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The structures and relative stabilities of the cationic forms of the halogen dioxides have been studied by
means of ab initio molecular orbital calculations. For fluorine- and chlorine-containing compounds the
geometries and the harmonic vibrational frequencies of all possible isomers were calculated at the QCISD/
6-311+G(2d) level of theory. For bromine- and iodine-containing compounds the effective core-potential
basis sets of Hay and Wadt, modified to include a set of diffuse functions and two sets of polarization functions,
were employed. For all systems the final energies were obtained at the QCISD(T#&&df) level of

theory. In addition, multiconfiguration-based methods (CASSCF and CASPT2) have also been used. The
relative stabilities of structures XOOand OXO" are greatly reduced relative to those observed for the
corresponding neutral species. In fact, for Cl and | derivatives, the lowest energy isomer corresponds to the
symmetric OXO open-chain species. The corresponding cyclic structures arise as local minima on the
respective potential energy surfaces, but they lie much higher in energy than thé @é@-chain form or

the XOO" isomer. There are significant differences in bonding between X@®@ OXO', the X—0O interaction

in OXO* being more covalent than in XOOThere are also trends along the series that reflect the pronounced
disparity between the electron affinity of and those of the heavier atoms of the group. F@Pecies can

be viewed as PP)—0," complexes, whereas XOQX = Br, |) species can be regarded as(3P)—0,
complexes. The OXOopen-chain species have an electron charge distribution similar to that of the ozone
molecule, reflecting the same number of valence electrons in each case.

Introduction with the corresponding cations. We shall also investigate
) ) ] whether or not the cyclic forms of these species form local
The depletion of stratospheric ozone has resulted in an minima on the associated potential energy surface (PES) and

increasing interest in the study of the possible reaction mech-yetermine their relative stabilities with respect to the corre-
anisms responsible for its depletibr?. Specifically, particular sponding open-chain forms.

attention has been devoted recently to the study of reactions
involving halogen atom$;8 F, ClI, Br, and |, which may be
formed by molecular fragmentation of hydrocarbdralogen
derivatives. In particular, the structure and reactivity of halogen = The geometries of the various [X,J0 singlet state cations
oxides and dioxides has been the subject of a large number ofwere optimized at the Quadratic Configuration Interaction level
experiment&t® and theoretical studi€s}? since they may arise  of theoryl® with inclusion of single and double excitations
as products or intermediates in the reaction cycles for the (QCISD). As we shall discuss in forthcoming sections, ap-
destruction of ozone by halogeh3.Much less attention has  proaches based on single determinant wavefunctions may not
been paid, however, to the corresponding ionic species. In factbe appropriate to describe such systems. To this end, we have
there is little information regarding the cationic species where, calculated the so-called; Tiagnostic, which uses the Euclidean
from a theoretical point of view, only OCIO' and OBrO 14 norm of the vector of tamplitudes to assess the reliability of
have been studied at a high ab initio level of theory, while results based on a single reference configuration. A large value
experimentally only the IR spectrum of OCiChas been of T1 (>0.02) suggests the need for a multireference proce-
characterized® durel”18For this reason we have also used a Complete Active
The aim of this paper is to carry out a systematic study of Space Self-Consistent Field (CASSCFjormalism for the
the structures and relative stabilities of the various cationic forms corresponding geometry optimizations. The active space chosen
of the halogen dioxides through the use of high level ab initio for these CASSCF calculations corresponds to the valence p
calculations. One of our goals is to establish whether the active space; i.e., it includes twelve electrons distributed over
ionization of the radical XOO species can produce significant the nine valence p orbitals.
structural rearrangement. It is well establishédhat the isomer For fluorine- and chlorine-containing species an all-electron
of lowest energy for all the halogen dioxides is the asymmetric 6-3114+G(2dY¥° basis set was used in the optimizations. For
XOO structure rather than the symmetric OXO one. We shall bromine- and iodine-containing species we have employed the
show here that the symmetric forms can be favored when dealingeffective core-potential basis sets of Hay and Wédbodified
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to include a set of diffuse sp functions and two sets of d TABLE 1: Stability of the CASPT2 Calculated

polarization functiong2 Furthermore, although the valence shell Isn'grgégfs—"%ul'\rl‘lﬁé?eggé%ﬁglékﬁa{/hfgogc‘g\'}g SRSaSEg%tntg Vé\\lg][h
is normally described by a [21] contraction scheme, we haV(_e Respect to the Use of the “g3” Formulation of the Fock
used here a fully uncontracted [111] scheme. When this basismatrix, as Defined in Ref 30

set, denoted hereafter as HW2d), is used to describe the

halogen atom the oxygen basis set remains the same (6311

no. of orbitals ~ BrOO" E(A")—E(A’) 100" E(A")—E(A')

