7130 J. Phys. Chem. R006,110,7130-7137

Reactions of F(®P) and F(!D) with Silicon Oxide. Possibility of Spin-Forbidden Processes
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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"dhfts 3P ground state and in it® 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{B-311
(3df,2p) and at the G3X levels of theory. [Sip,&]" singlet and triplet state cations present very different
bonding characteristics. The most favorable reactions path {PF+ SiO, reactions should yield £+

SiF*, while in the reactions in the first excited state, only a charge exchange process, yietéihd 5{O,"-

(°A), should be observed. However, both potential energy surfaces cross each other, because although the

entrance E(3P) + SiO; lies 34.5 kcal/mol below H'D) + SiO,, 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 spiorbit 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 methods. The geometries of the different stationary points were
. . optimized using the B3LYP approach together with a 6-31G-

Ga}s-phase lon proc_esse§ are of great relevance in atmosphen(:d) basis set expansion. This approach has been found to yield
and !nterstellar chemlstry Itis nowaday§ well estalbllshed reliable structures and frequencies for systems formed by the
that ion—molecule reactions seem to be in the origin of the interaction between monocations and neutral syste®The
different species detected inside interstellar clotitidowever, B3LYP method includes Becke's three parameter nonlocal
in general, the only information available in most of these hybrid exchange potentfdland the non-local-correlation func-

ggf)%?stﬁgsmlcsectk?:nig ﬁ?g;giﬂ'siﬁﬂggg' ?géq;/gg tlgitlseréss kg(gwn tional of Lee, Yang and PaPf.Harmonic vibrational frequencies
9 P P were obtained at the same level of theory to classify the

the role of high-level ab initio molecular orbital technig&ied stationary points as local minima or transition states and to

VAV;SU glfl gr;a;;;poé?cr;cs%zsel?hceld;lil?rﬂtrgiied;nniﬁpir&iﬁji%nal estimate the corresponding zero point energies (ZPE), which
Y, ny ’ . Sty . were scaled by the empirical factor 0.988€inal energies were
theory calculations are the only alternative available to inves- - ; . .
. o ) . obtained by single point B3LYP/6-3#1G(3df,2p) calculations
tigate the structures of ionic species, which, very often, are . L -
. ) ; - ) on the aforementioned optimized geometries. To assess the
elusive to experimental observation. Besides, high-level theo- . | .= . ) X .
. ) reliability of this scheme we have also obtained the final energies
retical methods reach the so-callelemical accuracyand : : . . ;
! . of the different stationary points using the G3X the#tyhich
therefore, many thermodynamic properties of neutral and . o .
. . . is based on B3LYP/6-31G(d) optimized structures. This theo-
charged species can be estimated within0 kcal/mol of the :
. - 38 L1 - retical scheme has been proved to be very accurate for a large
experimental values, when availaBfe3® High accuracy is . ; .
. ; o o set of molecules. For triplets, the corresponding unrestricted
important in this field because in interstellar space only formalism was used, but in no case was the spin contamination
exothermic processes are likely to occur, due to the extreme ! . > P
found to be significant, since the’ ®xpectation value was

interstellar conditions of low temperature and density, and . : o
therefore an accurate knowledge of the topology of the corre- always smaller than 2.0004. The final assignment of transition
states was done by using the internal reaction coordinate (IRC)

sponding potential energy surface (PES) is of critical importance.

> . o . ) Sprocedure as implemented in GaussiarP03.
The aim of this paper is to investigate the gas-phase reaction o ) o i
between F in its 3P ground state and in i first excited To locate conical intersections within a given PES or to locate

state and silicon dioxide. SiGs a dominant component of € minimum energy crossing points (MECP) between the
interstellar dust supplied from supernov&et and most of the ~ Singlet and the triplet hypersurfaces we have used a CASSCF-
meteorites are Sigrich objects’?~44 and therefore their ablation (6,6) formalism and the procedure developed by _Ro_b_b & al.
when they enter in the Earth atmosphere and in the atmospherézor the latter case, and in order to ensure the reliability of the

of other planets may be a possible source of atmospheric siliconcalculated spirrorbit coupling needed to estimate the probability
oxide. 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
The topology of the [Si, @ F]" singlet and triplet PESs was  spin—orbit coupling by means of the method developed by
explored through the use of density functional and ab initio Palmieri et aRk” Both conical intersections and spinrbit

