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High level ab initio and density functional theory calculations have been carried out to study the potential
energy surfaces associated with the reactions of F+ in its 3P ground state and in its1D first excited state with
silicon dioxide. The structures and vibrational frequencies of the stationary points of both potential energy
surfaces were obtained at the B3LYP/6-31G(d) level. Final energies were calculated at the B3LYP/6-311+G-
(3df,2p) and at the G3X levels of theory. [Si, O2, F]+ singlet and triplet state cations present very different
bonding characteristics. The most favorable reactions path in F+(3P) + SiO2 reactions should yield O2 +
SiF+, while in the reactions in the first excited state, only a charge exchange process, yielding F(2P) + SiO2

+-
(2A), should be observed. However, both potential energy surfaces cross each other, because although the
entrance F+(3P) + SiO2 lies 34.5 kcal/mol below F+(1D) + SiO2, the global minimum of the singlet PES lies
10.3 kcal/mol below the global minimum of the triplet. The minimum energy crossing point between them
is close to the global minimum, and the spin-orbit coupling is not zero, suggesting that very likely some of
the products will be formed in the singlet hypersurface. The existence of instabilities and large spin-
contamination in the description of some of the systems render the DFT calculations unreliable.

1. Introduction

Gas-phase ion processes are of great relevance in atmospheric
and interstellar chemistry.1-3 It is nowadays well established
that ion-molecule reactions seem to be in the origin of the
different species detected inside interstellar clouds.1,3 However,
in general, the only information available in most of these
processes is the product distribution, but very little is known
about the mechanism leading to these products.4-7 In this respect
the role of high-level ab initio molecular orbital techniques8-13

was of great importance in elucidating these mechanisms.14-32

Actually, in many occasions, the ab initio or density functional
theory calculations are the only alternative available to inves-
tigate the structures of ionic species, which, very often, are
elusive to experimental observation. Besides, high-level theo-
retical methods reach the so-calledchemical accuracy, and
therefore, many thermodynamic properties of neutral and
charged species can be estimated within(2.0 kcal/mol of the
experimental values, when available.33-38 High accuracy is
important in this field because in interstellar space only
exothermic processes are likely to occur, due to the extreme
interstellar conditions of low temperature and density, and
therefore an accurate knowledge of the topology of the corre-
sponding potential energy surface (PES) is of critical importance.

The aim of this paper is to investigate the gas-phase reactions
between F+ in its 3P ground state and in its1D first excited
state and silicon dioxide. SiO2 is a dominant component of
interstellar dust supplied from supernovae,39-41 and most of the
meteorites are SiO2-rich objects,42-44 and therefore their ablation
when they enter in the Earth atmosphere and in the atmosphere
of other planets may be a possible source of atmospheric silicon
oxide.

2. Computational Details

The topology of the [Si, O2, F]+ singlet and triplet PESs was
explored through the use of density functional and ab initio

methods. The geometries of the different stationary points were
optimized using the B3LYP approach together with a 6-31G-
(d) basis set expansion. This approach has been found to yield
reliable structures and frequencies for systems formed by the
interaction between monocations and neutral systems45-50 The
B3LYP method includes Becke’s three parameter nonlocal
hybrid exchange potential51 and the non-local-correlation func-
tional of Lee, Yang and Parr.52 Harmonic vibrational frequencies
were obtained at the same level of theory to classify the
stationary points as local minima or transition states and to
estimate the corresponding zero point energies (ZPE), which
were scaled by the empirical factor 0.9806.53 Final energies were
obtained by single point B3LYP/6-311+G(3df,2p) calculations
on the aforementioned optimized geometries. To assess the
reliability of this scheme we have also obtained the final energies
of the different stationary points using the G3X theory,54 which
is based on B3LYP/6-31G(d) optimized structures. This theo-
retical scheme has been proved to be very accurate for a large
set of molecules. For triplets, the corresponding unrestricted
formalism was used, but in no case was the spin contamination
found to be significant, since the S2 expectation value was
always smaller than 2.0004. The final assignment of transition
states was done by using the internal reaction coordinate (IRC)
procedure as implemented in Gaussian-03.55