(2d)) as that employed in the calculation of F and Cl derivatives. (aihglgﬁzsgt;%gién CASPT2 CA(\;D)TZ CASPT2 C?;;TZ
The corresponding harmonic vibrational frequencies were

obtained at the same level of theory as used in the geometrygg'ggﬁg (valence-p) :ﬁ'g :g'g :g'g :g'g

optimizations. This allows the stationary points on the PES to (7.4)/12 —19.7 —221 95 —10.2

be classified as local minima or saddle points and the corre- (8,4)/12 —-18.9 -215 —8.4 -8.9

sponding zero point energy (ZPE) corrections to be estimated. (8,5)/12 —19.1 —214 —83 —8.6

The final energies were obtained in single point calculations N ]
at the QCISD(T) level using the 6-3%5(3dfP2224 pasis set _results be_come stat_)le when three additional vacant orbitals are
within the frozen core approximation. Although the geometries included in the active space. The use of the “g3" approach
of the Br- and I-containing species were optimized using the Systematically generates larger energy gaps, but this correction
effective core-potential approach, the final energies were amounts to onlyll.5 kcal/mol. In view of these results, the
obtained using both the Haywadt basis set augmented with a CASPT2 calculations for the other structures were performed
diffuse sp function and 3df polarization functiAgdenoted ~ (With the exception of F) with a valence p active space in which
hereafter as HW (3df)) and an all-electron calculation to permit ~ three extra d orbitals were included and the “g3” approach used.
direct comparison with the corresponding results obtained for Due to the computational effort implicit in such enlarged active
F and Cl derivatives. This level of theory corresponds to a G2- SPaces, geometry and frequency calculations at the CASSCF
type calculatio® without the use of associated additivity €vel were restricted to the valence p active space.
approximationg® Hence, the G2(QCI) total energies reported  The atoms in molecules (AIM) approach of Batlevas used
here are obtained by adding to the QCISD(T)/6-8GK3df) to investigate the bonding characteristics of the different species.
energies the empirical high-level correction defined in ref 26, The bond critical points, i.e., points where the electron density

the unscaled ZPE obtained at the QCISD/6-8G[2d) level ~ function, p(r), is a minimum along the bond path and a
and, in the case of Br and |, the spiarbit corrections as ~ Maximum along the other two directions, were determined using

described in ref 20. this formalism. The Laplacian of the electron densip(r),

is knowr?? to characterize regions of space in which the
electronic charge is either locally depleteéf¢ > 0) or locally
enhancedV¥?p < 0). The former situation is typically associated
with interactions between closed-shell systems (ionic bonds,
hydrogen bonds, and van der Waals molecules), whereas the
= latter characterizes covalent bonds, in which the electron density
is concentrated in the internuclear region. Exceptions to this
general rule are known to exist, particularly when highly
electronegative atoms are involved in the bonding, as in the
present case. Hence, we have also evaluated the quidfjty®
which does not exhibit such exceptions. In general, negative

As noted above, the QCISD(T) scheme, based on a single-
determinant zero-order wavefunction, may display some serious
deficiencies. Therefore the final energies were also obtained
using a many-body multireference perturbative treatfient
(denoted as CASPT2) based on an all-electron 6+&(Bdf)
basis set. In these single point calculations the CASSC
optimized geometries were used instead of the QCISD ones.
For these CASPT?2 calculations we have kept the 1s orbitals of
oxygen, fluorine, and chlorine, the 1s2sp orbitals of bromine,
and the 1s2sp3spd orbitals of iodine frozen in the perturbational

treatment. ; . A
Although ‘ ttiret h h CASSCFlvalues of H(r) are associatéd with a stabilizing charge
CAStPEI)'gg l.J”S%O ahmu tireference approac ’fSl:]C c?sf' - =" Tconcentration within the bonding region. However, it should
» Will be shown to remove some of the deficiencies o 1,0 q thati(r), defined as the energy density in ref 33, is

found at the QCISD level, there remain problems inherent in
the CASSCF/CASPT2 treatment, such as the appearance oﬁ
intruder stateg?® In fact, the valence p active space used in our d
CASSCF/CASPT2 calculations neglects possibly significant
excitation$!b29to the 3d, 4d, and 5d vacant orbitals of Cl, Br,
and |, respectively. A further problem associated with the
CASPT?2 calculations involves those cases in which the relative
energies for species with different numbers of unpaired electrons
are computed? As discussed in ref 30, errors of the order of 3
kcal/mol can be obtained, although part of this error can be

removed by using the “g3" definition of the zeroth-order calculations at the CASSCF level have been performed using

