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An ab initio configuration interaction (CI) study including spin-orbit coupling is carried out for the ground
and excited states of the IO radical by employing relativistic effective core potentials. The computed
spectroscopic constants are in good agreement with available experimental data, with some tendency to
underestimate the strength of bonding. The first excited state, a4Σ-, which has not yet been observed
experimentally, is predicted to be bound by 30.1 kJ/mol and to have a significantly larger equilibrium distance
than the ground state. It is split by spin-orbit interaction into1/2 and3/2 components, with the1/2 component
being the lower one with a calculated spin-orbit splitting of 210 cm-1. The most interesting state in the
low-energy IO spectrum, A12Π3/2, is shown to be predissociated due to interaction with a number of repulsive
electronic states. Predissociation of the A1, V′ ) 0, 1 vibrational levels is attributed to a fairly weak spin-
orbit coupling with the2∆3/2 state, while rotationally dependent predissociation of theV′ ) 2 level is explained
by the coupling with the1/2(III) state having mainly2Σ- character. Strong predissociation of theV′ g 4 levels
is attributed to interaction with the higher-lyingΩ ) 3/2 states, with predominantly4Σ+ and4∆ origin.

1. Introduction

The halogen oxides play an important role in atmospheric
chemistry. Neutral IO is formed in the reaction of iodine with
ozone, resulting in the destruction of ozone in the troposphere.1

It is known that the oceans are a significant source of iodine to
the atmosphere,1-4 primarily in the form of CH3I, which is
rapidly photolyzed in the troposphere to release iodine atoms.
Salomon et al.5 speculated that catalytic reactions of the IO
radical could be at least partly responsible for the depletion of
lower stratospheric O3 and sudden episodic ozone disappearance
in the Arctic troposphere during the springtime. As a result,
the kinetics and mechanisms of reactions involving IO have
been studied in a number of laboratories.6-14 The physical
properties of the isolated IO molecule have also been studied
intensively.15-18 A critical review of experimental thermochemi-
cal data on IO is also available.19

Despite the large interest in IO, theoretical studies are scarce
and restricted to its ground electronic state.20-22 The qualitative
picture of excited electronic states in IO can be inferred from
the states in ClO.23 An important conclusion is that the excited
A2Π state in ClO dissociates to an excited atomic asymptote,
O(1D), and thus must be bound, though strongly predissociated
by the repulsive valence states going to the lowest Cl(2Po) +
O(3P) atomic limit. From the numerous spectroscopic studies it
is well-known that this is also true for the heavier halogen
monoxides and the dominant transition in all these systems was
found to be the A2Π3/2-X2Π3/2.24-27 The emission spectra of
IO were observed early on from methyl iodide flames28,29 and

were analyzed in more detail in later high-resolution and laser-
induced fluorescence (LIF) studies.6-8,24-26 The absorption
A2Π3/2 r X2Π3/2 spectra have also been studied often.9,14,27,30-34

The X2Π1/2 state is not found in absorption because of the large
spin-orbit splitting in the ground electronic state.16 A recent
study of the A state27 found that predissociation in theV′ ) 0,3
levels is independent of rotation, whileV′ ) 2 is rotationally
predissociated and the remaining observed vibrational levels,
V′ ) 1,4,5, are so diffuse that the mode of predissociation could
not be determined. It was suggested that the rotational predis-
sociation was caused by coupling to the2Σ- state, while the
other vibrational states were predominantly dissociated by
repulsiveΩ ) 3/2 states.

In the present work we report calculated potential energy
curves for the ground and excited states of IO. The excited IO
states are calculated for the first time and provide data for
analysis of the low-energy IO spectra and for identification of
states which perturb the A2Π3/2 state.

