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A coupled cluster composite approach has been used to accurately determine the spectroscopic constants,
bond dissociation energies, and heats of formation for tiel, states of the halogen oxides CIO, BrO, and

10, as well as their negative ions CIOBrO~, and |O". After determining the frozen core, complete basis set
(CBS) limit CCSD(T) values, corrections were added for eoralence correlation, relativistic effects (scalar

and spinr-orbit), the pseudopotential approximation (BrO and 10), iterative connected triple excitations
(CCSDT), and iterative quadruples (CCSDTQ). The fiahlinitio equilibrium bond lengths and harmonic
frequencies for CIO and BrO differ from their accurate experimental values by an average of just 0.0005 A
and 0.8 cm?, respectively. The bond length of 10 is overestimated by 0.0047 A, presumably due to an
underestimation of molecular spiorbit coupling effects. Spectroscopic constants for the-spibit excited

X1y, states are also reported for each species. The predicted bond lengths and harmonic frequencies for
the closed-shell anions are expected to be accurate to within about 0.001 A and, 2espectively. The
dissociation energies of the radicals have been determined by both direct calculation and through use of
negative ion thermochemical cycles, which made use of a small amount of accurate experimental data. The
resulting values of i 63.5, 55.8, and 54.2 kcal/mol for CIO, BrO, and 1O, respectively, are the most accurate
ab initio values to date, and those for CIO and BrO differ from their experimental values by just 0.1 kcal/
mol. These dissociation energies lead to heats of formatibia (298 K), of 24.2+ 0.3, 29.6+ 0.4, and 29.9

=+ 0.6 kcal/mol for CIO, BrO, and IO, respectively. Also, the final calculated electron affinities are all within

0.2 kcal/mol of their experimental values. Improved pseudopotential parameters for the iodine atom are also
reported, together with revised correlation consistent basis sets for this atom.

I. Introduction complete set of accurate molecular constants for all three species,
these molecules provide a unique set of benchmark systems
involving isovalent open shell radicals between three rows of

¢ . X Y the periodic table. In the present work, all three radicals are
in the stratospherehas motivated numerous high level experi- yoated at the same level of theory using a systematic coupled
mental and theoretical studies on these species. In the cases luster composite meth&t® that attempts to account for all
the BrO and IO radicals, these species represent about 40 a”ﬁ’najor sources of error in an ab initio calculation.

90% of inorganic brommg and iodine, respecyvely, in the To provide more insight into the resulting accuracy of the
stratosphere. High-resolution spectroscopy studies have led to

te determinai f th lecul tants in th neutral radical results, analogous calculations have also been
vegy accurate determinations ot the molecuiar constants In the ., e q oyt on the closed-shell halogen oxide anions. Far fewer
X1%I13, ground states of all three radicals (refs70 and

. . .. experimental and theoretical studies have been previously carried
references  therein) Whgreas S.tl.Jd'eS of the near-ultrawoletout on these species, with most studies focusing on the accurate
A’z XI5, electronic transitions of CIO and BrO have e mination of the halogen oxide electron affinii&=?® The
led to accurate values of their ground state dissociation energiespresent work provides the most accurate predictions for the
and heats of formatiof~12 A reliable spectroscopic determi-

i fthe 10 di iati h t10 b red dspectroscopic constants of these species to this date, as well as
hation ot the ISSoclation energy has yet to be reported, an a secondary route for the calculation of the neutral dissociation
hence its value has more experimental uncertainty than its

) . energies.
chlorine or bromine analogs.