Hamiltonian as introduced in the same reference. To test the Q36 ; : )
stability of our CASPT2 results with respect to enlargement of CH;?S\I%(? p?rig?;rg CASPT2 energy calculations with the MOL

the active space, we have performed for Bd dra series of
calculations in which the active space was increased by 1, 2, 3
or 4 orbitals (mainly corrresponding to inclusion of vacant
halogen d orbitals). These calculations were used to estimate Structures and Bonding. In principle, three different iso-

the singlet-quintet energy gap for BrOOand I00O". We have meric arrangements are possible for halogen dioxides. One
also tested the stability of the calculations using the “g3” corresponds to the attachment of the halogen atom to an oxygen
approach. Results summarized in Table 1 show that for BrOO atom, while the remaining two are symmetric structures in which
the energy gap is underestimated by 6 kcal/mol when the valencethe halogen atom occupies the central position and is bonded
p active space alone is used in the reference wavefunction. Theto both oxygen atoms by forming either a three-membered ring

orrectly described aan energy density by Bad&rand is
quivalent to the negative of the conventional kinetic energy
ensityK(r). (eq 6.70 in ref 31). For consistency with the earlier
literature we shall continue to use the notatid(r) on the
understanding that we are considering the negative of the
conventional kinetic energy densiti(r).

The AIM analysis was performed using the AIMPAC series
of program&* modified to calculate contour maps kfr). All
calculations at the QCI level were carried out using the
Gaussian-94 series of prograffsyhile geometry and frequency

'Results and Discussion
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TABLE 2: T, Diagnostic and Total Energies (au) Obtained at Different Levels of Theory for the Compounds Included in This
Study?

T QCISD geometry CASSCF geometry
diagnostic ~ QCISD/6-31G(2dy G2(QCl) G2(QCI-ECP) CASSCF/6-311G(2dp CASPT2 6-313G(3df)
FOO"(*A") 0.050 —249.20267 (0.006649) —249.35838
OFO™(*A1) 0.076
Cyc-OFO (*Ay) 0.028 —249.05358 (0.005488) —249.20625 —248.58321 (0.005312) —249.12562
F(P) + O(3I1g) —249.21231 (0.004474) —249.34482 —248.77346 (0.004288) —249.27474
FF(CP) + Oa(3247) —249.02691 (0.003692) —249.14694 —248.56858 (0.003502) —249.08358
CIOO*(*A") 0.056 —609.25913 (0.005607) —609.42666 —608.84427 (0.005099) —609.43039
OCIO*(*Ay) 0.027 —609.26708 (0.006364) —609.45626 —608.82231 (0.005809) —609.45499
Cyc-OCIO (*A,) 0.017 —609.19821 (0.005122) —609.36846 —608.75392 (0.004585) —609.35796
CI(?P) + O, (°I1g) —609.24618 (0.004474) —609.38954 —608.84799 (0.004288) —609.38999
CI*(3P) + 0x(°Z4") —609.22835 (0.003692) —609.35853 —608.78896 (0.003502) —609.36561
T QCISD geometry CASSCF geometry
diagnostic QCISD/HW-(2dy G2(QCl) G2(QCI-ECP) CASSCF/HW(2dyY CASPT2 6-313%G(3df)
BrOO"(°A") 0.017 —162.70174 (0.004087) —2722.26662 —162.8443%1 —162.27683 (0.003833) —2722.53471
BrOO*(*A") 0.063 —162.69287 (0.005292) —2722.29077 —162.86672 —162.29912 (0.004729) —2722.56906
OBrO*(*Ay) 0.034 —162.68962 (0.004912) —2722.29851 —162.88178 —162.26560 (0.004394) —2722.56109
Cyc-OBrO"(*A1) 0.017 —162.64653 (0.004852) —2722.24396 —162.82116 —162.22066 (0.004201) —2722.51114
Br(?P) + O;"(*I1g) —162.66987 (0.004474) —2722.2493% —162.8240Y —162.28458 (0.004288) —2722.51224
Bri(eP) + O:(3%4") —162.69467 (0.003692) —2722.25969 —162.83703 —162.27461 (0.003502) —2722.52759
I00*(5A") 0.016 —160.95942 (0.003981) —7066.8841% —161.11332 —160.55707 (0.003767) —7066.92624
—160.95775+7066.83851
I0O*(*A") 0.070 —160.92843 (0.005038) —7066.87816 —161.10858 —160.56283 (0.004409) —7066.94037
—160.91919/7066.82700
OIO*(*Ay) 0.037 —160.94119 (0.004395) —7066.90276 —161.14141 —160.53149 (0.003859) —7066.94661
—160.9324047066.85350
Cyc-OIO"(*A1) 0.017 —160.90250 (0.004529) —7066.85277 —161.08263 —160.49482 (0.004001) —7066.89214
—160.90008+7066.80804
1(2P) + O,*(?I1y) —160.88399 (0.004474) —7066.82220 —161.04980 —160.53413 (0.004288) —7066.85795
—160.88218+7066.77134
17(P) + Ox(3Zg") —160.95407 (0.003692) —7066.87839 —161.1079¢ —160.55588 (0.003502) —7066.91839