2. Computational Details
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coupling calculations are carried out using a state averageincoming cation takes place. Indeed, our results indicate that in
procedure, in which identical weight is assigned to the two statesboth complexes the net charge of the Si@oiety is+1.2 for
involved. These calculations were carried using MOLPRO suite the singlet anct-1.0 for the triplet. The consequence of this
of programs® charge transfer from SiOtoward F is that the unpaired
Because of the large recombination energies of bo(EF) electrons, initially located onare now on the two oxygen
and F(!D),%° the interaction of these cations with the neutral atoms of the Si@ moiety, which in complexT1 have a spin
is followed by a drastic reorganization of the charge distribution density of 1.0, preventing the formation of a linkage between
of the whole system. To adequately describe these effects weboth oxygens, since the system has to preserve the overall triplet
have used two different partition techniques, namely the atoms multiplicity.

in molecules (AIM) theor§® and the natural bond orbital (NBO) It can be similarly observed that whil&4 is a cyclic
analysis> The AIM theory is based in a topological analysis symmetric complex, iT4 the fluorine atom is only bonded to
of the electron charge density(r) and its LaplacianV?p(r). one of the oxygen atoms. The lack of symmetryTdfis again

More specifically, we have located the so-called bond critical jmposed by the necessity of preserving the overall triplet
points (bcps), i.e., points whepér) is minimum along the bond  mutiplicity, since in T4 the unpaired electrons are located
path and maximum in the other two directions. In general the respective|y on Si and on one of the oxygen atoms, which
value of p at these points provide useful information on the therefore cannot be bonded to F. These differences are well
strength of the bond and the ensemble of bcps and thereflected in their charge densities. /4, no bep is found
corresponding bond paths permit to define the corresponding petween F and one of the oxygen atoms, whil&4both exist,
molecular graph. The nature of the bonds formed between theas well as the corresponding ring critical point (See Figure 2).
ion and the neutral system was analyzed by means of contour The minimumS2 in which the F atom bridges between Si

maps of the energy density, defined as and O, has no equivalent in the triplet hypersurface. In this local
minimum, that is connected to the global minimum through the
H(T) = (1/4)V°p(F) — G(T) S12 transition state, Si appears covalently bonded to both
oxygens and apparently to the fluorine atom, although no bcp
whereV2p(f) andG(r) are the Laplacian of the electron density has been located between both atoms, so very likely the relative
and the kinetic energy density, respectively. Bonding regions short distance between Si and F is due to an electrostatic
in which the energy density is negative correspond to covalent attraction between them (see Figure 2).

linkages®>3Conversely, typical ionic bonds are associated With  The third local minimum in stability order in both PES'’s

regions where t_he energy density is c_IearIy positive. _ correspond to a weakly bound species betweersB-F+ and
AIM calculations have been carried out by using the g3 neutral oxygen atom. As illustrated in Figure 3, the energy
AIMPAC series of program$! density between the oxygen atom and theS)-F* subunit is
] ) positive as it corresponds to an electrostatic interaction between
3. Results and Discussion the ion and the oxygen. The only difference between complexes

The different local minima of both PES’s were numbered in T3 and S3is that in the former the oxygen atom interacting
increasing energy order. In our nomenclature we have Gised With the O-Si—F* fragment is in its’P ground state, while in
to identify the triplets ands to identify the singlets. For the ~ S3isin its'D excited state. Consistently, the energy difference
transition states the two digits attached to this symbol identifies between these two complexes (64.2 kcal Tpls practically
the two local minima that are connected by that transition state. identical to the gap between @) and OFP) (64.6 kcal mot?).
The optimized geometries of the different local minima are ~ G3 vs DFT Results.The profiles of the E(3P, D) + SiO,
schematized in Figure 1. The optimized geometries of all the reactions are shown in Figures 4 and 5, respectively. It can been
stationary points of both potential energy surfaces are sum-seen that in qualitative terms the topology predicted at the G3X
marized in Table S1 of the Supporting Information. level is not significantly different from the one obtained at the

