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Abstract 
Iodinate anions are important in the chemistry of the atmosphere where they are implicated in ozone depletion 

and particle formation. The atmospheric chemistry of iodine is a complex overlay of neutral-neutral, ion-neutral 

and photochemical processes, where many of the reactions and intermediates remain poorly characterised. This 

study targets the visible spectroscopy and photostability of the gas-phase hypoiodite anion (IO−), the initial 

product of the I− + O3 reaction, by mass spectrometry equipped with resonance-enhanced photodissociation and 

total ion-loss action spectroscopies. It is shown that IO− undergoes photodissociation to I− + O (3P) over 637 – 

459 nm (15700 – 21800 cm−1) due to excitation to the bound first singlet excited state.  Electron photodetachment 

competes with photodissociation above the electron detachment threshold of IO− at 521 nm (19200 cm−1) with 

peaks corresponding to resonant autodetachment involving the singlet excited state and the ground state of neutral 

IO possibly mediated by a dipole-bound state. 
 

Introduction 
In the atmosphere, iodide (I-) and its oxides, hypoiodite (IO-) and iodite (IO2-) are relevant due to their reactivity 

towards ozone while iodate (IO3-) anions, alongside its conjugate acid (HNO3) , have been implicated in particle 

formation1-4. Both I- and IOx- (x =1, 2, 3) are detected in ground-based atmospheric gas measurements where IO3- 

concentrations exhibit a diurnal response, with lowest values detected during daytime, suggesting a link to 

photochemistry and night-time halogen chemistry5. In the lower stratosphere, both I- and IO3- ions are present in 

detectable quantities and their fates in the presence of persistent ozone concentrations are under investigation6.  

The relevance of iodine oxoacids (both neutral and anions) as aerosol nucleation agents is apparent4 but details on 

their photostability under actinic radiation is lacking.  

 

In the gas phase, I- reacts with O3 in a stepwise process first producing IO-, with subsequent reaction steps with 

O3 to form IO2- + O2 and ultimately IO3- + O2 7-10. The overall rate limiting step in the formation of IO3– is the 

first step, I- + O3 , while the subsequent steps involving IO- and IO2- occur with high efficiency (91% and 84% 

of the collision rate, respectively). Interestingly, the slow reversible reactions of IO- and IO2- (but not IO3-) with 

dioxygen have also been studied with the latter case regenerating IO– 10. Although the reaction kinetics and 

nucleation processes of these anion intermediates are becoming better characterised, there remains a lack of 

information on the photochemistry of these atmospheric anions, including the simplest iodine oxide anion, IO-. 

The electron binding energies of the iodine oxides have been measured and suggest that IO- (eBE = 2.3805 eV, 

520 nm)11-13 , IO2- (eBE = 2.575 eV, 481.5 nm)12,14 but not IO3- (eBE = 4.70 eV, 263.8 nm)14 may undergo 

photodetachment within the actinic window presenting a pathway to the corresponding neutral radicals. Recently, 

we demonstrated that photodissociation of the iodo-oxides anions, IO1-2- occurs within the visible wavelength 

range (at 500 nm) and thus that these pathways are competitive with photodetachment at wavelengths relevant to 

the Earth's atmosphere. To explore this assertion, we present the first comprehensive investigation of the simplest 

iodine oxide, IO-, using a combination of resonance enhanced photodissociation and ion-loss spectroscopy and 
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demonstrate that IO- undergoes both photodissociation to I- + O(3P) together with electron photodetachment to 

the neutral IO• radical under visible wavelength irradiation. 

 

Experimental Results 

Visible light absorption by IO- was investigated using tunable-laser irradiation of m/z selected IO- ions confined 

within a room temperature linear quadrupole ion trap15. Action spectra were measured by monitoring both the 

generation of I- photoproduct ions and the decrease in total ion count resulting from electron detachment. The 

thermodynamic limits for these pathways, and other plausible ones, are shown in Figure 1 with the four lowest-

energy destruction pathways for IO- ranked by their relative energy (as determined from NIST data) 16-19. 

Assuming single-photon absorption, over the visible range, only I- (1S) + O (3P) photodissociation with an onset 

at 13729 cm-1 (728 nm) and IO + e- photodetachment with an onset at 19200 cm-1 (521 nm) are accessible. Notably 

the I- (1S) + O (3P) product pathway, the only photodissociation channel accessible in the visible wavelength 

range, generates O (3P), which can react with molecular oxygen to form ozone as per the Chapman ozone-oxygen 

cycle20.  