—160.95251+7066.82979

aFor F and Cl complexes QCISD optimizations have been performed by using thet&82d) basis set; for Br and | complexes the H\{2d)
basis have been used instelWalues in parentheses correspond to the ZPVE (au) calculated at the same level oftR@styalue has been
obtained at the CCSD/HW(2d) level of theory; second one has been obtained at CCSD(T)/63(3df) level.? These values include spiorbit
corrections as quoted in ref 20 (Br—5.78 mH, Brf = —6.77 mH, I= —11.49 mH, = —13.52 mH). For XOO(®A’) structures same spirorbit
correction that for X has been considered.

or an open-chain structure. The total energies of these species Some general features can be observed which reflect signifi-
at the various levels of theory considered here are given in Tablecant differences in bonding characteristics in moving along the
2, and their relative stabilities with respect to the most stable series from F to I. In the case of the XO@pecies, the 60
dissociated form are given in Table 3. The optimized structural distance changes appreciably along the series from F to I. The
parameters are summarized in Table 4. shortest G-O bond length is found for the fluorine dioxide

It can be observed in Table 2 that some of the investigated cation, and this bond length increases when F is replaced
species present a large value of theliagnostics, while a few  successively by Cl and Br and I. In all cases the molecule is
ones present a value reasonably small. As we shall discuss laterpredicted to be bent, where the-X0—0O bond angle increases
for the former there are noticeable discrepancies betweenon moving from F through to I. These geometrical trends can
calculations based on a single reference configuration and thebe understood if one regards these systems as the result of
CASSCF/CASPT2 results. As expected, for the latter, both attaching a halogen cation to an oxygen molecule. Since the
methodologies yield similar results. Also importantly, we have electron affinity of F is 17.42 e\28 attachment to oxygen, with
checked that for all systems which present valueg,afmaller a much lower ionization energy (12.07 ¥/ yields F+ O,"
than 0.02, the dominant configuration weighs at least 85% in through charge transfer. Hence the FO&ructure can be
the Cl expansion, while for systems with large valuesTof viewed as a tightly bound complex formed by théRj(atom
this weight decreases significantly, being in some cases smallerand the @*(2I1g) ion. In fact the positive charge is entirely
than 50%. associated with the Osubunit (net charge-0.94e). The two

We have to note that the OFGsystem presents not only a  fragments can interact through the unpaired electrons, giving
very large value of th@; diagnostic (0.076; see Table 2) but an interaction energy, evaluated at the G2 level, of 8.5 kcal/
also significant inconsistencies between the QCISD and the mol (see Table 3). The Laplacian of the charge density and the
CASSCEF results. At the former level of theory the stationary values ofH(r) within the O—-0O bond are consistently large and
point found corresponds to an angular arrangement with two negative, corresponding to a strong covalent linkage. Neverthe-
imaginary frequencies, while at the latter level the structure less, the value ofV2p(r) at the O-F bond critical point is
found is linear but with an unrealistic electron configuration. positive butH(r) is negative and smaller in absolute value (see
Furthermore, at both levels OFGs predicted to be much higher  Table 5). Positive values of the Laplacian of the charge density
in energy than the FOOisomer, in agreement with the inability can be found in covalent bonds between two very electro-
of F to dicoordinate. Accordingly, the resulting OF&tructure negative atom& as is the case here. The negative valug @)
will not be considered in the rest of the discussion. suggests that the interaction has a significant covalent contribu-
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TABLE 3: Relative Energies (kcal/mol) for the Different Compounds Included in This Study

Alcami et al.

QCISD geometry CASSCF geometry
QCISD QCISD QCISD(M) CASPT2
6-311-G(2d)  6-31H-G(3df)  6-31HG(3df)  G2(QCl)  G2(QCI-ECP) 6-311+G(3df)
FEP)+ 0,"(I1,) 0.0 0.0 0.0 0.0 00
F*(%P) + O:(°%, ) 1163 118.7 1216 124.2 1195
FOO'('A") 6.0 3.9 “658 -85
Cyc—OFO™(*Ay) 99.6 97.9 89.4 87.0 942
CICP) + O,*(2I1y) 0.0 0.0 0.0 0.0 00
CI(P) + 0%, ) 112 142 16.8 195 148
CIOO™(*A") —-8.1 —11.4 —20.9 —23.3 —24.8
OCIO"(*Ay) —-13.1 —-30.1 —-40.0 —-41.9 —-39.8
Cyc—OCIO*(*A)) 30.1 23.4 15.9 132 203
QSID geometry CASSCF geometry
QCISD/ QCISD QCISD(T) CASPT2
HW-(2d) 6-31L-G(3df)  6-311-G(3df)  G2(QCl)  G2(QCI-ECP) 6-311+G(3df)
Br(?P) + O;"(2I1y) 15.6 11.2 8.5 6.5 8.1 9.6 (10°7)
Br(P) + 0%, ) 0.0 0.0 0.0 0.0 0.0 0.0 (0.9)
BrOO*(5A") —4.4 —4.4 —46 -43 —46 —4.5 (—4.3F4
BrOO*(*A") 11 —5.8 ~186 ~195 ~186 —26.0 (-21.0f¢
OBrO(*A,) 3.2 —76 —232 —24.4 —28.1 —21.0 (-16.2)¢
Cyc—OBrO*(‘A;) 30.2 21.1 11.9 9.9 10.0 10.3 (149)
I(3P) + O;* (A1) 44.0/44.3 39.1 36.6/36.7 353 36.5 37.9 (39.7Y
I"(°P)+ Os(*%y ") 0.0/0.0 0.0 0.0/0.6 0.0 0.0 0.0 (0.0
100* (A" —3.4/-3.2 ~36 —38-5.5 ~36 —34 —4.9 4.7p4
I00"(*A") 16.1/20.9 11.1 —-3.0/1.8 0.1 —-0.4 —13.8 (4.8
OIO*(*A1) 8.1/12.6 -3.0 ~18.0/-14.9 ~15.3 ~21.0 ~17.7 (-9.0f¢
Cyc—OIO*(*A;) 32.4/32.9 233 13.3/136 16.1 15.9 16.5 (25.3)