The_ halo_gen o>_<iq|gs are kn0\_/vn to be challenging species to Computational Methods
describe with ab initio electronic structure methods. Accurate
results require high levels of electron correlation, either by — The base set of calculations on both the radicals and anions
coupled cluster or multireference configuration interaction involved a frozen core, coupled cluster singles and doubles
methods, as well as large 1-particle basis sets and inclusion ofcalculation with a perturbative treatment of connected triples,
relativistic effects. Because of the availability of a nearly CCSD(T)3%3!The open shell calculations utilized the RHF
UCCSD(T) variant, i.e., RIlUCCSD(T), and were based on
*To whom correspondence should be addressed. E-mail: kipeters@ 'estricted open-shell Hartreéock (ROHF) orbital$?~3® The
wsu.edu. orbitals in the atomic calculations were fully symmetry equiva-
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The importance of the halogen oxides CIO, BrO, and 10 in
atmospheric catalytic ozone depletion chemistry, particularly
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TABLE 1: Coefficients B and Exponentsf of the Modified are now underestimated by just 0.0006 and 0.0011 A, respec-
MCDHF-Adjusted Energy-consistent Small-core tively, compared to analogous DKH calculations.
Pseudopotential of lodine For the molecules of the present work, calculations were
| ] B B carried out at a total of 7 bond distances unequally distributed
s 1/2 49.9896493 40.0333763 around the approximate equilibrium geometries of each species
281.0065555 17.3005763 (r —re=-0.3,—-0.2,-0.1, 0.0,+0.1,+0.3,+0.5a,) and the
61.4167387 8.8517200 resulting energies were fit to sixth-order polynomials in
P 12 2232'625;1567 414737 185‘27924011846134 displacement coordinates. The fitted coefficients were then used
P 3/2 202.2115434 15.2082222 in subsequent Dunham analygésto exploit the systematic
43.4526325 7.7539491 basis set convergence characteristics of the correlation consistent
d 3/2 88.8468904 13.8177514 basis sets, the total energies at each bond length were extrapo-
q 5/ %3%.%%19%%58%3 1%%%77%?6051 lated to the complete basis set (CBS) limit udfd®
24.9624997 6.9600987 o o
f 5/2 —47.0787756 18.5229504 E(N) =Ecgs+Be " V+Ce ™Y (n=3,4,5) (1)
—0.5143463 7.5579010
f 712 —45.6541352 18.2510351 and
—0.3878806 7.5974040
lenced. These CCSD(T) calculations employed a series of three E(n) = Ecgs+ BIN° (n=4, 5) (2)
correlation consistent basis sets ranging from triple- to quintuple-
£, namely aug-cc-pWZ for oxygens”:38 aug-cc-pVa+d)Z for whereEcgsis the resulting CBS limit and refers to the cardinal
chlorine?940 and aug-cc-p¥Z-PP for brominé! and iodine, number of the correlation consistent basis set=(DZ, 3 =

