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ABSTRACT: We report a high-resolution photoelectron imaging
and photodetachment spectroscopy study of cryogenically cooled
IO−. The high-resolution photoelectron spectra yield a more
accurate electron affinity (EA) of 2.3805(5) eV for IO as well as a
more accurate spin−orbit splitting energy between the 2Π3/2 and
2Π1/2 states of IO as 2093(5) cm−1. Photodetachment spectros-
copy confirmed several excited states for the IO− anion predicted
by theoretical calculations, including two valence-type excited
states, the repulsive 3Π state, and a shallow bound 1Π state. More
interestingly, we have observed two vibrational resonances which
are proposed to be due to a dipole-induced resonant state, about 230 cm−1 above the detachment threshold of IO−.

1. INTRODUCTION
It is well-known that halogen species in the atmosphere often
exist as catalysts for photochemical reactions related to ozone
destruction. For example, the iodine atomic radical reacts with
ozone to form IO, which can react with itself or other halogen
oxides (BrO or ClO) to form O2 and halogen atoms. If these
species react with ozone, then each catalytic cycle destroys two
ozone molecules. The IO radical also reacts with HO2 to form
HOI, which is rapidly photolyzed into I and OH. This catalytic
cycle also effectively destroys ozone.1 Salomon et al. speculated
that the catalytic reaction of the IO radical was partly
responsible for the lower stratospheric ozone depletion and
the sudden disappearance of ozone in the arctic troposphere in
the Spring. Recently, iodine monoxide has been observed in
space following a volcanic eruption by satellite measurements.2

Anionic species have recently been directly observed at a high
altitude.3 Studies on the photoexcitation and gas phase
reactions of the IO radical and the IO− anion are essential
for understanding atmospheric ion chemistry.4−8 Photo-
electron spectroscopy (PES) of IO− has been reported by
Lineberger and co-workers about 30 years ago.9,10 The
electron affinity (EA), vibrational frequency, and low-lying
excited states of IO have been well characterized. However, the
photoexcitation and predissociation state of IO− are not well
understood experimentally, although it has been predicted
theoretically.11,12

Strong spin−orbit (SO) coupling splits the 2Π ground state
of IO into two SO states (2Π3/2,

2Π1/2), where the
2Π1/2 state is

2091(40) cm−1 higher than the 2Π3/2 ground state.9 There are
many spectroscopic studies on the strong A12Π3/2 ← X12Π3/2
electronic transition. The spectrum of A12Π3/2 ← X12Π3/2 of
IO was first observed by Vaidya in the emission spectrum of

methyl iodide−methanol.13 Durie and Ramsay measured the
absorption spectrum of IO and determined six vibrational
levels. Because the SO splitting in the ground electronic state is
very large, no X22Π1/2 state is found in the absorption
spectrum.14 Subsequently, Durie, Legay, and Ramsay observed
the A1−X1 system in the emission spectrum and obtained the
rotational constant of the ground vibrational level of the X1
state.15 Bekooy et al. studied the rotational spectra of the 2−0,
2−1, and 2−2 vibrational bands of the A2Π3/2−X2Π3/2 system
of the IO radicals by molecular beam laser excitation
spectroscopy and observed the hyperfine Λ-doublet split of
the ground state for the first time.16 Newman et al. measured
the spectral constants and lifetimes of the vibrational energy
levels v′ = 0−5 of the A2Π3/2 state of IO using cavity ring-down
spectroscopy.17

In addition to the spectroscopic studies of the IO A12Π3/2
← X12Π3/2 transition, there have been a few detailed spectral
studies on the electronic states of X2Π and A2Π. Carrington et
al. and Brown et al. used electron resonance spectra to study
IO X2Π and determined the approximate spin−orbit
splitting.18,19 Tamassia et al. studied the overtone band of
IO X2(2−0) by laser magnetic resonance and determined the
vibration, rotation, spin−orbit, λ-doubling, hyperfine, and
Zeeman parameters.20 Miller et al. explored the rotational
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spectra of the ground state and the two lowest vibrational
levels of the IO X12Π3/2 state.21 The A2Π3/2 state of IO is
highly predissociative as the excited state potential energy
curve is crossed by a repulsive electronic potential energy curve
that results in dissociation of the I−O bond.22 The study of the
A-state shows that the predissociation from v′ = 1, 4, 5 is very
fast and the lifetime of v′ = 2 depends on the rotational level,
while the predissociation from the v′ = 0, 3 levels is
independent of rotation.4