aSecond value has been obtained at the CCSD#{2u) level.? Second value has been obtained at the CCSD(T)/6-&(3df) level using the
CCSD/HWA-(2d) geometry® Values including the ZPE correction evaluated at the CASSCFHRAI) level.d Values in parentheses include the

spin—orbit correction evaluated in the same manner as in the G2 procedure.

TABLE 4: Geometries (Distances in A, Angles in deg) for the Species Considered in This Study

R(O-0) R(X—0) o (deg)
QCISD CASSC QCISD CASSCF QCISD CASSCF
6-311+G(2d) 6-311+G(2d) 6-311+G(2d) 6-311+G(2d) 6-311+G(2d) 6-311+G(2d)
FOO* 1.141 1.489 113.7
Cyc—OFO* 1.443 1.478 1.504 1.506 57.3 58.7
cioo* 1.185 1.150 1.788 2.122 118.8 119.8
oclot 1.428/1.428 1.447 121.0/120'8 1215
Cyc—OCIO* 1.465 1.481 1.710 1.749 50.7 50.8
R(O-0) R(X—0) o (deg)
QCISD CASSCF QCISD CASSCF QCISD CASSCF
HW-(2d) HW-+(2d) HW-+(2d) HW-+(2d) HW-(2d) HW-(2d)
BrOO*(°A") 1.208 1.219 2.771 2.960 176.2 176.5
BrOO*(*A") 1.198/1.189 1.174 1.918/1.980 2.217 120.0/119% 121.2
OBro* 1.603/1.607 1.631 116.7/115% 116.4
Cyc—OBro* 1.460 1.511 1.842 1.883 46.7 46.8
IOO*(5A") 1.208/1.208 1.219 3.063/3.072 3.260 175.2/179%9 176.5
IOO*(*A") 1.226/1.208 1.209 2.044/2.082 2.597 121.0/121% 122.1
oI0* 1.760/1.747 1.794 112.5/112% 111.7
Cyc—OIO* 1.462/1.455 1.492 1.982/1.983 2.034 43.3/434 43.1

aSecond value was obtained at the CCSDAH{&(d) level.® Value obtained in ref 13 at the internally contracted MRCI le¥#lalue obtained
in ref 14 at the CCSD(T)/6-311G(2df) level.

tion. These bonding characteristics are also reflected in the covalent character is enhanced, since Cl can back-donate charge
harmonic frequencies. As illustrated in Table 6, the FO through its dfr) type orbitals. This is reflected in the fact that
stretching frequency is much lower than that of OO. In relation its predicted dissociation energy into Cl angif@t the G2 level

with FOO" it should be also noted that at the CASSCF level (23.3 kcal/mol) is three times larger than that estimated for the

FOO*' dissociates into A O,™, in a similar way to what it has

been found previously for neutral FO®.

Charge transfer from the onstituent largely decreases (net
charge is+0.53e) when the halogen cation is™Clwith an
electron affinity of 13.01 eV?8 which is only 0.94 eV larger
than the ionization potential of 3° The positive charge is now
spread over the CIOOsystem. In fact the CIO interaction
contains an electrostatic contribution as in FO®ut the

dissociation of the analogous FOGpecies, and the ©0

distance is also larger than in the corresponding fluorine analog.