To locate conical intersections within a given PES or to locate
the minimum energy crossing points (MECP) between the
singlet and the triplet hypersurfaces we have used a CASSCF-
(6,6) formalism and the procedure developed by Robb et al.56

For the latter case, and in order to ensure the reliability of the
calculated spin-orbit coupling needed to estimate the probability
of intersystem crossing between both surfaces, the CASSCF-
(6,6) optimized geometry of the MECP was refined by enlarging
the active space to 10 electrons and 10 orbitals. The same
theoretical scheme was used to calculate the corresponding
spin-orbit coupling by means of the method developed by
Palmieri et al.57 Both conical intersections and spin-orbit
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coupling calculations are carried out using a state average
procedure, in which identical weight is assigned to the two states
involved. These calculations were carried using MOLPRO suite
of programs.58

Because of the large recombination energies of both F+(3P)
and F+(1D),59 the interaction of these cations with the neutral
is followed by a drastic reorganization of the charge distribution
of the whole system. To adequately describe these effects we
have used two different partition techniques, namely the atoms
in molecules (AIM) theory60 and the natural bond orbital (NBO)
analysis.61 The AIM theory is based in a topological analysis
of the electron charge density,F(r ) and its Laplacian,∇2F(r ).
More specifically, we have located the so-called bond critical
points (bcps), i.e., points whereF(r ) is minimum along the bond
path and maximum in the other two directions. In general the
value of F at these points provide useful information on the
strength of the bond and the ensemble of bcps and the
corresponding bond paths permit to define the corresponding
molecular graph. The nature of the bonds formed between the
ion and the neutral system was analyzed by means of contour
maps of the energy density, defined as

where∇2F(rb) andG(rb) are the Laplacian of the electron density
and the kinetic energy density, respectively. Bonding regions
in which the energy density is negative correspond to covalent
linkages.62,63Conversely, typical ionic bonds are associated with
regions where the energy density is clearly positive.

AIM calculations have been carried out by using the
AIMPAC series of programs.64

3. Results and Discussion

The different local minima of both PES’s were numbered in
increasing energy order. In our nomenclature we have usedT
to identify the triplets andS to identify the singlets. For the
transition states the two digits attached to this symbol identifies
the two local minima that are connected by that transition state.
The optimized geometries of the different local minima are
schematized in Figure 1. The optimized geometries of all the
stationary points of both potential energy surfaces are sum-
marized in Table S1 of the Supporting Information.

Structure and Bonding Analysis. A cursory examination
of Figure 1 clearly shows significant dissimilarities between the
structures of singlets and triplets. In both F+(3P), F+(1D) + SiO2

reactions the direct association of the halogen cation to the
neutral system can take place at the silicon atom, to yieldT1
andS1 adducts, respectively, or at the oxygen atoms to yield
theT4 andS4structures, respectively. In both cases, the former
are the global minima of the PES and the latter the less stable
complexes, however, there are significant differences in structure
and bonding between the members of both couples. As
illustrated in Figure 1,S1 is apparently a cyclic system in which
F+ attachment triggered the formation of a new O-O bond,
absent in the neutral system. As a matter of fact, the corre-
sponding molecular graph (see Figure 2) shows the existence
of a bcp between both nuclei with a charge density about half
that found in the O-O bond of hydrogen peroxide. Conversely,
T1 is an open structure, with an O-O distance of 2.858 Å.
This can be understood by taking into account the huge
reorganization of the electron distribution of the SiO2 moiety
upon F+ association. The energy recombination of F+ is one of
the largest within the periodic system, and therefore a complete
transfer of at least one electron from the neutral base to the

incoming cation takes place. Indeed, our results indicate that in
both complexes the net charge of the SiO2 moiety is+1.2 for
the singlet and+1.0 for the triplet. The consequence of this
charge transfer from SiO2 toward F+ is that the unpaired
electrons, initially located on F+ are now on the two oxygen
atoms of the SiO2 moiety, which in complexT1 have a spin
density of 1.0, preventing the formation of a linkage between
both oxygens, since the system has to preserve the overall triplet
multiplicity.