wheren =T, Q, and 5. Relativistic Douglas-Kroll-Hess (DKH)  TZ, etc.). The best CBS estimate was taken as the average of
contracted versions of the O and Cl basis sets were used forthese two results, and the spread was accepted as an estimate
CIO/CIO™ because the DKH Hamiltonidfr*3was used through-  of the uncertainty in the extrapolation procedtfrdhe CBS
out in these cases. The aug-ccA¥PP basis sets for Brand | energies were then fit and subjected to the same Dunham
included small-core energy-consistent relativistic pseudopoten-analysis as above. Extrapolation of the total energies rather than
tials (PP), cf. below. In the following, these basis sets will be treating the HartreeFock (HF) and correlation energies sepa-
collectively referred to as aW wheren =T, Q, 5. rately, particularly in regards to eq 2, is purely a matter of
The Br (1s-2p) and | (1s-3d) inner cores were replaced by convenience in the present work. With basis sets of QZ and 52
energy-consistent pseudopotentials that were optimized inquality, the basis set truncation error for the correlation energy
multiconfigurational Dirae-Hartree-Fock calculations. The  far exceeds that of the HF contribution. Nevertheless this
parameters of the Br PP were taken from ref 41, whereas aassumption was tested for the case of |0, whereby only the
modified version of the iodine PP of ref 41 was used in the correlation energies (QZ, 5Z) were extrapolated via eq 2, and
present work. The modification of the iodine PP was motivated these results were added to the HF energies calculated with the
by the fact that molecular bond lengths for HI andwere aug-cc-pV5Z-PP basis set. The resulting spectroscopic constants
significantly underestimated in ref 41 (by 0.0025 and 0.0055 and dissociation energy were within the uncertainties obtained
A, respectively) with respect to corresponding DKH all-electron from applying egs 1 and 2 to the total energies, which were
calculations, while the deviations for the Br and At compounds typically about+0.001 A,£1 cm %, and=+0.2 kcal/mol forre,
were much smaller (less than 0.0002 and 0.001 A, respectively).we, andDe, respectively, for the molecules of this study.
To improve the fit of the iodine PP of ref 41, which was done  The contributions to the total energies due to earalence
to atomic total valence energies, we first removed all explicit correlation, namely 1s for O, 2s2p for Cl, 3s3p3d for Br, and
reference to the inner core, i.e., we replaced the total valence4s4p4d for |, were calculated at the CCSD(T) level of theory
energies (differences between energies of ground and excitedwith core-valence basis sets of quadrugleguality, aug-cc-
states of near-neutral atoms, on the one hand, and the energpwCVQZ for O and ClI (ref 49) and aug-cc-pwCVQZ-PP for
of the highly charged inner core, on the other hand) by energy Br and 1°° The DKH-contracted versions of the Cl and O basis
differences between the aforementioned states of near-neutrakets were used in the cases of CIO/CIMh all cases, the core-
atoms?* Second, we replaced the information on the inner core valence basis sets were used in both valence-only and all-
by data for outer-core excitations that might help to improve electrons correlated calculations, and the difference in energies
the performance of the PP; specifically, we included the 4s defined the total core-valence correction. It should be noted that
ApPAdI5L5 P, 4S4PAd5S5F, and 434p°PAdP5°5P configura- the 1s electrons of Cl are never correlated in these calculations.
tions within the least-squares fit of the PP parameters. The The second contribution to the CCSD(T)/CBS energies was
resulting deterioration of the total valence energies was very specific to BrO/BrO and IO/IO” and was designed to correct
moderate (0.7%), whereas the energy differences of the statedoth for the pseudopotential approximation and the scalar
of the valence spectrum were significantly improved. The relativistic effects due to oxygen in these molecules. In this case,
maximum error of configurational averages is reduced by about correlated DKH CCSD(T) calculations were carried out using
1 order of magnitude (from 0.02 to 0.003 eV), and also the DKH-contracted, all-electron aug-cc-pwCVTZ basis $éf3,
maximum error of individual relativistic states becomes slightly and the resulting spectroscopic constants were compared to those
smaller (0.05 instead of 0.06 eV). Also, it was possible to reduce from analogous PP-based calculations using aug-cc-pwCVTZ-
the number of terms in the projector of the potential from 3 PP basis set3on Br and | (with the standard aug-cc-pwCVTZ
to 2 per (, j) combination, without loss of accuracy. The set®on O).
parameters of the modified iodine PP are listed in Table 1. New The effects due to molecular and atomic spambit coupling
correlation consistent basis sets, which have the same composiwere recovered by use of the double-group sgirbit config-
tion as those of ref 41, have been optimized for these new PPuration interaction (S©CI) method® as implemented in the
parameters. Using the new PP parameters and basis sets, th€olumbus program suifé.In these calculations, the sphorbit
CCSD(T)/ cc-pV5Z-PP equilibrium bond lengths of Hl and |  parameters accompanying the pseudopotentials described above
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were used throughout, and accurate PPs were also used on botimcreases in importance from CIlO to 10. The effects of SO
the chloriné® and oxygePf atoms. The aug-cc-pVTZ-PP basis coupling onDe shown in Table 2 are significantly different from
sets were employed on Br and |, whereas the aug-cc-pVTZ basiswhat one might estimate based only on the experimental zero-
sets recontracted in the presence of the PPs were used for Cfield splittings. This is due to strong second-order effects,
and O. The SO correction was defined by the difference in two especially for 10. Of particular interest in Table 2 are the
calculations, a full valence, complete active space (CAS) contributions of iterative triple and quadruple excitations in the
reference, multireference singles and doubles CI (MRCISD) coupled cluster treatment compared to CCSD(T). The difference
calculation that did not include the spinrbit operator and an  between CCSDT and CCSD(TAT, is relatively large due to
analogous MRCISD that mixed (via the spiarbit operator) the not insubstantial amount of nondynamical correlation in
either doublet and quartet states in the case of the neutral radicalshese molecules as indicated by the somewhat |@ggiag-

or singlet and triplet states for the closed-shell anions. In each nostics, which run as large as about 0.07 for 10. In each case,
case, CASSCF orbitals were used and only the valence electronsterative triples increase the bond lengths by about 0.003 A,
were correlated. Analogous calculations were also carried outdecrease the harmonic frequencies, and increase the dissociation
for all of the atomic species of this work. This procedure differed energies, the latter by 0.10 to 0.57 kcal/mol. In regards to the

slightly from other recent work from our laboratdfywhere
CISD natural orbitals were used in conjunction with MRCIS
calculations. The final results, however, differed only slightly,
e.g., by less than 0.1 kcal/mol for the spiorbit correction to
De for 10.