 
Figure 1: Schematic of the thermodynamic limits for the three lowest energy dissociation pathways of IO− (from 

NIST data) 16-19. The electron photodetachment energy is also included13. All energies are relative to the IO- 

electronic ground state energy. 

 

A representative single wavelength photodissociation mass spectrum of IO- (m/z 143) obtained at 19231 cm-1 

(520 nm) is shown in Figure S1. The sole product ion observed is m/z 127, assigned as I- and assumed to form 

with O (3P). Photofragment O- ions (m/z 16) are not expected given insufficient photon energy (cf. Figure 1) but 

such ions lie below the low m/z cut-off of the instrument and, consequently, we cannot rule out their formation 

from multiphoton processes. A plot of I- photoproduct yield as a function of laser power at 520 nm (Figure S1 

inset) displays a linear trend, consistent with a single photon photodissociation process.  

 
The photodepletion spectrum of the IO- signal (Figure 2A, obtained by plotting the difference in the total IO– ion 

count with the laser on and the laser off) exhibits a structured band system spanning the 15700 – 22000 cm-1 range 
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(636.9 – 454.5 nm). The resonance-enhanced photodissociation (REPD) spectrum (Figure 2B) appears similar to 

the IO– photodepletion spectrum but with better signal to noise and exhibits a broad structured band centred at 

19000 cm-1 with an onset at 15700 cm-1, which tails off to baseline at 21800 cm-1. A series of peaks spaced by 

~230 cm−1 is present within this broad band which, as will be shown, arise from a vibrational progression in an 

electronically excited state of IO-. Peak locations are listed in Table S1. The presence of this extended vibrational 

progression implies that the anion excited-state is bound (at odds with some previous studies21 but in accord with 

more recent reports13) and therefore suggests that the photodissociation of IO- is mediated by electronic state 

curve crossing. It is notable that peaks expected to appear at 19410 and 20060 cm−1 appear to be supressed relative 

to neighbouring peaks and this will be discussed later.  

 

The total ion-loss spectrum (Figure 2C), which presumably results from electron photodetachment from IO–, is 

obtained by plotting the difference between the photodepletion and the photodissociation spectra, and is measured 

with an ion-trap storage time of 500 ms (allowing four laser pulses to irradiate the ion-packet per MS cycle). Since 

the I- photoproduct is transparent in the visible region, the multi-shot experiment does not suffer additional 

complications arising from electron photodetachment from product ions. Over the spectrum, the total ion-loss 

signal rises sharply at photon energies greater than the EA of IO- (2.3805 eV, 19198 cm-1)13. The discernible 

peaks in the ion-loss spectrum are attributed to resonant autodetachment and two of these peaks align with the 

supressed peaks in the REPD spectrum. At the higher energy end of the broad band, the signal does not return to 

zero (unlike the REPD spectrum) presumably due to electron photodetachment into the continuum. The weak 

signal between 18100-19200 cm-1 below the detachment threshold is likely due to absorption by hot ions. Overall, 

the S/N of Figure 2B is superior to Figures 2A and 2C as the detection of photoproduct ions is essentially a 

background free measurement. 

 

The normalised ratio of photodissociation signal to the total ion-loss signal can be represented as a bias spectrum, 

which is shown in Figure 2D. At the photon energy corresponding to the EA, the two processes have equal yields, 

with photodissociation dominating below the EA. On the high energy side of the EA, electron loss dominates 

although the bias returns to zero in a few instances between the resonance peaks of the photodetachment. At 

photon energies greater than 20 000 cm-1 the photodepletion is dominated by electron loss.  

 

The same analysis was performed with shorter (Figure S3) and longer (Figure S4) ion trap storage times, allowing 

for either 1 or 9 laser pulses, respectively, to irradiate the ions before they are scanned out of the ion trap. For the 

longer (9 pulse) case, the S/N of the total ion-loss spectrum is significantly improved with at least five peaks 

clearly apparent (labelled I—V). Under these conditions however, these spectra may be affected by saturation, 

this is particularly obvious for the REPD spectrum. The sharp features labelled I—V in Figure 2 generally align 

with peaks in the total ion-loss spectrum, and this will be discussed below. 
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Figure 2: (A) The photodepletion spectrum of IO- over the 15385 - 22222 cm-1 range (650 - 450 nm), (B) the 

resonance enhanced photodissociation REPD spectrum (I− formation) and (C) total ion-loss spectrum. (D) is a 

bias plot where the difference of the photodissociation (PD) signal from (B) and the ion-loss signal from (C) is 

normalised to the combined signal. Spectra in (A), (B), (C) are all normalised to laser off signal (IO–off).  These 

experiments correspond to IO– ions stored in the ion-trap for 500 ms and subjected to four laser pulses per cycle. 