Molecules with sufficiently large dipole moments can bind
electrons in a diffuse orbital to form weakly bound negative
ions,23−25 which can have excited dipole bound states (DBSs)
just below the detachment threshold. DBSs in excited anions
were first observed as resonances in photodetachment cross
sections26,27 and were studied by rotational autodetachment
spectroscopy.28−34 Recently, photodetachment spectroscopy of
cryogenically cooled anions has allowed DBSs to be observed
in many valence-bound anions,35−39 enabling the development
of resonant photoelectron spectroscopy via vibrational
autodetachment.40 Theoretical and experimental studies have
shown that the empirical minimum dipole moment to support
a DBS in molecular systems is 2.5 D.41−43 Recently,
electronically excited DBSs for a series of halogen-substituted
phenoxide anions, p-XC6H4O

− (X = F, Cl, Br, I), have been
observed by Qian et al., who found that the binding energies of
the DBSs exhibit a linear correlation with the dipole moments
of the neutral cores and confirmed that the critical dipole
moment for the existence of DBSs is 2.5 D.44 The dipole
moment of IO is determined to be 2.45 D by studying the
Stark splitting in gas phase electron resonance spectroscopy,45

which is slightly below the threshold value. It would be
interesting to know if a DBS exists below the detachment
threshold of the IO− anion.
Previous PES experiments9,10 showed that the SO splitting

of IO [2091(40) cm−1] is significantly larger than the IO
vibrational frequency (681 cm−1).9,16 The vibrational fre-
quency of the neutral IO is known to be much larger than that
for the anion [581(25) cm−1], consistent with the fact that
photodetachment comes from an antibonding orbital. Vibra-
tional quanta only up to 2 for IO− were observed in the
previous PES experiments with the EA for IO being
determined to be 2.378(6) eV. Excited states with predis-
sociative character for the IO− anion have been predicted12 but
have not been observed experimentally.
In the current work, we have obtained a more accurate EA

and spin−orbit splitting energy using high-resolution PE
imaging of cryogenically cooled IO− anions. Photodetachment
spectroscopy was carried out, resulting in the observation of
several excited states of IO−. A resonantly enhanced vibrational
peak of ν = 2 and a new vibrational peak (ν = 3) were observed
for the first time for the ground state detachment transition.
The possible photoabsorption to a predissociation state of IO−

has been observed. More interestingly, we have observed a
DBS-like excited for IO−, which we call a “dipole-induced
resonant state”.

2. EXPERIMENTAL METHODS
The current experiments were performed by using the third-
generation ESI-PES apparatus,46 equipped with an electrospray
ionization (ESI) source,47 a cryogenically controlled ion trap,48

and a high-resolution PE imaging system.49,50 Electrospray of
an NaI solution mixed with water and ethanol was used to
prepare the IO− anions, in which IO− could be steadily

produced by tuning the ESI conditions. The anions from the
ESI source were delivered to a temperature-controlled ion
trap,48 where they were accumulated and cooled for about 0.1 s
before being injected into a time-of-flight mass spectrometer.
The IO− anions were selected by a mass gate and then focused
into a collinear velocity-map imaging lens,50 where anions were
photodetached by a linearly polarized laser beam. The
photodetachment laser was from a dye laser system (Sirah,
line width 0.03 cm−1 at 500 nm) pumped by a Nd:YAG laser.
The output wavelength was calibrated with a Bristol 821
wavelength meter. Photoelectrons were projected onto a
detector consisting of a pair of microchannel plates and a
phosphor screen. The photoelectron images were captured by
a charge-coupled-device (CCD) camera, and the 3D electron
velocity distribution is reconstructed by using the BASEX
program.51 The PE spectra were obtained by integrating the
signals from the respective images radially. The electron kinetic
energy was proportional to the square of the radius (r2) and
was calibrated by the known spectra of Au−. The binding
energy spectra were obtained by subtracting the kinetic energy
spectrum from the respective detachment photon energies.
The imaging system could achieve an electron energy
resolution of ∼2 cm−1 for low-energy electrons in this study.49