Structure and Bonding Analysis. A cursory examination B3LYP/6-31H-G(3df,2p) level. There are however some sig-
of Figure 1 clearly shows significant dissimilarities between the nificant quantitative differences that need to be commented.
structures of singlets and triplets. In both(¥P), FF(D) + SiO;, Probably the most significant one is the energy gap between
reactions the direct association of the halogen cation to the Ft(*D) and F(®P). The G3X calculated value (61.3 kcal mb)l
neutral system can take place at the silicon atom, to yidld is in very good agreement with previous theoretical estimates
and S1 adducts, respectively, or at the oxygen atoms to yield obtained at the G2-level (62.1 kcal m#)*>1%as well as with
the T4 andS4structures, respectively. In both cases, the former the experimental value (59.7 kcal mé).%> However, the
are the global minima of the PES and the latter the less stableB3LYP/6-311-G(3df,2p) value (83.2 kcal mot) dramatically
complexes, however, there are significant differences in structureoverestimates this energy difference. The reason for this
and bonding between the members of both couples. As pathological behavior is the RHRUHF instability of the F-
illustrated in Figure 1S1is apparently a cyclic system in which ~ (*D) DFT wave function. Furthermore, the problem does not
F* attachment triggered the formation of a new-O bond, disappear when an unrestricted formalism is used to calculate
absent in the neutral system. As a matter of fact, the corre- this singlet state, because the unrestricted wave function is too
sponding molecular graph (see Figure 2) shows the existencelow in energy and presents a very high spin contamination, and
of a bcp between both nuclei with a charge density about half therefore these unrestricted DFT results have no physical
that found in the @O bond of hydrogen peroxide. Conversely, meaning as it has been shown before in the literature for other
T1 is an open structure, with an-@D distance of 2.858 A. halogen containing systerf&This could invalidate the use of
This can be understood by taking into account the huge this DFT approach for the description of the stationary points
reorganization of the electron distribution of the gi@Qoiety of the singlet potential energy surface. However, we have
upon F association. The energy recombination ofi& one of verified that for all [Si, Q, F]* singlet-state complexes the wave
the largest within the periodic system, and therefore a completefunction does not present any kind of instability. This would
transfer of at least one electron from the neutral base to theexplain why, although the relative stabilities of the entrance
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Figure 1. Optimized geometries of the local minima of the singlet and triplet [$i,RD" PES’s. Bond lengths (in black) are in A and bond angles
(in red) are in deg.

channel is very badly described at the B3LYP level, the relative disagreement, is that both the DFT wave functions for FO and
stabilities of the stationary points of the [Si,,GF]" singlet SiO* present internal instabilities. Moreover, any effort to
PES is in reasonably good agreement with those obtained atremove these internal instabilities failed, because the resulting
the G3X level of theory. We have also checked that the B3LYP/ wave functions present a very large spin contamination. This
6-31G(d) optimized geometries which are in the base of the pathology affects to both PES and have important consequences
G3X method do not differ significantly from those obtained at because, while at the B3LYP level the most exothermic process

the MP2/6-31G(d) level of theory. in the FF(!D) + SiO, reaction is that leading to F@ SiO", at
The second important failure of the DFT approach is the the G3X level of theory would correspond to the charge
relative energy of the exit channel leading to FCBIO*, which exchange process producing-F SiO,". The effect is less

is predicted to be much lower than the other exit channels, in dramatic as far as the™®P) + SiO, reaction is concerned,
clear contrast with the G3X estimates. The reason for this because both theoretical schemes predict as the most exothermic
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Figure 2. Molecular graphs of the local minima of the singlet and triplet [Si, )" PES’s. Charge densities at the bcps (red points) are in® au

charge density at the S bcp that decreases significantly on
going from the neutral system Tl molecular ion. Consistently,
the Si-O stretching frequency appears Td 328 cnt? red-
shifted with respect to neutral SiIOAs a consequence the
cleavage of one of the SO bonds is relatively easy. The
oxygen atom detached frofil can now migrate toward the
oxygen atom of the FSIO subunit, through th&2 transition
state, to yield the local minimurfi2, 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 @in its triplet ground state and SiFIt can be
observed however that this dissociation limit lies lower in energy
than the local minimunT2, situation that can only be explained
if the aforementioned dissociation takes place through an
activation barrier. This barrier would exist if this dissociation
Figure 3. Energy density, H(, contour map foS3andT3 complexes limit is diabatically correlated with an excited stateld, while
Blﬂe-dashed Iinge){s and sgllid-réd lines correpspond to negativepand positiveT2 |r.1 itS grpund Stat'e Wou,ld diabatically dissociate to yield O
values of Hf). + SiF, which are higher in energy. As a matter of factrid,

as we have mentioned above, one is on the terminal oxygen

process that leading to SiF- O,, and only the highest energy ~ and the other one on the Si atom a spin distribution which is
dissociations into FO+ SiO* and F+ SiO,", appear inter- compatible with its dissociation into® + SiF, but not with

changed. its dissociation into @+ FSi*, because in these products the
Taking into account this analysis, in what follows our two unpaired electrons are located on the oxygen molecule.
discussion will be based exclusively on the G3X PES's. Hence, this dissociation would require a drastic reorganization