(Spectra corresponding to storage times of 220 ms (1 laser pulse) and 1000 ms (9 laser pulses) are included in the 

supporting information: Figures S3 and S4, respectively). 

Computational Results 

The calculated potential energy curves for the first seventeen electronic states of IO– associated with the three 

lowest energy dissociation limits are plotted in Figure S5. Of these molecular states, five are within the energy 

range of the experiment (<22000 cm-1) and were subjected to higher level (icMRCI+Q/aug-cc-pwCV5Z-PP) 
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treatment. These results are presented in Figure 3 with the calculated neutral (2P3/2) potential energy curve also 

shown. The two spin-orbit states for the ground state of neutral IO are split by 2093(5) cm-1 such that the higher 

spin-orbit state (2P1/2) resides at 21293 cm-1 relative to the IO- ground state (based on combining the experimental 

EA with computed spin-orbit values)13, and thus this state is at the higher energy edge of the experimental range 

and is probably not relevant to the experiments discussed here.  

 

The ground state of the anion (X 1S+) is bound by ca. 26000 cm-1 and correlates to I3/2 (2Pu) + O- (2Pu) fragments. 

The 11P anion excited state is calculated to reside ca. 15000 cm-1 above the ground state and correlates to a I3/2 

(2Pu) + O- (2Pu) limit22. Crucially, this state is bound in the Franck-Condon (FC) region (17000 - 21500 cm-1) and 

is the upper electronic excited state accessed in the visible wavelength excitation of IO-. Another important feature 

is that the bottom of the 11P anion well sits below the electron detachment threshold. Based on these calculations, 

intersystem crossing to the dissociative 13S- state offers a pathway to I-(1Sg) + O(3Pg), following photoexcitation 

to the 11P state.  

 
Figure 3: Potential energy curves for the five lowest in energy states of IO− and the X 2P3/2 state of IO calculated 

at the icMRCI+Q/aug-cc-pwCV5Z-PP level.  

 
Figure 4: Relevant excited state potential energy curves from Figure 3 expanded over an internuclear distance 

range of 1.65 – 3.00 Å. The resonance enhanced photodissociation (REPD) from Figure S3 and the total ion-loss 

from Figure S4 are included for comparison. 
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Spectral analysis 

Photodepletion and photodissociation 

We now return to discuss the photodepletion and REPD spectra (Figure 2A and B) considering now the calculated 

potential energy curves and molecular parameters. Calculated molecular constants for the 11P excited state of IO− 

state are Te = 15040 cm−1 with an equilibrium bond length re = 2.34 Å (see SI for more information).  Using spline 

fits to the icMRCI single-point energies, the Duo program23 provided vibrational constants: we = 289.4 cm-1 and 

wece = 1.72 cm-1. The experimentally derived ground electronic state parameters for IO−, reported by Gilles et al., 

are re = 1.929 Å, we = 581 cm-1 and wece = 4.37 cm−1 11,12.  The FC factors based on these parameters were 

calculated using the PGOPHER program24 for the 11P - X 1S+ transition and the results are plotted in Figure S6A. 

To better match the simulated intensity profile with the experimental photodepletion spectrum the Te value was 

raised from 15040 cm−1 to 16440 cm−1 (Figure S6B) and in this case the most intense transition corresponds to v' 

= 10. Alternatively, extending the excited state bond-length to 2.45 Å similarly shifts the FC simulation (Figure 

S6C). In this case, the most intense transition corresponds to v' = 16. In both cases the origin transition is predicted 

to be very weak, making it difficult to observe and assign. Ultimately, the correct vibrational numbering for the 

vibronic transitions requires an accurate value for Te and because this calculation has an uncertainly on the order 

of  ±1500 cm−1, confident vibronic assignments are not possible. The simulation should be ultimately assessed 

against a direct absorption spectrum. An alternate strategy could be to probe these vibronic transitions with rare-

gas tagging pre-dissociation spectroscopy. These spectra are also likely to be perturbed by mixing of states, as 

will be discuss in the next section, further complicating the analysis. Nevertheless, the similarities between the 

measured and simulated spectra suggest the calculations provide useful insights into the excited state probed in 

the experiments.  