It can be similarly observed that whileS4, is a cyclic
symmetric complex, inT4 the fluorine atom is only bonded to
one of the oxygen atoms. The lack of symmetry ofT4 is again
imposed by the necessity of preserving the overall triplet
multiplicity, since in T4 the unpaired electrons are located
respectively on Si and on one of the oxygen atoms, which
therefore cannot be bonded to F. These differences are well
reflected in their charge densities. InT4, no bcp is found
between F and one of the oxygen atoms, while inS4both exist,
as well as the corresponding ring critical point (See Figure 2).

The minimumS2 in which the F atom bridges between Si
and O, has no equivalent in the triplet hypersurface. In this local
minimum, that is connected to the global minimum through the
S12 transition state, Si appears covalently bonded to both
oxygens and apparently to the fluorine atom, although no bcp
has been located between both atoms, so very likely the relative
short distance between Si and F is due to an electrostatic
attraction between them (see Figure 2).

The third local minimum in stability order in both PES’s
correspond to a weakly bound species between O-Si-F+ and
a neutral oxygen atom. As illustrated in Figure 3, the energy
density between the oxygen atom and the O-Si-F+ subunit is
positive as it corresponds to an electrostatic interaction between
the ion and the oxygen. The only difference between complexes
T3 and S3 is that in the former the oxygen atom interacting
with the O-Si-F+ fragment is in its3P ground state, while in
S3 is in its1D excited state. Consistently, the energy difference
between these two complexes (64.2 kcal mol-1) is practically
identical to the gap between O(1D) and O(3P) (64.6 kcal mol-1).

G3 vs DFT Results.The profiles of the F+(3P, 1D) + SiO2

reactions are shown in Figures 4 and 5, respectively. It can been
seen that in qualitative terms the topology predicted at the G3X
level is not significantly different from the one obtained at the
B3LYP/6-311+G(3df,2p) level. There are however some sig-
nificant quantitative differences that need to be commented.
Probably the most significant one is the energy gap between
F+(1D) and F+(3P). The G3X calculated value (61.3 kcal mol-1)
is in very good agreement with previous theoretical estimates
obtained at the G2-level (62.1 kcal mol-1)15,19 as well as with
the experimental value (59.7 kcal mol-1).65 However, the
B3LYP/6-311+G(3df,2p) value (83.2 kcal mol-1) dramatically
overestimates this energy difference. The reason for this
pathological behavior is the RHF-UHF instability of the F+-
(1D) DFT wave function. Furthermore, the problem does not
disappear when an unrestricted formalism is used to calculate
this singlet state, because the unrestricted wave function is too
low in energy and presents a very high spin contamination, and
therefore these unrestricted DFT results have no physical
meaning as it has been shown before in the literature for other
halogen containing systems.66 This could invalidate the use of
this DFT approach for the description of the stationary points
of the singlet potential energy surface. However, we have
verified that for all [Si, O2, F]+ singlet-state complexes the wave
function does not present any kind of instability. This would
explain why, although the relative stabilities of the entrance

H( rb) ) (1/4)∇2F( rb) - G( rb)
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channel is very badly described at the B3LYP level, the relative
stabilities of the stationary points of the [Si, O2, F]+ singlet
PES is in reasonably good agreement with those obtained at
the G3X level of theory. We have also checked that the B3LYP/
6-31G(d) optimized geometries which are in the base of the
G3X method do not differ significantly from those obtained at
the MP2/6-31G(d) level of theory.

The second important failure of the DFT approach is the
relative energy of the exit channel leading to FO+ SiO+, which
is predicted to be much lower than the other exit channels, in
clear contrast with the G3X estimates. The reason for this

disagreement, is that both the DFT wave functions for FO and
SiO+ present internal instabilities. Moreover, any effort to
remove these internal instabilities failed, because the resulting
wave functions present a very large spin contamination. This
pathology affects to both PES and have important consequences
because, while at the B3LYP level the most exothermic process
in the F+(1D) + SiO2 reaction is that leading to FO+ SiO+, at
the G3X level of theory would correspond to the charge
exchange process producing F+ SiO2

+. The effect is less
dramatic as far as the F+(3P) + SiO2 reaction is concerned,
because both theoretical schemes predict as the most exothermic

Figure 1. Optimized geometries of the local minima of the singlet and triplet [Si, O2, F]+ PES’s. Bond lengths (in black) are in Å and bond angles
(in red) are in deg.
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process that leading to SiF+ + O2, and only the highest energy
dissociations into FO+ SiO+ and F+ SiO2

+, appear inter-
changed.