In FOO", the O-0 distance is close to that exhibited by the
isolated Q*(?I1y) species (1.1227 AY whereas in CIOO,
where the positive charge of the, ©onstituent is reduced by
half, the O-O distance (see Table 4) is intermediate between
that of O+ (31g) and Q(347) (1.207 A)3 The situation changes
markedly when Ct is replaced by Bt or I, whose electron
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TABLE 5: Bond Characteristics of the Stable Species Included in This Study Calculated Using the QCISD/6-3315(2d)

Density?
OX bond OO bond
o V2o H(r) € I V2p H(r) €
FOO" 0.2364 0.5701 —0.1294 0.0514 0.6322 —0.7692 —0.8377 0.0008
Cyc-OFO 0.2102 0.5249 —0.1065 0.0144 0.2812 0.1799 —0.1946 0.2056
Cloo*" 0.1589 0.1543 —0.0812 0.1003 0.5531 —0.3911 —0.6396 0.0026
OCIO" 0.3667 —0.8071 —0.6005 0.1697
Cyc—OCIO* 0.1902 0.0500 —0.1180 0.0215 0.2660 0.2191 —0.1813 0.0867
BrOO"(°A’") 0.0161 0.0670 0.0023 0.1255 0.5129  —0.2858 —0.4053 0.0013
BrOO*(*A") 0.1215 0.1581 —0.0597 0.1000 0.5329 —0.3113 —0.5926 0.0021
OBro* 0.2664 0.0940 —0.2897 0.0887
Cyc—OBrO* 0.1521 0.0958 —0.0886 0.0200 0.2710 0.2042 —0.1860 0.0937
I00*(5A") 0.0163 0.0424 0.0014 0.1190 0.5139  —0.2903 —0.5500 0.0009
I0OO™(*A") 0.1134 0.2544 —0.0443 0.0919 0.4899 —0.1657 —0.5041 0.0012
Olo* 0.2092 0.6482 —0.1649 0.0460
Cyc—OIO* 0.1247 0.2858 —0.0602 0.0532 0.2712 0.2061 —0.1850 0.0746
2 Charge densityd), laplacian of the charge density3p), H(r) = —K(r) and ellipticity €). All values in au.
TABLE 6: Unscaled Vibrational Frequencies (cnm?) for All the Species Considered in the Present Study
XOO*
QCISD CASSCF
XO stretching OO stretching bending XO stretching OO stretching bending
FOO" 766 1648 504
CloO*" 638 1440 382 461 1629 147
BrOO"(*A") 619 1362 342 453 1442 179
IOO*(*A") 617 1269 326 299 1511 125
BrOO"(°A") 162 1610 81 77 1547 57
I0OO™(5A") 55 1616 76 51 1546 57
OXO*
QCISD CASSCF
sym stretching asym stretching bending sym stretching asym stretching bending
OCIO* 1012 (1012 1280 500 (511 884 1186 480
1020+ 20¢ 520+ 2¢F
OBro* 855 (822 957 (910% 344 (332Y 731 874 323
Oolo* 796 848 284 673 760 259
Cyc—OXO*
QCISD CASSCF
OO stretching OXO asym stretching  OXO sym stretching OO stretching OXO asym stretching  OXO sym stretching
Cyc—OFO" 1024 646 739 956 678 697
Cyc—OCIO* 959 687 601 835 617 559
Cyc—OBro* 940 654 534 801 565 477
Cyc—0IO* 899 611 477 790 532 434

2Values have been obtained with the 6-313(2d) basis set for F and Cl and with the EE(Rd) basis set for Br and P.Value obtained at the
internally contrated MRCI level in ref 13.Experimental value taken from ref 1%Value obtained in ref 14 at the CCSD(T) level using the
6-311G(2df) basis set.

affinities (11.84 and 10.45 eV, respectiv@yare smaller than cations. As might be anticipated, the interaction between the
the ionization potential of @ In BrOO" and I0O" species the halogen cation and the;@onstituent in these cases is essentially
positive charge is largely associated with the halogen atom (netelectrostatic, as reflected in a positive value of b¥#p and
charges 0ft-0.62e andt+0.89e, respectively). Hence, in these H(r) at the corresponding bond critical point (see Table 5), in
cases, the halogen dioxide cation can be viewed as a tightlya very low value of vibrational stretching frequency (see Table
bound complex between™3P) and ground state5%,"). This 6), in a practically linear geometrical arrangement (see Table
is consistent with the fact that the dissociation of BrOidto 4), and in the fact that the halogen atom retains a positive charge
Brt + O, is now energetically more favorable (19.5 kcal/mol) close to unity (net charge-0.95).
than dissociation into Bi- O, (26.0 kcal/mol). Also the 0 Contour plots oH(r) clearly show the differences in the-O
distance (see Table 4) in the complex is close to that of isolatedbond between the singlet and quintet structures. As can be seen
O4(%%¢™) but much larger than that of O(°[1g). in Figure 1, the electronic structure in the vicinity of the halogen
Since the molecule is in a singlet spin state, there is an atom is not modified in the case of the quintet, but it participates
antiferromagnetic coupling between the two triplets on in a covalent bond in the case of the singlet. Similar plots of
Brt(®P) and Q(3Z4"), and since the alternative ferromagnetic the Laplacian of the charge density do not reflect so clearly
interaction would yield a quintet state, we have investigated such differences in bond characteristics, since both structures
the structures and relative stabilities of the quintet species. Asdisplay a positive value of the Laplacian of the charge density,
shown in Table 4, the XO distance is much larger in the although larger in the case of the quintet.
quintet state cations than in the corresponding singlet state The OO distance in the IO0Omolecular ion is also predicted
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Figure 1. Contour maps ofi(r): (a) BrOO"(*A’); (b) BrOO"(*A").
Positive values oH(r) are denoted by solid lines and negative values
by dashed lines.