The advantage of photoelectron imaging is that it enables
simultaneous measurement of the photoelectron angular
distribution (PAD) for each detachment transition, which
reflects the symmetry of the parent anion orbital.52 The
differential cross section of the angular distribution is given
by53,54

P
d
d 4

1 (cos )tot
2

σ σ
π

β θ
Ω

= [ + ]
(1)

where σtot is the total detachment cross section, P2(x) is the
second-order Legendre polynomial, θ is the angle of the
outgoing electron’s velocity vector with respect to the laser
polarization direction, and β is the anisotropy parameter,
ranging from −1 to 2 for purely perpendicular and parallel
transitions, respectively.

3. RESULTS AND DISCUSSION
3.A. High-Resolution Photoelectron Imaging. The PE

images and spectra of IO− are shown in Figure 1 at five photon
energies. Highly resolved vibrational features of the ground
state (2Π3/2) were obtained in the low photon energy spectra,
as shown in Figure 1a to 1c, and the excited state (2Π1/2) was
also observed at the higher photon energies in Figure 1d and
1e. In the current work, we use 00

0 to represent the transition
from the ground vibrational level of the ground electronic state
of IO−(1Σ+) to that of the neutral states of IO(2Π) and 10n (n =
1−3) to indicate transitions to the vibrational excited states of
the neutral states. The vibrational features of the 2Π1/2 state are
labeled with an apostrophe to distinguish them from those of
the 2Π3/2 state. The current work extends the previous
studies9,10 and yields more accurate spectroscopic constants.
First, the cryogenically cooled ions completely eliminated
vibrational hot bands and resulted in much better resolved
spectra. The 0 ← 0 transition (00

0) of the 2Π3/2 state in Figure
1a defines a highly accurate EA of 2.3805 ± 0.0005 eV for IO
compared to 2.378 ± 0.005 eV reported previously.9,10 The
vibrational frequencies for the two spin−orbit states was
measured to be 682(5) cm−1 for the 2Π3/2 state and 639(5)
cm−1 for the 2Π1/2 state, consistent with 681.6 cm−1 for 2Π3/2
state and 658(25) for the 2Π1/2 state reported previously.9,10,16
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In addition, we observed a weak vibrational peak (ν = 3)
(Figure 1d) that was not observed previously due to the high
spectral resolution and the elimination of the vibrational hot
bands in the current experiment. Finally, the anisotropic
parameters (β) for all vibrational peaks at the different kinetic
energies were obtained, as summarized in Table 1. The angular

distributions suggest a s+d wave for the outgoing electron,
consistent with detachment from a π-orbital.
We also observed a significant threshold enhancement effect

for the ν = 2 vibration peak (Figure 1c). A more accurate
spin−orbit splitting energy of 2093(5) cm−1 was obtained for
the IO ground state between 2Π3/2 and 2Π1/2. Spectroscopic
constants for the two spin−orbit states of IO are summarized
in Table 2. The dissociation energy (D0) of IO

− to give I− and

O can be derived to be 1.708 eV by using the following
thermodynamic relation:

D D(I O ) EA(IO) EA(I) (I O)0 0− = − + −−

or 3.306(9) eV to give I and O− by using the following
relationship:

D I D( O ) EA(IO) EA(O) (I O)0 0− = − + −−

where EA for the IO is from the current experiment, the EAs
for the I and O are 3.0590 and 1.4611 eV, respectively,55 and
the I−O dissociation energy is 54.9(0.2) kcal/mol (2.387
eV).56