F*(3P) + SiO, Reactions.lt is reasonable to assume that Of the electron distribution through the interaction with the
the first step of the E3P) + SiO, reaction would be the  corresponding excited state. The conical intersection associated
attachment of the monocation to the most basic center of theWith the avoided crossing between both diabatic surfaces was
neutral, yielding thél 1 complex (see Figure 4). As mentioned located at CASSCF(10,10)/6-31G* level of theory and corre-
in previous sections the Si@noiety undergoes a drastic charge sponds to a barrier of 5.2 kcal mélaboveT2, and therefore
reorganization, not only because of the charge transfer from this becomes the most favorable reaction channel with origin
the neutral to the incoming ion, but also due to the rehybrid- in T1. This barrier, connects the minimuf2, throughTS25
ization of the Si atom. One of the consequences of this electronwith a weakly bound complext6) between the two dissociation
density redistribution i1 is a weakening of the SiO bonds fragments @ and SiF, which lies 6.1 kcal moi! below the
that lengthen 0.12 A. This weakening is also reflected in the dissociation limit. It is worth mentioning that the dissociation
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Figure 4. Potential energy profile for the'f®P) + SiO, gas-phase reactions. Relative energies in kcaihmeferred to the most stable singgt.
The TS4abarrier with respect td4 has been estimated by using a CASSCF(6,6) approach.

of T5 into O, and SiF with both products in their triplet states,  corresponding exist channel lies much higher (60.8 kcal#ol
although spin-allowed should not take place because thein energy.T4 would dissociate diabatically into ) + SiO™,
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Figure 5. Potential energy profile for theif'D) + SiO, gas-phase reactions. Relative energies in kcalhrefferred to the most stable singlet
S1

since a charge transfer occurs already in the formation of this place through a conical intersectiomS4a) that implies an

species. However, its dissociation into FOSIO™ should take

activation barrier of 43.1 kcal mot.
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Minimum T3 will dissociate into SiOF + O(P). Since the Conclusions
activation barriers connectingl with T2 and withT3 are not
very different, the formation of some amount®8 cannot be
discarded, in principle. Under such assumption Si®®uld
be a secondary product of th&(®P) + SiO, reaction. The other
possible reaction paths with originirl would lead to a charge
exchange process, either directly or through a previous isomer-

ization to yieldT4, but both processes are not competitive with stabilities and although theE'D) + SiO, entrance channel

the isomerizations to yield2 and/orT3. lies 34.5 kcal mot® higher in energy than the corresponding
F*('D) + SiO, Reactions. The possible evolution of the  triplet, the singlet global minimum is 9.9 kcal méimore stable
singlet global minimun®1(see Figure 5), formed also by direct  than the corresponding triplet, because in the latter th€O
attachment of F(ID) to the neutral base, is markedly different bonding found in the former cannot exist.
to that discussed above for the corresponding triplet adducts, The topology of both PES's is also significantly different and
T1, because the exit channel associated with the chargewhile for the singlets the most favorable process would
exchange process lies now lower in energy than the dissociationcorrespond to a simple charge exchange, for the triplets the
into SIOF" 4+ O('D), because in this case the oxygen atom is dominant product ion should be SiFalthough the formation
produced in its first excited state. Hence, the most favorable of smaller amounts of SiOFcannot be discarded, in principle.
pathway is that leading to the isom@®, which will eventually ~ The possibility of having spin-forbidden process is not null, since
dissociate into F+ SiO;*. It is worth noting that the global  both potential surfaces cross each other in the vicinity of the
minimum can also directly dissociate to yield the same products. global minima, and the spin-coupling between them at the
As in the case of the triplets, the cleavage of one of theCBi  corresponding minimum energy crossing point is not zero.
bonds is also possible and this would yield to the weakly bound However, the coupling is rather small, and therefore one should
complex S3 that would easily dissociate by losing ‘DJ. expect only a small fraction of the initial flux to go from the
However, this reaction path requires activation barriers higher triplet to the singlet PES, to yield as minor product SiOThe
than the isomerization yielding2 and even higher than the  heat of formation of the dominant product ion, Sifvas

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 ih(1D) + SiO,
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

direct dissociation o1linto F + SiO;". estimated to be 530 kJ mdl
In summary, we can conclude that - SiO; reaction in the . ]
triplet subspace would yield as dominant productstSHO, Acknowledgment. This work has been partially supported

in a strongly exothermic process, while the same reaction within by the DGES Project No. BQ2003-0894 and by the Project
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It is important to note, however, that although the(3P) +
SiO; entrance channel lies 34.5 kcal mblower in energy than
the F(!D) + SiO, one, the global minimum of the triplet
manifold lies 9.9 kcal mat* 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 fronl. The spir-orbit
coupling between both hypersurfaces is estimated at this point
to be 1.32 cm. This value indicates that the probability of
observing spin-forbidden processes, at variance with what has
been found for other reactions involving Eationg® is rather
small but not zero. In other words, one should expect some o
the flux in the F(3P) + SiO, reaction to pass to the singlet
PES’s through the coupling of both hyper-surfaces in the vicinity

Supporting Information Available: Table containing the
optimized geometries (Cartesian coordinates) of the stationary
points of the [Si, @, F]* singlet and triplet potential energy
surfaces and text giving full versions of refs 55 and 58. This
material is available free of charge via the Internet at http://
fpubs.acs.org.
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