The last correction was for the effects of higher electron
correlation beyond the CCSD(T) level of theory. The differences
between perturbative and full iterative connected triple excita-
tions>" 80 Eccspr — Eccsp(ry were calculated with the aug-cc-
pVTZ basis sets{DK for CIO/CIO~, standard and-PP for
BrO/BrO~ and I0/I0"), whereas the effects of iterative con-
nected quadrupleé¥;$t63 Eccgprg — Eccsprn, employed the
analogous doublé&-basis sets. A total of 5 bond distances were
sampled in each case for each species, the CCSp6btained
with the specified basis set (DZ or TZ) and displacements
from this value of—0.04, —0.02, +0.02, and+0.04 a,. The
CCSD(T), CCSDT, and CCSDTQ potential curves were then
fit to cubic polynomials to determine the minimum energies,
equilibrium bond lengths, and harmonic frequencies. Last,
estimates of the full configuration interaction (FCI) results were
obtained with the aug-cc-pVDZ basis sets by carrying out
continued fraction (cf) extrapolatiols** with the CCSD,
CCSDT, and CCSDTQ energies, i.e.,

ECCSD

Ercier = W
E
1- ccg
__Q
Or
wheredr = Eccspr — Eccspanddg = Eccspro— Eccsor All
of the CCSD(T) calculations of this work were carried out with
the MOLPRO suite of ab initio progran§8.The CCSDT and
CCSDTQ calculations were carried out primarily with the string-
based MRCC program of Rlay®® as interfaced to MOLPRO.

The CCSDT calculations on CIO were performed with the
NWChem prograni?68

®3)

I1l. Results

The calculated results for the 315, states of CIO, BrO,

equilibrium bond lengths, the effects of iterative connected
quadruple excitations\Q, are small, less than 0.001 A. Their
effect on the dissociation energies, however, is substantial,
ranging from+0.56 to+0.70 kcal/mol. The contributions for

IO are slightly different from those reported previod$lgdue

to the different bond lengths used and new PP. It should be
particularly noted that in each case, the iterative triples and
guadruples corrections are both in the same direction compared
to the CCSD(T) results, i.e., they both increase the dissociation
energies over the CCSD(T) values and, hence, a fortuitous
cancellation of the CCSDTCCSD(T) and CCSDTQCCSDT
contributions does not occur in these cases as is often observed
(see, e.g., the results for IBr in ref 16). Finally, the effects of
correlation beyond CCSDTQ, as estimated by the continued
fraction approximation, are small and amount to only about 0.1
kcal/mol for De and are essentially negligible fog and we.

The final results for the spectroscopic constants of CIO and BrO
are in excellent agreement with experimentwithin 0.001 A

for re, 1.5 cnmr® for we, and about 0.1 kcal/mol foDe. The
final calculatedr, for 10, 1.8723 A, is 0.0047 A longer than
experiment whilev, is larger by just 1.9 cmt. This calculated
value forre is a little longer than our recently reported vaitie
due to the different PP used in this work and the effects of
iterative triples and quadruples of the present work. The current
discrepancy with experiment fog is presumably due to the
underestimation of spinorbit coupling effects. The present
calculations yield a bond length shortening due to spirbit
coupling of 0.0057 A, however the value estimated from
experiment (determined as one-half the difference in bond
lengths between th=3/2 and 1/2 states) would correspond
to a SO correction 0f-0.0086 A. This additionat-0.003 A
would bring our ab initio result to within 0.001 A of experiment.

To obtain further insight into the accuracy of the current SO
calculations, the excited A1,/, state of each radical has also
been investigated. These results are shown in Table 3 where
they are compared to the accurate experimental values. The
equilibrium state separation is reproduced to with 2% (9%9m
for CIO, but it is underestimated for BrO and 10 by about-12
15%. The shifts in the equilibrium bond lengths and harmonic
frequencies between the two components, however, is very well
reproduced in all three cases. In fact, the excellent agreement

and 10 are shown in Table 2 where they are also compared tobetween theory and experiment fare of 10 contrasts the

the available experimental data. Only modest changesand

calculated SO correction fag in the X2I13» state, which as

we are observed between the aV5Z basis set and the CBS limit,mentioned above was presumably too small. The origin of this

however the effect of the basis set extrapolationDanis as
high as 0.83 kcal/mol for BrO. Corevalence correlation is

apparent inconsistency is currently not clear. Additional calcula-
tions on both SO states of IO were also carried out that included

calculated to have a minor impact on the dissociation energies,correlation of the 4p and 4d electrons of iodine at the MRCIS
but it yields relatively large bond length shortenings, especially level (with appropriate extension of the | basis set with a 2p2d2f

for 10 wherer, decreases by 0.0092 A upon 4s4p4d electron
correlation. As expected, the inclusion of sporbit coupling

set of core-valence functions from the cc-pwCVTZ-PP basis).
Including this extra contribution of core correlation, however,
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TABLE 2: Contributions and Final Predicted Values for Equilibrium Bond Lengths (A), Harmonic Frequencies (cm~1), and
Dissociation Energies (kcal/mol) of the XIIz, States of3°CIO, 7°BrO, and 1210 with Comparison to Experiment?