    

Total ion-loss spectrum 

Contained within total ion-loss spectrum in Figure 2(C) are five peaks labelled I – V. The two strongest, I and III, 

are located at 19410 cm-1 and 20020 cm-1 and spaced by 610 cm-1. The next peak, labelled V, is centred at 20710 

cm-1 and spaced 690 cm-1 from III. The positions I, III, and V align with supressed peaks in the REPD spectrum 

(Figure 2B), as indicated with the vertical dotted lines. The two smaller peaks labelled II (19810 cm–1) and IV 

(20450 cm–1) are spaced by 640 cm-1. These two peaks also align with peaks in the REPD spectrum but the 

corresponding REPD peaks look comparatively sharper as if the higher energy side of the peak is missing. The 

spacing of ca. 650 cm-1 in both sets is close to the known vibrational frequency for the ground state of the IO 

neutral: 682 cm-113. Figure 4 shows an expanded section of the key FC region from Figure 3 along with the REPD 

and total ion-loss spectra (from Figures S3 and S4) showing the position of peaks I–V and their relation to the 

known vibrational levels of the neutral IO electronic ground state. The neutral IO vibrational levels are located 

using known experimental values13. Peaks I-V do not align exactly with the vibrational energy levels of the X 
2P3/2 IO neutral but there is a match with the vibrational energy level spacing that invites explanation. 

 

Byfleet et al. report the dipole moment of IO as 2.45±0.05 D 25, which is very close to the critical value proposed 

for supporting a dipole bound state (DBS) 26-29. Therefore, it is possible that the IO molecule supports DBSs 

associated with each of the IO neutral X 2P3/2 state vibrational levels and that the spectra are influenced by mixing 
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of the DBS and the anion 11P valence state. Higher DBSs associated with IO X 2P3/2 excited vibrational states 

can decay through a vibrational autodetachment process. Within the diabatic formulism, the DBSs and valence 

11P IO- states interact, leading to mixed vibronic states with both DBS and VS character. The situation is 

illustrated in Figure S7. 

 

In this region of the spectrum, the vibrational energy level spacing for the 11P state of IO– is around a third that 

of neutral IO X 2P3/2 state. From Figure 4 it appears that vibrational levels associated with the 11P state IO– lie 

≈100 cm−1 below and above the three lowest X 2P3/2 neutral vibrational levels. Neighbouring zero-order states 

associated with the 11P state IO– vibrational levels (shown in blue Figure S7) and the DBSs (shown in red Figure 

S7) presumably interact leading to mixed states having valence and DBS character. Relative rates for dissociation 

and electron detachment will depend on the respective rates for autodetachment and dissociation from the zero-

order DBS and valence state and the mixing coefficients of each state. It is likely that transitions to the zero-order 

valence states are significantly stronger than those to the zero-order DBSs such that the intensity of the transition 

will depend on the coefficient for the valence state in the mixed state.  

 

The fact that strong transitions give rise to detachment (peaks I and III) suggests that, when energetically allowed, 

the rate of electron detachment from the zero-order DBSs is more rapid than dissociation from the zero-order 

valence states. It is possible that the lower rotational levels of IO can support dipole bound states whereas the 

higher rotational levels cannot. This means that lower rotational states of some vibrational levels may detach 

whereas higher levels dissociate. There are hints that this happens in some of the asymmetric photodissociation 

peak shapes (e.g., I and II).  

 

A recent photoelectron study of IO- using high-resolution velocity map imaging by Wang et al. 13 reported electron 

photodetachment (ePD) peaks at 19432 cm-1, 20104 cm-1, and 20721 cm−1. These peaks align with peaks I, III, 

and V measured here. Peak I was attributed to the origin transition to the electronic excited 11P state (230 cm−1 

above the EA). Our experimental and computational results show that peak I is not the origin transition and that 

vibrational levels associated with the 11P state reside below the EA. Also, Wang et al. located an ePD peak at 

19829 cm-1 and surmised that it may be associated with an excited triplet anion state. This peak aligns with II and 

we conclude that it is a transition to a vibrational level associated with the 11P state. Peak IV is not reported by 

Wang et al. An additional peak is reported by Wang et al. at 20951 cm-1 (labelled at VI in Figure S4, but not 

clearly resolved in our study) and is ca. 230 cm-1 from peak V and, like V, is likely a transition to an autodetaching 

level associated with the 11P state of IO-. 

 

Conclusion 

In summary, we report the visible spectroscopy and photostability of the IO- reaction intermediate for the first 

time. Photodissociation of IO- occurs over the 637 – 459 nm (15700 – 21800 cm−1) range, producing I- (1S) + O 

(3P). Transitions in this energy range access the first singlet excited state (11P), likely followed by intersystem 

crossing to the 13S- state leading to I- (1S) + O (3P). Electron photodetachment occurs above the EA (19200 cm−1) 

with peaks in the total ion-loss spectrum attributable to electron loss via autodetachment facilitated by mixing of 
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first singlet excited state (11P) of IO- and DBSs associated with vibrational levels of neutral IO in its ground 

electronic state (X 2P3/2).  