Taking into account this analysis, in what follows our
discussion will be based exclusively on the G3X PES’s.

F+(3P) + SiO2 Reactions. It is reasonable to assume that
the first step of the F+(3P) + SiO2 reaction would be the
attachment of the monocation to the most basic center of the
neutral, yielding theT1 complex (see Figure 4). As mentioned
in previous sections the SiO2 moiety undergoes a drastic charge
reorganization, not only because of the charge transfer from
the neutral to the incoming ion, but also due to the rehybrid-
ization of the Si atom. One of the consequences of this electron
density redistribution inT1 is a weakening of the Si-O bonds
that lengthen 0.12 Å. This weakening is also reflected in the

charge density at the Si-O bcp that decreases significantly on
going from the neutral system toT1 molecular ion. Consistently,
the Si-O stretching frequency appears inT1 328 cm-1 red-
shifted with respect to neutral SiO2. As a consequence the
cleavage of one of the Si-O bonds is relatively easy. The
oxygen atom detached fromT1 can now migrate toward the
oxygen atom of the FSiO subunit, through theT12 transition
state, to yield the local minimumT2, or alternatively can interact
with the fluorine atom of the aforementioned subunit to yield
complex T3. The first of these minima, would eventually
dissociate into O2 in its triplet ground state and SiF+. It can be
observed however that this dissociation limit lies lower in energy
than the local minimumT2, situation that can only be explained
if the aforementioned dissociation takes place through an
activation barrier. This barrier would exist if this dissociation
limit is diabatically correlated with an excited state ofT2, while
T2 in its ground state would diabatically dissociate to yield O2

+

+ SiF, which are higher in energy. As a matter of fact inT2,
as we have mentioned above, one is on the terminal oxygen
and the other one on the Si atom a spin distribution which is
compatible with its dissociation into O2+ + SiF, but not with
its dissociation into O2 + FSi+, because in these products the
two unpaired electrons are located on the oxygen molecule.
Hence, this dissociation would require a drastic reorganization
of the electron distribution through the interaction with the
corresponding excited state. The conical intersection associated
with the avoided crossing between both diabatic surfaces was
located at CASSCF(10,10)/6-31G* level of theory and corre-
sponds to a barrier of 5.2 kcal mol-1 aboveT2, and therefore
this becomes the most favorable reaction channel with origin
in T1. This barrier, connects the minimumT2, throughTS25,
with a weakly bound complex (T5) between the two dissociation
fragments O2 and SiF+, which lies 6.1 kcal mol-1 below the
dissociation limit. It is worth mentioning that the dissociation

Figure 2. Molecular graphs of the local minima of the singlet and triplet [Si, O2, F]+ PES’s. Charge densities at the bcps (red points) are in e au-3.

Figure 3. Energy density, H(r ), contour map forS3andT3 complexes.
Blue-dashed lines and solid-red lines correspond to negative and positive
values of H(r ).
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of T5 into O2 and SiF+ with both products in their triplet states,
although spin-allowed should not take place because the

corresponding exist channel lies much higher (60.8 kcal mol-1)
in energy.T4 would dissociate diabatically into F(2P) + SiO2

+,

Figure 4. Potential energy profile for the F+(3P) + SiO2 gas-phase reactions. Relative energies in kcal mol-1 referred to the most stable singletS1.
The TS4a barrier with respect toT4 has been estimated by using a CASSCF(6,6) approach.
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since a charge transfer occurs already in the formation of this
species. However, its dissociation into FO+ SiO+ should take

place through a conical intersection (TS4a) that implies an
activation barrier of 43.1 kcal mol-1.

Figure 5. Potential energy profile for the F+(1D) + SiO2 gas-phase reactions. Relative energies in kcal mol-1 referred to the most stable singlet
S1.

Reactions of F+(3P) and F+(1D) J. Phys. Chem. A, Vol. 110, No. 22, 20067135



Minimum T3 will dissociate into SiOF+ + O(3P). Since the
activation barriers connectingT1 with T2 and withT3 are not
very different, the formation of some amount ofT3 cannot be
discarded, in principle. Under such assumption SiOF+ would
be a secondary product of the F+(3P)+ SiO2 reaction. The other
possible reaction paths with origin inT1 would lead to a charge
exchange process, either directly or through a previous isomer-
ization to yieldT4, but both processes are not competitive with
the isomerizations to yieldT2 and/orT3.