2. Computational Method

In the present theoretical treatment the core electrons of the
iodine atom are described by a relativistic effective core potential
(RECP) given by LaJohn et al.35 and only the 4d, 5s, and 5p
shells are treated explicitly via basis functions. The 1s shell of
the oxygen atom is also described by a core potential.36 The
original (4s4p) basis set36 for the oxygen atom was taken in an
uncontracted form and augmented by two d polarization
functions (with exponents 2.314 and 0.645). The original
(3s3p4d) basis set35 for the iodine atom was contracted to
[3s3p2d] (three largest d exponents contracted) and supple-
mented with one f polarization function (0.44) and s, p Rydberg
primitive functions (both exponents equal to 0.021).
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The first step in the present study is a self-consistent-field
(SCF) calculation of the ...π4σ2π*4 1Σ+ state of IO-. Such a
choice of the calculated state at the SCF level yields molecular
orbitals (MOs) of the proper symmetry for the correlation
procedures. Both the SCF and the CI calculations are carried
out with the spin-independent part of the RECP and include all
relativistic effects other than spin-orbit coupling, which is only
introduced at the last stage. Results are obtained at a series of
intermolecular distances ranging from 3.0 to 10.0a0.

The standard multireference single- and double-excitation CI
method (MRD-CI)37,38 is employed throughout for theΛ-S
calculations. A series of key reference configurations is defined
for a number of low-lying electronic states of a givenΛ-S
symmetry from which all singly and doubly excited configura-
tions are generated. The Table CI algorithm39 is used for efficient
handling of the complicated open-shell relationships which arise
in such an approach. A perturbative selection procedure is then
employed to reduce the sizes of the secular equations solved in
each case. Energy results at the unselected level of treatment
are obtained by an extrapolation procedure,37 while the effects
of higher excitations (estimated full CI energies) are taken into
account via a multireference generalization of the Davidson
correction.40-42 All calculations are carried out in theC2V
subgroup, although the SCF-MOs themselves transform as
irreducible representations of the fullC∞V linear group. Details
regarding the numbers of reference configurations and roots
treated for each of 21Λ-S states (doublets and quartets) are
given in Table 1. Sizes of the corresponding generated and
selected CI spaces are also presented, as well as theC∞V notation
and the∑cp

2 values of the reference configuration coefficients
in the final CI eigenfunctions for the lowest roots of each
irreducible representation.

The final step in the present method is to employ theΛ-S
eigenfunctions as basis for the spin-orbit CI calculations. The
estimated full CI energies described above are placed on the
diagonal of the Hamiltonian matrices, whereas off-diagonal
matrix elements are obtained by employing pairs of selected
CI wave functions withMs ) S and applying spin-projection
techniques and the Wigner-Eckart theorem. More details of the
spin-orbit CI approach may be found elsewhere.43,44

The CI calculations were performed for three roots in2A1

symmetry and four roots in each of2A2, 2B1, and2B2 symmetries
as well as for three A1, four A2, and three B1 and B2 quartet
states. Such a choice includes all electronic states originating
from the ground states of oxygen (3P) and iodine (2Po). Two
additional roots for2B1,2 and one additional root for each other
symmetry type were also included. The present3P-1D splitting
for oxygen (17 306 cm-1), calculated for an I-O separation of
10.0 bohr, reproduces the experimental value of 15 754 cm-1

reasonably well,45 whereby one expects an overestimation of

this quantity based on consideration of correlation effects. The
calculated spin-orbit splitting for the iodine2Po term obtained
for the same I-O separation is 7372 cm-1, as compared with
the experimental value of 7603 cm-1.45

3. Potential Energy Curves

TheΛ-S potential energy curves calculated without including
spin-orbit coupling are shown in Figure 1. The X2Π ground
state has a ...σ2π4π*3 leading configuration. Theσ andπ orbitals
have bonding character, while theπ* orbital is antibonding.
The first excited state, a4Σ-(σ2π4π*2σ*), arises from theπ* f
σ* excitation and is characterized by much weaker bonding and
significantly larger equilibrium distance, indicating that theσ*
orbital is much more antibonding than theπ*. This is also
illustrated by the fact that three other states having the same
σ2π4π*2σ* leading configuration,2∆, 2Σ-, and 2Σ+, are all
repulsive (see Figure 1). It is worth noting that admixtures of
the σ2π3π*3σ* configuration to the above three states are not
negligible at the equilibrium distance of the ground state (about
5-6%) and become larger atr g 4.0 a0 (around 20%), which
is important for the analysis of the A1