3.B. Resonant Photoelectron Imaging and Photo-
detachment Spectroscopy. At certain detachment wave-
lengths, the angular distribution of the PE images and the peak
intensities are significantly different, as shown in Figure 2; five
resonant images and spectra are obtained at five different
photon energies. When we tuned the detachment laser to
514.62 nm (Figure 2a), we observed only the 00

0 transition,
whereas at 497.41 nm (Figure 2c), we observed both the 00

0

and the 10
1 transitions. However, the PE images appeared more

isotropic, different from the distinct s+d angular distributions
shown in Figure 1. According to the data given in Table 1, the
anisotropy parameters at these two wavelengths were still
negative but closer to zero for a complete isotropic
distribution. These observations indicated that the electron
signals were likely from autodetachment from resonantly
excited states of the IO− anion.

Figure 1. Photoelectron images and spectra of IO− at (a) 519.92, (b)
502.41, (c) 486.41, (d) 468.90, and (e) 455.40 nm. The observed
vibrational structures are labeled and the excited state vibrational
peaks are labeled with an apostrophe. The photon energies were
chosen to be near each vibrational transition. The double arrow below
the images indicates the laser polarization.

Table 1. Anisotropic Parameters (β) Values for All Vibrational Peaks at the Different Kinetic Energies

vibrational peaks

photo energy (nm) 00
0 10

1 10
2 0′00 1′01

Figure 1a 519.92 −0.24(01)
Figure 1b 502.41 −0.64(02) −0.32(01)
Figure 1c 486.41 −0.83(02) −0.72(03) −0.33(01)
Figure 1d 468.90 −0.76(04) −0.55(06) −0.18(17)a −0.50(01)
Figure 1e 455.40 −0.78(08) −0.36(14)a −0.15(30)a −0.48(04) −0.39(05)
Figure 2a 514.62 −0.14(01)
Figure 2b 504.31 −0.18(01)
Figure 2c 497.41 −0.35(01) −0.24(01)
Figure 2d 482.61 −0.30(04) −0.57(16)a −0.19(02)
Figure 2e 477.30 −0.64(06) −0.57(10) −0.20(06)

aThe uncertainties of these values are relatively large because the signal of their corresponding vibrational peaks is weak.

Table 2. Spectroscopic Constants for Both Spin−Orbit
States of Neutral IO

state re (Å)
ωe

(cm−1)
ωeχe

(cm−1)
energy
(cm−1) EA (eV)

IO
a2Π1/2

1.887(10)9 639(5) 4.3716 2093(5) 2.3805(5)

IO
X2Π3/2

1.867616 682(5) 4.50 0
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We scanned our detachment laser near 514 and 497 nm by
monitoring the electron signal of the 00

0 transition to obtain a
photodetachment spectrum. We indeed observed two resonant
peaks, as shown in Figure 3. The centers of these two peaks are
located at 514.62 and 497.41 nm, respectively. As shown in
Figures 2a and 2c, the PE images at these two wavelengths
should come from both direct detachment from the ground
state of the IO− anion and autodetachment from the excited
state of IO−. The interval between these two resonant peaks is
672 cm−1, which is identical with the vibrational frequency
(673 cm−1) of the neutral IO in its ground state. Therefore,
these resonances appeared to be from two vibrational levels of
a DBS because it is known that the DBS electron has little
effect on the structure of the neutral core.34,57,58 However,
when we tuned the photon energy below the detachment
threshold (2.3085 eV) for scanning, we did not find any
resonance signals. Hence, there is a possibility that we have
observed a dipole-induced state, but it is not bound, similar to
a Feshbach resonance.59,60 In the current case, the dipole-
induced Feshbach resonance is 230 cm−1 above the detach-
ment threshold of IO−.
In addition, we also observed several other resonances in the

photodetachment spectrum in Figure 3. The peak shape of the
resonance at 504.31 nm was intense and did not seem to be

related to the “dipole induced resonance” mentioned above.
We suspected that this resonance was due to the predis-
sociative Π state of the IO− molecular anion. A previous
theoretical calculation by Minaev et al.12 showed that the IO−