CCSD(T)/av5Z ACBS ACV ASO ADK AT AQ AFCI Total expt?

Clo

le 1.5711 —0.0029 —0.0033 —0.0007 — 0.0031 0.0009 0.0001 1.5683 1.5689

We 856.6 3.8 3.6 2.2 — —-6.5 —2.6 -0.3 856.7 855.5

De 63.58 0.83 0.06 —-0.61 — 0.10 0.56 0.06 64.60 64.65(1)
BrO

le 1.7220 —0.0024 —0.0043 —0.0026 0.0000 0.0032 0.0008 0.0001 1.7168 1.7172

we 729.7 3.2 3.6 4.7 -0.7 —4.5 —-2.3 -0.3 733.4 732.9

De 57.31 0.68 -0.05 —-2.05 -0.10 0.32 0.60 0.07 56.77 56.9(1)
[e)

le 1.8859 —0.0031 —0.0092 —0.0057 0.0010 0.0029 0.0004 0.0000 1.8723 1.8676

we 670.1 2.3 5.7 9.0 -1.2 -1.3 -0.9 -0.1 683.6 681.7

De 56.57 0.67 0.13 -3.35 -0.17 0.57 0.70 0.09 55.20

aThe best predicted values are given under the column “Total” and are equal to CCSD(T}#aX6BS+ ACV + ASO+ ADK + AT + AQ
+ AFCI; ACBS = difference between CCSD(T) CBS and aV5Z value8V = core-valence correlation correction obtained with aug-cc-pwCVQZ
(awCVQZ) basis set?\SO= contribution from molecular and atomic spinrbit coupling, ADK = difference between all-electron DKH CCSD(T)/

awCVTZ calculations and pseudopotential-based CCSD(T)/awCVTZ with all-electrons correlated (not shown for CIO because the DK Hamiltonian

was used throughout, except for the SO calculatioh$)= difference between CCSDT and CCSD(T) results with aVAR, = difference between
CCSDTQ and CCSDT results with avVDZ. The FCI correctiaif,Cl, was calculated by extrapolating the CCSD, CCSDT, and CCSDTQ energies
(avDZ basis) using the continued fraction approximation (see teRgferences 3, 4, 10, and references therein. See Table 5 for a number of

experimentaDg values for 10.

TABLE 3: Calculated Values for the Spin—orbit Constants
(Ae, cm™1), Shifts in the Equilibrium Bond Lengths (Are, A),
and Harmonic Frequencies Aw,, cm™1) Relative to the
X12I15, States for the %211, States of ClO, BrO, and 10
with Comparison to Experiment

diagnostics for the anions and hence higher accuracy of the
perturbative triples approximation. The effects of iterative
quadruples on the bond lengths).002 to+0.003 A, are rather
larger than expected, but recent work in our laboratory on the
isovalent BrCl molecule yielded a nearly identical correctidn.

Ae Are Awe In contrast to the neutral radicals, the iterative triples and
) Clo guadruples corrections to CCSD(T) for the dissociation energies
theary (this work) —313 +0.0014 —4.1 are opposite in sign for the anions. Although these two terms
expt: —321.96 +0.00121 -3.3 - .
81O do not completely cancel, they do result in relatively small
r ;
theory (this work) _856 40,0066 _133 overall corrections+0.3 kcgl/_njol) to the CCSD(‘_I’) res_ults._ln
4 _ _ the case of the electron affinities, the effects of iterative triples
expt: 975.43 +0.00684 14.9 . . !
o dominate the correlation corrections to the CCSD(T) results,
theory (this work) _1775 100175 329 amounting to—0.6 to—l.O_kca_I/moI. The flnz_al qb initio val_ues
expt1o2 —2091(40) +0.01706 —36.4 for re and we of the negative ions are all within the relatively

aThese values change t1827 cnt?, +0.0177 A, and-33.0 cn1?,
respectively, with the inclusion of core correlation in the sponbit
calculations. See the text.

while increasing the spinorbit constanti, by 52 cnt? led to

only negligible changes in the other spectroscopic constants
compared to the valence-only results (see Table 3). It should
also be noted that pseudopotential-based SO calculations hav
also previously been carried out on 10 at the multireference
configuration interaction (MRCI) level of theory by Roszak et
al.%° using basis sets of triple-quality. Their results are in good
semiquantitative agreement with the present values for the
spectroscopic constants in tha?Kl, and X?I1;,, states.