 

These results provide further considerations for the formation and fate of IO- in the atmosphere. That is, while 

electron photodetachment from IO- (above the EA) feeds into accepted (IO●) radical-driven ozone depletion 

pathways30, the observation of IO- photofragmentation yielding I- + O (3P) represents a possible pathway for 

ozone regeneration via the Chapman cycle20. The wavelength dependence of these competing photochemistries 

may play a role in the reported diurnal behaviour of IO- in the atmosphere5. Future investigation of the relative 

branching fraction between photo-detachment and -dissociation will be central to atmospheric models of iodo-

oxide anions and flow-on implications for ozone concentrations and particle formation. 

 

Methods 
Experimental 

Experiments were performed using a modified linear quadrupole ion trap mass spectrometer (Thermo Fisher 

Scientific LTQ XL) coupled with a tuneable, nanosecond pulsed, OPO laser (GWU-Lasertechnik flexiScan) 

pumped by a Spectra-Physics QuantaRay INDI, which is explained in detail elsewhere31-33. IO- was created by 

first dissolving potassium iodate (KIO3) in HPLC grade methanol (>99.7%) and subjected to electrospray 

ionisation to generate IO2- via source fragmentation. IO2- was then isolated in the ion-trap and dissociated via 

collision induced dissociation (CID) into IO- that was isolated and interrogated via the laser in an MS3 experiment.  

 

Photodissociation experiments involved isolating and storing IO- allowing irradiation with laser pulses, which 

was timed with a mechanical shutter synchronised with each individual isolation cycle. Photodissociation action 

spectra were recorded by a laser ON/OFF acquisition procedure. The ion signal with the laser off was subtracted 

from the ion signal with the laser on, to give the photoinduced signal, which was normalised by the total ion count 

when the laser is off. The accumulated raw data was processed via an in-house python script. Photodissociation 

action spectra were constructed by plotting the peak area of the only detected photoproduct, I- (127 m/z), and 

normalised to the total ion count, against the photon energy. These experiments were performed using three 

different ion-trap isolation cycles: 220 ms, 500 ms, and 1000 ms which correspond to one, four, and nine laser 

shots, respectively. Different isolation times were used to increase the signal-to-noise ratios of the photodepletion 

spectra. Spectra with isolation periods of 500 ms are reported in the main text while spectra with isolation periods 

of 220 and 1000 ms are included in the supporting information. 

 

Theoretical 

Using the MOLPRO 2019.2 program34 potential energy curves (PEC) were constructed by scanning the IO- bond-

length with the internally contracted multireference configuration interaction method with Davidson correction 

(icMRCI+Q) 35-38. The state-averaged complete active space self-consistent field (CASSCF) method39-42 was 

deployed to generate the wavefunction used in the icMRCI+Q calculation. CASSCF calculations were carried out 

for the seventeen states correlating with the three lowest energy dissociation limits22, which are I- (1Sg) + O (3Pg) 
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at 13729 cm-1, I (2Pu) + O- (2Pu) at 26617 cm-1, and I- (1Sg) + O (1Dg) at 29427 cm-1. With this the seventeen states 

are labelled as follows: 13S- and 13P for the I-(1Sg) + O(3Pg) channel, X 1S+, 11S+, 11S-, 11P, 21P, 11Δ, 13S+, 23S+, 

23S-, 23P, 33P, 13Δ for the I(2Pu) + O-(2Pu) limit, and 21S+, 31P, 21Δ for the I-(1Sg) + O(1Dg) limit22. The X 1S+, 

11P, 13S-, and 13P states are necessary to understand our results and thus for these four states the icMRCI+Q 

method was deployed to yield accurate energies. The X 2P3/2 ground state of IO was also treated similarly. For 

both CASSCF and icMRCI+Q methods the oxygen atom was treated with the aug-cc-pwCV5Z basis set and for 

the iodine atom the pseudopotential approximation (-PP) extension was used43-47. The C2v symmetry point group 

was used with the active space consisting of all 14 valence electrons distributed among the 8 valence molecular 

orbitals (4a1, 2b1, 2b2). Spectroscopic constants of the 11P state of IO- were calculated using the Duo program23 

by fitting a spline to the icMRCI+Q PEC points with vibrational energies of the 11P excited state determined 

using an RKR procedure. Experimental values from Gilles et al. were used for the X 1S+ state11,12.  
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