to be similar to that of @3%,") (1.207 A) when comparison is
made using the CASSCF optimized geometry. However, in
contrast to CASSCF, the QCISD optimized geometry predicts
an anomalously large value of-@D bond length (1.226 A; see

Table 4), reflecting the inadequacy of the single reference zero-

order wavefunction, and consistent with the large value of the

Alcami et al.

HOMO

In fact, our results show that the weight of these configurations
and the natural orbital populations in our CASSCF treatment
for the particular case of the OBfOand OIO™ species are
almost equal to those found at the same level of treatment for
ozone.

The cyclic OXO species are characterized by rather similar
O—0 bond distances, typical of an-® single bond. The
oxygen-halogen distances and charge densities show that the
interaction is significantly weaker than that in the open chain
structures but is still larger than that in XOGystems (see
Tables 4 and 5). All four cyclic species were found to be local
minima of the PES, which is not the case for the corresponding
neutral species. In addition, the electronic charge distributions
of these cyclic species closely resemble that of the trioxirane,
i.e., the Q system withDg, symmetry, with an equivalent
number of valence electrons. Hence, it is not surprising to find
that, just as trioxirane is estimated to*h29.3-32.2 kcal/mol
higher in energy than ozone, the OX®©yclic species lie higher
in energy than the open-chain analogs (by 34.3 kcal/mol for
Br, by 31.4 kcal/mol for |, and by 55.1 kcal/mol for CI).

Relative Stabilities. Table 3 summarizes the energies of the
different [X, O,]* halogen dioxide cations with respect to the
lower of the X+ O,™ and X" + O, dissociation limits. From
the values in Table 3 it is apparent that the calculated relative
energies are quite sensitive both to the quality of the basis set
and to the level of theory employed. For instance, the FOO
species is predicted to be unstable with respect to dissociation
into F+ O, at the QCISD/6-31+G(2d) level of theory. This
unphysical result remains when the larger 6-8GI(3df) basis
set is used. Only when the triple excitations are taken into
account, in a QCISD(T) calculation using the largest basis set,
is a more realistic result obtained, which predicts PG lie
6.8 kcal/mol below its dissociation limit. The importance of

T, diagnostic for this species (see Table 2). Even though coupledtriple excitations is also apparent in the chlorine system:

clustef?theory including single and double excitations (CCSD)

although CIOQ is predicted to lie below its dissociation limit

may be considered a more reliable alternative than QCISD for at the QCISD level of theory, the inclusion of triple excitations
geometry optimizations (the OO distance is predicted to be 1.206 provides a stabilization of 9.5 kcal/mol. This effect is even more
A; see Table 4), it also presents some problems when relativepronounced in the bromine and iodine containing compounds.

energies are considered, as will be discussed later.

In OXO* systems the halogen atom is covalently bonded to
both oxygen atoms. The -XO bond distance is significantly
shorter than for the corresponding X®@nalogs, and the value
of H(r) at the X—O bond critical point is larger in absolute
value (see Table 5). The-XO stretching displacements, which

These results point to a serious deficiency in the ability of
the QCISD formalism to describe the energetics of such systems.
This is confirmed when comparing the relative energies of the
XOO" (X = Br, I) cations in singlet and quintet states, since
the quintets are incorrectly predicted to lie lower in energy than
the singlets. This situation, in the particular case of bromine-

appear as symmetric and asymmetric combinations, havecontaining compounds, appears to have been resolved when
consistently higher frequencies than the-& stretch in the triple excitations are included in the theoretical treatment.
analogous XOO species (see Table 6). This covalent character However, the problem still remains, even at the G2 level, for
is especially marked in the case of OCIChe only isomer iodine-containing systems. It can be seen from Table 3 that
that simultaneously displays large negative values of the CCSD and CCSD(T) results lead to similar or even poorer
Laplacian of the charge density and the energy density. All energy predictions. This problem disappears when the zero-
OXO™ open chain species possess an electronic charge distribuorder wavefunction is no longer a single determinant, as in the
tion rather similar to that of ozone, with an equivalent number CASPT2 formalism. At this level the singlet is always predicted
of valence electrons. Thus, although these species correspondo lie below the quintet (see Table 1), the best estimate for the
to an overall singlet multiplicity, both oxygen atoms possess energy gap being 8.9 kcal/mol. Nevertheless, the energy gap
significant radical character, arising from a non-negligible between singlets and quintets decreases significantly whes spin
contribution from configurations which involve the HOMO orbit coupling is taken into account. These effects, which in
LUMO excitation. first order vanish for the singlet, are of the order of 8.5 kcal/
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mol for the quintet, assuming the same value of spmirbit PES, and we note from Table 5 that the relative stability of
coupling as in T(3P)22 As a consequence, singlet and quintet these forms increases along the series. While the gap between
IOO* states should be nearly degenerate in energy. FOO" and the cyclic OFO isomer is 95.5 kcal/mol, that