Coupled cluster results for the spectroscopic constants of the
halogen oxide anions are shown in Table 4 where they are also
compared to the available experimental values. The magnitudes

of the basis set extrapolation and cesalence correlation
contributions are observed to be very similar to those calculated
for the neutral radicals. Not surprisingly, the effects due to-spin
orbit coupling are relatively small for these closed-shell species,
except of course for the electron affinity, which involves the
open-shell radicals. It is very interesting to note the effects of
iterative triple and quadruple excitations on the CCSD(T)

large error bars of the values derived from photoelectron
spectroscopy?2*Based on our results for the neutral radicals,
as well as other related systems, the final ab initio results
[CCSD(T)/av5Z+ ACBS + ACV + ASO+ ADK + AT +

AQ + AFCI] have uncertainties of about 0.001 A and 2¢ém
for re and we, respectively. The dissociation energies and
electron affinities shown in Table 4 are in excellent agreement

Qith experiment, exhibiting deviations from the accurate

experimental values of just 6-D.2 kcal/mol. The present results
for CIO~ and BrO are also in very good agreement with the
previous coupled cluster calculations of Kim et%aland
Francisco et aP? respectively. The calculations of Kim et al.,
which included correlation up through CCSDT with CBS
extrapolations, yields a nearly identical electron affinity for CIO
as the present work after molecular sporbit corrections are
added to their result.

Table 5 summarizes the dissociation energies and resulting
heats of formation calculated in the present work compared to
experiment for the neutral halogen monoxide radicals. The ab
initio dissociation energies have been derived using two
schemes, (a) by direct calculation as given in Table 2 and (b)
via the negative ion thermochemical cycle

spectroscopic constants and energetics. For the equilibrium bond Do(X0) = Do(XO ") + EA(X) — EA(XO) (X=Cl, Br, I)

lengths and harmonic frequencies, th€ and AQ corrections

(4)

both have the same sign, just as in the case of the neutrals, but

the iterative triples correction far is an order of magnitude
smaller than AQ, which reflects the relatively smalll;

where the electron affinities were taken from the accurate
experimental results-232471L7ANile it is our belief that the
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TABLE 4: Contributions and Final Predicted Values for Equilibrium Bond Lengths (A), Harmonic Frequencies (cm™1),
Dissociation Energies (kcal/mol), and Electron Affinities (kcal/mol) of the XX+ States of3*CIO~, 7°BrO —, and 210 ~ with
Comparison to Experimeng

CCSD(T)/aVsz ACBS ACV ASO ADK AT AQ AFCI Total expt?

ClO~

le 1.6835 —0.0036 —0.0036 0.0000 — +0.0007 +0.0025 +0.0004 1.6798 1.673(8)

We 667.2 +3.3 +2.4 0.0 - -15 -2.5 -0.2 668.6 665(25)

De 32.71 +0.64 +0.13 —0.15 — -0.33 +0.61 +0.07 33.68 33.60(4)

EA 52.75 +0.33 —0.08 —0.47 — —-0.57 +0.15 +0.02 52.12 52.26(3)
BrO~

re 1.8131 —0.0030 —0.0035 +0.0001 +0.0003 +0.0004 +0.0022 +0.0003 1.8099 1.814(9)

We 598.4 +3.1 +2.4 -0.1 -0.8 -1.3 —2.2 -0.2 599.2 575(25)

De 33.00 +0.50 -0.15 -0.16 -0.25 —0.36 +0.66 +0.08 33.32 33.5(2)

EA 55.83 +0.40 —-0.10 —1.67 —0.03 -0.75 +0.13 +0.02 53.84 54.07(14)

10~

re 1.9453 —0.0034 —0.0060 +0.0012 +0.0009 +0.0001 +0.0024 +0.0004 1.9409 1.929(10)