2Π3/2 rotational predis-
sociation. The only other bound electronic state in the low-
energy IO spectrum is A2Π. It is characterized by aσ2π3π*4

leading configuration near its equilibrium distance and converges
diabatically to the first excited dissociation limit, I(2Po) + O(1D).
As can be seen from Figure 1, it exhibits an avoided crossing
with the third2Π(σπ4π*3σ*) state near 4.7a0, which leads to a
maximum on the A2Π potential curve and its adiabatic dis-
sociation to the ground state atomic products, I(2Po) + O(3P).
Altogether there are 12Λ-S states converging to this dissocia-
tion limit, and those which have not been mentioned yet, 14∆,
14Σ+, 22Σ-, and 24Σ-, are characterized by aσ2π3π*3σ* main
configuration, while the two lowest4Π states come from
σπ4π*3σ* andσ2π3π*2σ*2, respectively. The three lowest-lying
Λ-S states correlating with the I(2Po) + O(1D) asymptote are

TABLE 1: Technical Details of the MRD-CI Calculations of
IO at T ) 0.3 µHa

C2V sym Nref/Nroot SAFTOT/SAFSEL C∞V notation ∑cp
2

2B1,2 53/4 2 422 179/148 310 2Π(4) 0.902
2A1 44/3 1 588 047/132 444 2Σ+, 2∆(2) 0.896
2A2 43/4 2 011 674/125 114 2Σ-(2), 2∆(2) 0.898
4B1,2 34/3 2 077 799/153 791 4Π(3) 0.886
4A1 26/3 1 760 522/140 061 4Σ+, 4∆(2) 0.903
4A2 50/4 2 226 888/164 658 4Σ-(2), 4∆(2) 0.893

a The number of selected SAFs and the∑cp
2 values over reference

configurations (for the lowest root of each symmetry) are given forr
) 3.60a0. SAFTOT designates the total number of generated, SAFSEL
the number of selected SAFs,Nref and Nroot refer to the number of
reference configurations and roots treated, respectively.

Figure 1. Potential energy curves of the low-lyingΛ-S states of the
IO radical calculated without including spin-orbit coupling.
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also shown in Figure 1. They are the 32Π state, already
mentioned, as well as 22∆(σ2π3π*3σ*) and 42Π(σ2π4π*σ*2).

Spin-orbit interaction, which is quite strong in the IO radical
due to the presence of the heavy I atom, yields numerousΩ
states, shown together in Figure 2 and separately in Figure 3
for the Ω ) 3/2 states, which are of special interest for this
system. All 18Ω states which dissociate to the three lowest
I(2P3/2

o ) + O(3PJ) atomic limits are presented in Figure 2, with
10, 6, and 2 states going to the O(3PJ) asymptotes withJ ) 2,
1, and 0, respectively. In addition, the two lowest3/2 and 1/2
states converging to the I(2P1/2

o ) + O(3P2) limit are shown.
Computed spectroscopic parameters for the low-lying bound
Ω states are given in Table 2 along with experimental and
previous calculated data for the ground state.

The inverted doublet X12Π3/2 ground state of IO was
confirmed by EPR46 and ESR47 measurements. The dissociation
energy for this state has been determined by many different
techniques. The values may be grouped into two types: (1) those
derived from the treatment of the observed energy levels and
(2) those extracted from kinetic studies. The various investiga-
tions are not in good agreement with each other, with experi-
mental values ranging from 176 to 249 kJ/mol.19 The heats of
formation of IO derived theoretically20,21also differ substantially.
The present calculated results of 206 kJ/mol (at theΛ-S) and
191 kJ/mol (including the spin-orbit interaction) lie well within
the experimental error bars. The multireference CI calculations
are known to give some underestimation of the ground state
dissociation energy, normally by 5-20 kJ/mol, so that the above
value of 191 kJ/mol may be considered as the lower limit for
this quantity.The spin-orbit coupling for the ground state leads
to a Te splitting of 1683 cm-1. At the experimental bond
distance, the splitting is calculated to be 1867 cm-1, in somewhat
better agreement with the experimental value of 2091(40)
cm-1.16 The upper X22Π1/2 component is calculated to have a

slightly longer (by≈0.02 Å) equilibrium distance and somewhat
smaller vibrational frequency (by 24 cm-1) than the X1