With the exception of fluorine derivatives, where F is not between BrOO and the cyclic OBr® isomer is only 29.4 kcal/
able to form dicoordinated structures, the open-chain ®XO mol. However, even in this latter case the cyclic form lies above

species are largely stabilized with respect to XO@hen the Br" + O, dissociation limit.
compared with the corresponding neutral species. In the case .
of chlorine derivatives, neutral CIOO is knof#¥2to lie lower Conclusions

in energy than OCIO by 1.6 kcal/mol, while OCI@s predicted
to lie lower in energy than CIOOby 18.6 kcal/mol. In the

case of bromine derivatives, BrOO h?&g’ee,n estimated 10 lie o, nared with the corresponding neutral species. For Cl and |
10.9 kC"?‘"mO' lower in energy ”“T"” OB Wh_'le a CASPT2 the OXO' structure lies lower in energy than XGQn contrast
calculation on the cations predicts a reduction of the energy \ i, the situation for the neutrals. In the case of Br the relative
gap to 4.8 kcal/mol. In contrast, at the G2(QCI) level the OBrO - giapijities of OB and BrOO" isomers depend on whether
structure Is predicted to be 4.9 kcal/mol below the BrOO multireference based or single-reference based methods are
Species. R . . employed. Taking into account that for both structures a
For iodine derivatives, the relative stability of the two onsiderably high value of th&; diagnostic was found, one
structures is reversed, in the sense that neutral 100 is estimated,, /14 consider the CASPT2 estimates more reliable. Neverthe-
to be 10.5 kcal/mol lower in energhat OIO, whereas for the less, both methods agree in predicting a large reduction in the

cations CASPT2 predicts 0.'09 lie 4'2. kcal/mo_l below 100. BrOO—OBrO energy gap in going from the neutral to the cation.
These changes for the cationic species relative to those of thery,;g implies that the ionization of the halogen dioxides
corresponding neutral species indicate that the ionization Proces$y eferentially stabilizes the symmetric OXO structures because
prefergntially stabilizes the symmetric isomer_, the_ ionization both O-X bonds become strengthened. The corresponding
potentials of the symmetric OXO structures being significantly - oy qjic structures occur as local minima on the relevant potential
lower than those of the asymmetric XOO structures. FOr gnor0y surfaces, but they lie much higher in energy than the
instance, comparing with the results at the G2(QCI) level o1 chain OXO or XOO* isomers. Significant differences
reported in ref 11b, we can evaluate the ionization potentials ;, bonding occur between the XG@nd OXO structures, the

c_>f BrO_O and OBrO to be 2_51'9 and 237.2 keal/mol, respec- y _q jnteraction in OXO having a higher covalent character.
tively, in good agreement with the recently reported véiaé This implies significant differences in bonding along the series,
234'4.' kcal/mol for OBrO. . . reflecting the significant difference between the electron affinity

This can be understood by examining the characteristics of it =+ 414 those of the heavier atoms of the group. The FOO
the highest singly-occupied molecular orbital of the neutral species can be viewed as arff-O;"(41,) complex, while
species. For XQO systems, thg HOMO is dominated by the the XOO" (X = Br, I) species can be viewed as &P)—O,-
oxygen lone pair. Strictly speaking, (32~¢) complexes. We have also found that the antiferromagnetic
interaction of both triplet subunits within an overall singlet
multiplicity gives a lower energy than the corresponding
ferromagnetic interaction within an overall quintet multiplicity.
This arises because the interaction between the subunits in the
latter can only be electrostatic, whereas covalent contributions
‘are permitted in the former.

In addition, the OXO open-chain species have an electronic
charge distribution similar to that exhibited by the ozone
molecule, with an equivalent number of valence electrons,
implying that the two oxygen atoms possess a certain radical
character, despite having an even number of electrons.

From our ab initio calculations we conclude that OXO
structures are stabilized with respect to those of XQ®@hen

it has an antibonding character with respect to the oxygen atoms
but with a large contribution from the atomic orbitals of the
terminal oxygen, while there is no contribution from the atomic
orbitals of the halogen atom. The HOMO of the symmetric OXO
isomer is antibonding with respect to the halogen and both
oxygen atoms and therefore lies higher in energy. Consistently,
the effect of ionization is to strengthen the-O bond in XOO"
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