We 593.5 +2.7 +0.4 -0.7 -0.5 +0.2 —2.6 —-0.4 592.5 581(25)

De 39.14 +0.51 —-0.23 —-0.28 —0.26 —0.40 +0.73 +0.10 39.31 —

EA 58.89 +0.46 -0.20 —3.44 —-0.04 —1.00 +0.09 +0.01 54.76 54.71(14)

2 See the footnotes to Table 2. The dissociation energies are given relative(*®&)%+ OFP,). The electron affinities refer to the ground
electronic states of the neutral radic&l§.aken from refs 21, 23, and 24. Values in parentheses denote the stated experimental uncertainty in the
last digit. The experimentdtA. values were derived from the adiabakés using the accurateb initio (anharmonic) zero-point energies (in
kcal/mol: 0.96 for CIO, 0.86 for BrO-, 0.85 for 107, 1.22 for CIO, 1.04 for BrO, and 0.96 for 10). The experimemalalues were derived using
the experimental molecular and atomic electron affinities (refs 21,24,71,72pX®) values (ref 11 for CIO and ref 12 for BrO).

TABLE 5: Summary of Calculated Dissociation Energies and Heats of Formation for the X2Ils, Ground States of CIO, BrO,
and 10 with Comparison to the Available Experimental Results (in kcal/mol)

Do AHs (0 K) AHs (298 K)
direct via XO™® expt ab initi¢ expt ab initi¢ expt
Cclo 63.4 63.5-0.3 63.43+ 0.0t 24.1+0.3 24.15+ 0.031 242+ 0.3 24.29+ 0.031
BrO 55.7 55.8-0.4 55.9+ 0.112 31.4+04 31.3£0.12 29.6+ 0.4 29.5+ 0.1%2
55.24 0.413 32.0+£ 0.4 30.2+ 0.4
10 54.2 54.2+ 0.6 534 3,455+ 27 30.4+ 0.6 32437430+ 27 29.9+ 0.6 314+ 37429+ 27
55.3+ 0.5 29.3+ 0.5 28.8+ 0.5

2 Derived from the ab initio results of Table 2Ab initio results utilizing the relatio®y(X0) = Do(XO~) + EA(X) — EA(XO) with experimental
electron affinities taken from refs 21, 23, 24, 71, and “Ralculated from the dissociation energies based on the negative ion cycles. See footnote
b. The following reference thermodynamic data (ref 79) were utilized throughout (in kcal/mbl){O) = 58.98+ 0.02 (0 K), 59.55+ 0.02 (298
K); AH; (Cl) = 28.590+ 0.001 (0 K), 28.992+ 0.002 (298 K);AH; (Br) = 28.18+ 0.01 (0 K), 26.74+ 0.01 (298 K);AH; (I) = 25.61+ 0.01
(0 K), 25.524 0.01 (298 K).? The experimental heat of formation derived in ref 75 (2£2.2 kcal/mol at 298 K) from the kinetics of the 10
+ CIO reaction has been revised upwards by 1.1 kcal/mol with a concomitant decrease in its uncertainty by using a more recent experimental
determinatioff of AH; (OCIO), 23.53+ 0.24 kcal/mol at 298 K, and thaH; (CIO) derived from ref 11.