2Π3/2

ground state, which is in very good agreement with the
experimental findings and indicates that the relative accuracy
of the present calculation is noticeably better than the absolute
one. The bond distances calculated in the present study are
uniformly too large by=0.05 Å, which we attribute to the fact
that the iodine d electrons have been frozen at the CI stage of
the calculations and to a lesser extent to deficiencies in the
RECPs employed and basis set errors.

The first excited state, a4Σ-, has a much flatter potential than
the ground state and is characterized by a spin-orbit splitting
of only 210 cm-1, with theΩ ) 1/2 component being the lower
one. The much smaller splitting than that for the ground state
can be easily understood from the predominantlyΣ character
of the a state. The dissociation energy of the a1

4Σ1/2
- can be

estimated as the energy difference at the minimum of the
potential curve and atr ) 10.0a0, which gives 30.1 kJ/mol for
this quantity.

The A1
2Π3/2 state is the most interesting species in the low-

energy IO spectrum since, as described in the Introduction, it

Figure 2. Potential energy curves for the lowest electronic states of
the IO radical calculated including spin-orbit coupling (solid lines for
Ω ) 3/2 states, dashed lines forΩ ) 1/2, dotted lines forΩ ) 5/2, and
a dot-dashed line forΩ ) 7/2).

Figure 3. Computed potential energy curves forΩ ) 3/2 states.

TABLE 2: Calculated and Experimental Spectroscopic
Properties of IO (Transition Energies Te, Bond Lengths re,
and Vibrational Frequencies ωe)

Te /cm-1 re /Å ωe /cm-1

state calc exp calc exp calc exp

X1
2Π3/2 0 0 1.922 1.8677a 650 681.6a

1.894b 664b

X2
2Π1/2 1683 2091c 1.939 1.887c 626 658c

a1
4Σ1/2

- 13 430 2.249 288
a2

4Σ3/2
- 13 640 2.250 287

A1
2Π3/2 22 724d 21 558e 2.115 2.072e 514 514.5e

a Reference 26.b Calculated without including spin-orbit coupling
in ref 22. c Reference 16.d Spectroscopic constants are calculated for
the diabatic A2Π3/2 state in the internuclear distance interval of 3.7-
4.3 a0. e Reference 24.
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has been observed many times in emission and absorption, and
the A1-X1 spectrum is used for identification of the IO radical
in the atmosphere. It is well-known from the experimental
studies that the A1 state is strongly predissociated, probably due
to interactions with a variety of electronic states, as indicated
by the marked dependence of the predissociation rate on the
A1 vibrational quantum number. As one can see from Figures
2 and 3, the A1 state indeed exhibits numerous avoided and
unavoided crossings near its minimum. The avoided crossing
with the lowest energy occurs at around 3.95a0 and is caused
by spin-orbit coupling with the 12∆ state. This interaction is
relatively weak (〈22Π|Hso|12∆〉 ) 148 cm-1 at r ) 3.95 a0)
and thus results in a sharply avoided crossing leading to
adiabatic dissociation of the thirdΩ ) 3/2 state to I(2P3/2