F+(1D) + SiO2 Reactions.The possible evolution of the
singlet global minimumS1(see Figure 5), formed also by direct
attachment of F+(1D) to the neutral base, is markedly different
to that discussed above for the corresponding triplet adducts,
T1, because the exit channel associated with the charge
exchange process lies now lower in energy than the dissociation
into SiOF+ + O(1D), because in this case the oxygen atom is
produced in its first excited state. Hence, the most favorable
pathway is that leading to the isomerS2, which will eventually
dissociate into F+ SiO2

+. It is worth noting that the global
minimum can also directly dissociate to yield the same products.
As in the case of the triplets, the cleavage of one of the Si-O
bonds is also possible and this would yield to the weakly bound
complex S3, that would easily dissociate by losing O(1D).
However, this reaction path requires activation barriers higher
than the isomerization yieldingS2 and even higher than the
direct dissociation ofS1 into F + SiO2

+.
In summary, we can conclude that F+ + SiO2 reaction in the

triplet subspace would yield as dominant products SiF+ + O2

in a strongly exothermic process, while the same reaction within
the singlet manifold should lead preferentially to a charge
exchange process.

It is important to note, however, that although the F+(3P) +
SiO2 entrance channel lies 34.5 kcal mol-1 lower in energy than
the F+(1D) + SiO2 one, the global minimum of the triplet
manifold lies 9.9 kcal mol-1 higher in energy than the singlet
global minimum indicating that both hypersurfaces cross each
other at least once. The MECP in the region close to both global
minima is, as expected not very far fromT1. The spin-orbit
coupling between both hypersurfaces is estimated at this point
to be 1.32 cm-1. This value indicates that the probability of
observing spin-forbidden processes, at variance with what has
been found for other reactions involving F+ cations19 is rather
small but not zero. In other words, one should expect some of
the flux in the F+(3P) + SiO2 reaction to pass to the singlet
PES’s through the coupling of both hyper-surfaces in the vicinity
of the global minimumT1, and therefore although the SiF+

cation should be the dominant product, some SiO2
+ should also

be formed.
Heats of Formation.Since the information available on the

heats of formation of molecular ions is very scarce, we have
considered it of interest to estimate this magnitude for the main
product ion of the reaction, SiF+. For this purpose we have used
the main reactive process

which has the advantage of being an isogiric process, that is a
process in which the number of unpaired electrons are equal in
both sides of the reaction. The reaction enthalpy was estimated
at the G3 level of theory and combined with the experimental
heats of formation59 of F+(3P), SiO2, and O(3P) to obtain an
estimate of the heat of formation of SiF+. The value so obtained
was 530 kJ/mol.

Conclusions

The molecular cations formed in the reactions between F+

in its 3P ground state differ significantly in their structure and
bonding characteristics from those formed in F+(1D) + SiO2

reactions, because the bonding in the former is strongly
conditioned by the fact that the system has to maintain an overall
triplet multiplicity. This has a significant effect in their relative
stabilities and although the F+(1D) + SiO2 entrance channel
lies 34.5 kcal mol-1 higher in energy than the corresponding
triplet, the singlet global minimum is 9.9 kcal mol-1 more stable
than the corresponding triplet, because in the latter the O-O
bonding found in the former cannot exist.

The topology of both PES’s is also significantly different and
while for the singlets the most favorable process would
correspond to a simple charge exchange, for the triplets the
dominant product ion should be SiF+, although the formation
of smaller amounts of SiOF+ cannot be discarded, in principle.
The possibility of having spin-forbidden process is not null, since
both potential surfaces cross each other in the vicinity of the
global minima, and the spin-coupling between them at the
corresponding minimum energy crossing point is not zero.
However, the coupling is rather small, and therefore one should
expect only a small fraction of the initial flux to go from the
triplet to the singlet PES, to yield as minor product SiO2

+. The
heat of formation of the dominant product ion, SiF+ was
estimated to be 530 kJ mol-1.
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