anion is stable in the ground X1Σ+ state which dissociates to
the excited state I−(1S) + O(1D) limit; the lowest excited 3Π
state is repulsive, and its dissociation limit is I−(1S) + O(3P),
which is lower in energy by 2 eV than the dissociation limit of
X1Σ+ state. The crossing of the vibrational level of the X1Σ+

state with the repulsive a3Π state causes predissociation. The
resonance at 504.31 nm was very likely due to excitation to the
a3Π state. The resonant PE spectrum at 504.31 nm (Figure 2b)
also gave a nearly isotropic angular distribution.
The two peaks at 482.61 and 477.30 nm with an interval of

230 cm−1 on the right in Figure 3 were narrower than the three
peaks on the left. These two resonant peaks with narrower line
widths should be due to a single vibrational progression of an
electronically excited state of IO−. The peak at 482.61 nm is
assigned as the vibrational ground state because we did not
observe any more vibrational peaks with an interval close to
230 cm−1 when the laser was scanned to lower photo energies.
Thus, the vibrational ground level of this excited state of IO− is
1521 cm−1 above the detachment threshold of IO−, and the
fundamental vibrational frequency for the IO− excited state is
determined to be 230 ± 5 cm−1. When we tuned the
detachment laser to 482.61 nm (Figure 2d), the resonant PE
spectra showed the ν = 2 peak was significantly enhanced. The
photoelectron angular distributions of both the ν = 0 and ν = 2
peaks were more isotropic (β = −0.30 and −0.19; see Table
1), which are very different from the ν = 1 peak (β = −0.57).
The resonant PE spectra measured at 477.30 nm (Figure 2e)
showed that only the ν = 2 peak was significantly enhanced
and its angular distribution was more isotropic (β = −0.20).
These observations are quite different in comparison with
autodetachment from DBS vibrational levels, which obeys the
Δν = −1 propensity rule.
Calculations by Minaev et al. predicted two low-lying excited

Π states for the IO− anion.12 The 3Π state of IO− was
repulsive, and its crossing with the X2Π3/2 state of IO causes
predissociation, which is assigned to the resonance at 504.31

Figure 2. Resonant photoelectron images and spectra of IO− at (a)
514.62, (b) 504.31, (d) 497.41, (d) 482.61, and (e) 477.30 nm. The
wavelengths were determined from the photodetachment spectrum
(see Figure 3). The double arrow below the images indicates laser
polarization.

Figure 3. Photodetachment spectrum of IO− obtained by measuring
the total electron yield as a function of photo energy.
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nm as discussed above. We assign the two resonances at the
higher excitation energies to the 1Π excited state of IO−. The
peak widths for these two resonances were measured to be
about 40 cm−1, from which we estimated a lifetime of ∼0.13 ps
for the observed excited states of IO−. Hence, the 1Π excited
state should be a bound state with a shallow potential well
(230 cm−1 frequency), in contrast to the predicted repulsive
state.12 Figure 4 displays the schematic potential energy curves

of IO and IO− according to the current experimental
observations. In light of the current results, more accurate
theoretical calculation for the excited states of IO− seems
warranted, including the nature of the dipole-dominated
excited state.

4. CONCLUSION
In summary, we have obtained a more accurate electron
affinity for IO as 2.3805(5) eV and a more accurate spin−
orbital splitting energy between the 2Π3/2 and

2Π1/2 states as
2093(5) cm−1 by using high-resolution photoelectron imaging
of cold IO−. Photodetachment spectroscopy revealed several
resonances for IO−. A theoretically predicted excited state (3Π)
with predissociative character and an excited state (1Π) of IO−

anion were found to be 20,721 cm−1 (2.5690 ± 0.0005 eV)
above the ground state of IO− and 1521 cm− 1

(0.1886 ± 0.0005 eV) above the detachment threshold of
IO−. Two additional resonances were observed and were
proposed to be from a dipole-induced Feshbach resonance.
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