o ) +
O(3P2). In fact, the energy difference between the third and
fourth 3/2 states is only 68 cm-1 at the crossing point due to the
fairly complicated composition of these states, as can be seen
from Table 3. Therefore, it is more convenient to consider the
spin-orbit coupling between these states as a perturbation of
the A1 diabatic potential curve. Spectroscopic constants calcu-
lated for this diabatic A1 state in the I-O distance interval from
3.7 to 4.25a0 are given in Table 2. An overestimation of the
A1 state’s Te value is an acceptable error for this type of
calculation, but it makes quantitative analysis of the predisso-
ciation processes quite difficult. The calculatedre value for the
A1 state is approximately 0.04 Å larger than the experimental
result, with such an error also being typical for the present
treatment. The calculatedωe value agrees very well with the
measured result of 514.5 cm-1. Such close agreement is
undoubtedly fortuitous, but it indicates once again that the
overall shape the A1 curve is probably calculated much more
accurately than are the correspondingTe andre values. One can
also note that transitions to the 12∆3/2 state (the fourthΩ ) 3/2
potential curve in Figure 3) are probably responsible for the
underlying continuum observed recently in absorption.33 The
second avoided crossing of the A1

2Π3/2 state with the3/2(V)

state occurs at≈4.25 a0. The spin-orbit interaction is much
stronger in this case, because the3/2(V) state has the largest
Λ-S contributions from the 14Σ+ and 14∆ states (Table 3), both
coming from theσ2π3π*3σ* configuration, which differs from
the A2Π leading configurationσ2π3π*4 by only a single
excitation. This leads to strong repulsion between the corre-
sponding3/2 states and must result in heavy predissociation of
the A1 state. The depth of the A1 diabatic potential up to the
maximum atr ≈ 4.25 a0 is estimated to be about 700 cm-1,
which is enough to accommodate only two vibrational levels.
If we assume, however, that this state should be approximately
1200 cm-1 deeper, which corresponds to the overestimation of
its Te value, then it would support four vibrational levels, with
strong predissociation taking place forV′ g 4. This supposition
agrees well with the experimental findings. One can also
speculate that the strong predissociation of theV′ ) 1 level, for
which, similarly as forV′ g 4, no rotational structure could be
observed,27 is caused by the crossing of the A1 potential curve
by the 12∆ repulsive curve at approximately this energy. Then
the best candidate for rotational predissociation of theV′ ) 2
level is the 1/2(III) state (see Figure 2), which has fairly
complicatedΛ-S character, with the 12Σ- state giving the main
contribution (see Table 4 and the discussion at the beginning
of this section). Rotational predissociation of the A1

2Π3/2 state
by the first Ω ) 5/2 state (mainly 12∆, but with a 20%
contribution from theσ2π3π*3σ* configuration) must be of
comparable probability to that by the 12Σ- state. Because of
the fact that the spin-orbit (homogeneous) interaction with
12∆3/2 (with nearly the same energy as 12∆5/2) is notably
stronger, the latter effect is probably difficult to observe,
however. Note that predissociation of the A1

2Π3/2 state cannot
be caused by a crossing with theΩ ) 7/2 state, which lies next
in energy, because of the∆Ω ) 0, (1 selection rule.
Predissociation by the higher-lying states withΩ * 3/2 (see
Figure 2) must be negligible in comparison with the strong
homogeneous predissociation by the3/2(V) state discussed
above.

TABLE 3: Composition of the Lowest Ω ) 3/2 States of IO
(c2, %) at Various Bond Distancesra

Ω ) 3/2 r/a0 12Π 22Π 12∆ 14Σ+ 14Σ- 14Π 14∆

X1
2Π3/2 3.1 99.5

3.6 98.5
4.0 96.7
5.0 80.1 13.7

a2
4Σ3/2

- 3.1 99.1
3.6 97.5
4.0 2.1 95.1
5.0 7.8 11.9 72.2 4.6

3/2(III) 3.1 98.0
3.4 86.5 12.5
3.6 94.5 3.8
3.95 67.9 29.4 1.5
4.2 78.2 18.5
5.0 51.7 18.1 21.2

3/2(IV) 3.1 97.9
3.4 11.5 85.3
3.6 1.5 94.8
3.95 27.0 59.4 1.6 10.3
5.0 9.6 25.2 4.5b 34.2 22.3

3/2(V) 3.3 94.7
3.6 54.7 2.9 40.4
4.25 7.2 5.9 36.7 11.0 33.6
5.0 5.9 4.4 8.7 52.0b 17.0 8.5

a Entries are only made for contributions withc2 g 1.0%. b Contri-
butions from the higher-lying roots of this symmetry are included.

