This is also true at increasing temperature:
the calculated rate constants decrease but remain in the
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range of 10° cm® s'molecule, as expected by theory. ?? In
the reaction with methane the same excess energy at the
very beginning does not favor the reaction, probably reducing
the lifetime of the reacting complex [SO,-CH.]" so that the
rate constant reduces as in the reaction with water. However
at higher temperatures and internal energies the distribution
of the high excess energy among the degrees of freedom in
the sulfur dioxide-methane complex probably weakens the C-
H bond which interacts with the O atom of SO,, favoring its
breaking and allowing the rate to increase. It is worth
mentioning that in the calculation of rate constants for the
reaction with methane the oscillators are considered
harmonic, an approximation non valid at the very high
temperature ~where the VTST calculations produce
overestimated rate constants.

Conclusions

In this study a joint experimental and theoretical effort has
been done to explore and understand the collision efficiency
at 298 K and the different temperature trends obtained for the
reactions of SO," radical cation with two relevant and
ubiquitous molecules: H,O and CH4. New reaction dynamics
have been obtained at different temperatures of fundamental
and multidisciplinary interest as in astrochemistry. The
theoretical analysis clearly explains the higher efficiency of
the reaction with water than with methane, due to the polar,
spin and charge effects. The VTST theory approach has
been successfully applied to the reaction with an open shell,
charged species, like SO,* and has been demonstrated to be
a powerful tool to elucidate some aspects, untii now not
completely clear, of methane and water activation
mechanisms.

Experimental Section

The CiPo beamline at ELETTRA is equipped with an electromagnetic
elliptical undulator/wiggler and a Normal Incidence Monochromator to
cover the 5-40 eV energy range. The grating used for the experiment is
an aluminum coated holographic spherical grating with 1200 grooves/mm
(AI-NIM), that provides radiation in the range 5-17 eV with a resolving
power of about 1000. The ionization region is equipped with ion optics
(one planar repeller and three extractor lenses), set in front of the
octupolar RF-driven ion guide. The effusive beam of the neutral
precursor SO, (constant pressure of about 10 mbar) is introduced via a
needle, in the center of the ionization region crossed at 90° by the photon
beam. The ions SO," produced are transported into the octupole by the
extraction optics, set perpendicularly to the propagation axis of the
photon beam. The neutral reagents H,O/CH, are introduced in the
octupole via a needle valve which finely regulates the pressure in the
range 107-10"° mbar. The octupole acts as a two-dimensional trap, which
ensures an extended reaction region and an efficient collection of the
ionic products of the ion-molecule reactions. A quadrupolar deflector
mounted at the end of the octupole transfers the ions in the quadrupole
mass spectrometer equipped with a channeltron multiplier detector (see
Figure 1S for the sketch of the apparatus in Sl). The collision energy, CE,
is determined by measuring the SO," yield as a function of the retarding



field. In a typical experiment the yields of ionic reagent (m/z 64) and
product (m/z 65) were recorded scanning the photon energy from 12 to
14 eV (energy step=200 meV and acquisition time= 30 s/point) at
different fixed pressures (ranging from 10 to 10° mbar) and CE (0, 0.5
or 1.0 eV). In this photon energy range SO." precursor ion doesn’t
dissociate % as verified in our experiments carried out in absence of
neutral reagent. Moreover the presence of other possible products from
ion-molecule reaction has been checked acquiring the mass spectra in
the range 10<m/z<100 at the photon energy hv=14.0 eV (acquisition time
of 5s/point). It is noteworthy that the absence of the background water in
the octupole has been verified in the experiments performed collecting
the mass spectra of the SO," with background molecules at the pressure
of 107 mbar. The photoionization efficiency curves of the ionized
precursor and fragment ion SO* allowed to measure the appearance
energy AE(SO®) (Figure 2S in Sl), in the absence of reacting molecules.
The apparatus and the well established experimental procedure are
described in detailed elsewhere. 2! 27

Materials. All the samples were used at room temperature and for water
several freeze-pump-thaw cycles have been carried out before its use.
Sulfur dioxide and water were purchased from Sigma-Aldrich with a
purity > 99.98% whereas methane is from SIAD with purity > 99.98%.

Theoretical Section

The description of the forces at play in the reactions involving SO," with
methane or water has been based on Density Functional Theory
formalism, used to explore the Potential Energy landscape involved in
the reactions. The hybrid exchange-correlation functional Becke, three-
parameter, Lee-Yang-Parr ®® has been adopted together with the split-
valence double-zeta Pople 6-31++g** basis set with polarization and
diffuse functions.”®!The reaction region of the PES has been studied by
full optimizations by scanning the C-H and O-H coordinates, where the
hydrogen atom is the one involved in the exchange with the O atom of
the SO," ion. The scanning coordinate started at a 1.089 A and ended at
1.609 A, with a variable step, and generates the Minimum Energy Paths
(MEP) needed to compute the reaction rate coefficients. The variational
transition state theory approach, specifically suited for applications with
barrierless reactions,m] has been used to model the present reactions.
The RRKM model for the TS theory, as it is well known, is based on a
strong coupling of the degrees of freedom within the reactive complex
adduct The ensemble of the complexes formed during the reaction,
evolves in the phase-space faster than the characteristic time scale of
the reaction itself; each elementary step of the reaction is in
microcanonical equilibrium due to the fact that the evolution of the
complex occurs uniformly. The evaluation of the rate constant is based
on the calculation of the molecular partition functions of both the reagents
in their minimum energy geometries and the complex in the variational
transition state geometry, which is defined as the phase-space point
where the molecular partition function of the complex (Q) itself has a
minimum value This is the geometry at which the evolution of the
reaction is the slowest, i.e. the bottleneck of the evolution from the
reagents to the products. Hence the rate constant is

ke ! QM
k(T)=S 1)

h Q(T)ionQ(T)neutraI

where all the above partition functions are temperature dependent. The
minimization of the molecular partition function of the complex along the
relevant MEPs has been done at every T. The vibrational partition
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function has been computed using the vibrational frequencies from
normal mode analysis within the harmonic approximation. The S term in
equation (1) is a symmetry factor that takes into account the different
equivalent, indistinguishable, ways in which the reaction can occur. This
approach is meaningful when the geometry of the VTS complex is in the
region between the reactants and the products as in the case of the
methane molecule. On the contrary, the same approach cannot be used
for the reaction with water, where the VTS geometry of the complex is in
the region of the products, indicating that there is no bottleneck during
the reaction, which is fast and efficient. In this case we have calculated
the rate constant by using capture theory based on variational transition
state theory/classical trajectory study of thermal energy ion-polar
molecule collisions:®"]

0.4767a(T)+0.6200; ~  a(T)> 2
2
k(T = (a(r) +0:5090) @
1 0.9754a(T) < 2
10526
p
a(n) = —

1 2quT

where, and a and pp are the polarizability and the dipole moment of the
water molecule respectively. Ab initio calculations have been done with
the Gaussian program.®?
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