second route leads to the most accurate dissociation energiesesulting dissociation energy. In addition, the presently predicted
in these cases because it minimizes errors due to—sphit heat of formation for 10 at 298 K, 292 0.6 kcal/mol, can be
effects, the two sets dd values agree to within 0.1 kcal/mol  compared to the values calculated previously by Hassanzadeh
in each case. The thermal corrections to the heats of formationand Irikura’” 28.4+ 1.8 kcal/mol, and McGrath and Rowlaft,
at 0 K (to yield AH; values at 298 K) have been determined 30.5 £ 1.0 kcal/mol. Actually the level of agreement is
using standard expressions for the ideal gas partition functionsremarkable given the very large differences in basis sets,
and experimental spectroscopic data where available. correlation treatments, and methods for recovery of relativistic
Based on the spreads in the CBS extrapolation procedure anckeffects.
the experimental error bars in the electron affinities, best
estimates of 63.5- 0.3, 55.8+ 0.4, and 54.2+ 0.6 kcal/mol IV. Conclusions
have been determined for tii® values of CIO, BrO, and 10,
respectively. The values for CIO and BrO clearly encompass The spectroscopic and thermochemical properties of the
the experimental values, however our predidgdor BrO tends halogen monoxides and their anions have been determined using
to favor the most recent experimental determination by North high level electronic structure calculations that included explicit
and co-workerd? although our error bars do not exclude the extrapolations to the complete basis set limit and full config-
smaller value obtained by Wilmouth et’dlAs in our previous uration interaction with additional corrections due to core
work,6 our final predictedy for 10 is in good agreement with ~ valence correlation and spiorbit coupling. The resulting
the experimental crossed molecular beam measurements basegholecular constants exhibit excellent agreement with experiment
on the O+ ICl reaction?37*although these latter values have for the neutral species and provide very reliable predictions for
rather large stated uncertainties. The top end of our predictedthe anions. The finaab initio equilibrium bond lengths and
range also just overlaps with the lower end of the experimental harmonic frequencies for CIO and BrO differ from their accurate
error bars derived from the most recent kinetics experimetits,  experimental values by an average of just 0.0005 A and 0.8
but only after updating their result with the most recent OCIO cm™, respectively. The bond length of 10 is overestimated by
dissociation energif This revision also significantly decreases 0.0047 A, presumably due to an underestimation of molecular
the uncertainty in their experimental heat of formation and spin—orbit coupling effects. The predicted bond lengths and
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harmonic frequencies for the closed-shell anions are expected (28) Minaev, B.; Loboda, O.; Vahtras, O.; Agren, H.; Bilan, E.

to be accurate to within about 0.001 A and 2¢nrespectively.

Spectrochim. Acta /2002 58, 1039
(29) Xie, Y.; Schaefer, H. F.; Wang, Y.; Fu, X.-Y.; Liu, R.-Elol.

The dissociation energies of the radicals have been determinedspys 200q ‘98, 879.

by both direct calculation and through use of negative ion

(30) Hampel, C.; Peterson, K. A.; Werner, HEhem. Phys. Letl.992

thermochemical cycles, which made use of a small amount of 190 1.

accurate experimental data. The resulting valueB$f63.5,

55.8, and 54.2 kcal/mol for CIO, BrO, and 10, respectively,
are the most accuratab initio values to date, and those for
CIO and BrO differ from their experimental values by just 0.1

kcal/mol. These dissociation energies lead to heats of formation,

AHs (298 K), of 24.2+ 0.3, 29.6+ 0.4, and 29.9 0.6 kcal/
mol for CIO, BrO, and |0, respectively. Also, the final calculated
electron affinities are all within 0.2 kcal/mol of their experi-

mental values. The inclusion of full iterative triple and quadruple
excitations in the coupled cluster treatment was found to be

critical for obtaining this high level of accuracy.

Supporting Information Available: The new iodine basis

sets developed in this work, the additional core-valence functions

(31) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.

Chem. Phys. Lettl989 156, 479.

(32) Knowles, P. J.; Hampel, C.; Werner, H.dJ.Chem. Phys1994
99, 5219.

(33) Knowles, P. J.; Hampel, C.; Werner, H.3J.Chem. Phys200Q

3106.

(34) Scuseria, G. EChem. Phys. Lett1991, 176, 27.

(35) Deegan, M. J. O.; Knowles, P. Chem. Phys. Lettl994 227,
321.

(36) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98,

(37) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(38) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys.
1992 96, 6796.

(39) Dunning, T. H., Jr.; Peterson, K. A.; Wilson, A. &K.Chem. Phys.
2001, 114, 9244.

(40) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.

(41) Peterson, K. A.; Figgen, D.; Goll, E.; Stoll, H.; Dolg, M.Chem.

added to the aug-cc-pVTZ-PP and aug-cc-pVQZ-PP basis setsPhys.2003 119, 11113.

for Br and | to yield aug-cc-pwCVTZ-PP and aug-cc-pwCVQZ-

PP sets, and additional spectroscopic constants for the anions.
This material is available free of charge via the Internet at http://

(42) Douglas, M.; Kroll, N. M.Ann. Phys. (New YojkL974 82, 89.
(43) Jansen, G.; Hess, B. Rhys. Re. A 1989 39, 6016.

(44) Dolg, M. Theor. Chem. Ac2005 114, 297.

(45) Dunham, J. LPhys. Re. 1932 41, 721.

pubs.acs.org. The iodine basis sets can also be downloaded (46) Peterson, K. A.; Woon, D. E.; Dunning, T. H., Jr.Chem. Phys.

in several formats from http://tyr0.chem.wsu.edkipeters/
basissets/basis.html.
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