TABLE 4: Composition of the Lowest Ω ) 1/2 States of IO
(c2, %) at Various Bond Distancesra

Ω ) 1/2 r/a0 12Π 22Π 12Σ+ 12Σ- 14Σ+ 14Σ- 14Π 14∆

X2
2Π1/2 3.1 99.6

3.6 98.8
4.0 97.4
5.0 84.0 6.4 6.3

a1
4Σ1/2

- 3.1 2.9 96.7
3.6 2.8 96.4
4.0 3.1 95.3
5.0 3.7 7.2 81.9

1/2(III) 3.1 6.6 92.4
3.6 12.7 82.3
4.0 15.0 72.7 8.2 2.1
5.0 13.2 37.1b 29.5 19.9

1/2(IV) 3.3 96.7
3.6 96.5
3.9 90.7 5.6
4.0 68.6 10.7b 9.3 2.3 3.4
5.0 34.1 4.5b 13.7 34.2 6.6

1/2(V) 3.1 87.4 10.4
3.6 82.1 13.3 2.1
4.0 63.8 4.2b 5.6 19.7
5.0 20.0 24.6b 7.6 43.2

a Entries are only made for contributions withc2 g 2.0%. b Contri-
butions from the higher-lying roots of this symmetry are included.
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Finally, one can also give a qualitative explanation for the
fact that the upperΩ ) 1/2 component of the A2Π state has not
yet been observed. As can be seen from Figure 2, this state,
1/2(IV), lies approximately 3800 cm-1 higher than A1 3/2 state
at r ) 3.95a0 and does not form any potential well owing to
strong interactions with the other1/2 states, which are numerous
at this excitation energy. In other words, according to the present
calculated data, the very strong predissociation of this state must
make its spectroscopic observation very difficult.

4. Conclusion

Potential energy curves for halogen oxides are important for
modeling processes in atmospheric chemistry. We report in the
present study the first ab initio calculation of potential energy
curves for the excited states of the IO radical. The ground
electronic state is an inverted X2Π. This state is well separated
from all excited electronic states and preserves itsΠ character
along the dissociation pathway. The calculated X1

2Π3/2 ground-
state dissociation energy of 206 and 191 kJ/mol (spin-orbit
coupling included) lies within the range indicated by available
experimental studies.

The lowest excited state, a4Σ-, is calculated to be bound,
though much more weakly so (De ) 0.31 eV) 30.1 kJ/mol)
than the ground state and has a minimum which is strongly
shifted to larger distances. It still awaits experimental observa-
tion, probably as a consequence of the quite small electronic
transition moment (〈X1

2Π3/2|µz|a2
4Σ3/2

- 〉 ) 0.050 ea0 at 3.6a0)
connecting it with the ground state, as well as of unfavorable
Franck-Condon factors.

TheΩ ) 3/2 component of the second available2Π electronic
state is calculated to lie 22 724 cm-1 above the ground state, in
an area densely populated with other electronic states. The spin-
orbit interaction causes mixing of this state with other closely
lying states, leading to a very complicated appearance of theΩ
potential curves (Figures 2, 3). The relatively weak coupling
with the 12∆ electronic state is probably responsible for
predissociation of the lowest A1 vibrational levels,V′ ) 0,1,
while much stronger coupling with the fifth and sixth3/2 states,
which have predominantly 14Σ+ and 14∆ character, must lead
to fast predissociation of theV′ g 4 levels. The most probable
candidate for inducing the experimentally observed rotational
predissociation of the A1, V′ ) 2 level is the1/2(III) state, which
has a fairly complicatedΛ-S composition in the relevant
distance range, with the strongest contribution coming from the
12Σ- state.

A quantitative description of the A12Π3/2 predissociation, as
well as of various radiation processes in the IO radical, requires
more extensive ab initio calculations, which are currently in
progress.
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