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Abstract

Gas phase complexes formed between bromide and iodide anions and molecular oxygen are investigated
via high level CCSD(T) calculations and experimental anion photoelectron spectroscopy. Experimental
electron binding energies of the 2P3/2 and 2P1/2 states are determined to be 3.43 and 3.90 eV, and 3.12 and
4.06 eV for the bromide and iodide complexes respectively. Calculations predict one minimum for each of
the halide-oxygen complexes corresponding to a bent Cs geometry, while for the analogous neutral (radical)
complexes two stationary points were located; one linear (Ci,) and another T-shaped (Cs,). These lie
close in energy to one another (AE < 1kJmol~!) suggesting that internal rotation of the oxygen molecule
is highly likely.
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1. Introduction

The role of halogen containing molecules in the catalytic cycle that leads to the depletion of stratospheric
ozone was first proposed by Molina in 1974 [1]. Subsequent improvements to the proposed mechanism by
Vaida highlighted the role that certain intermediates, for example chlorine dioxides, play in determining
the kinetics of this system [2]. A key aspect of the proposed mechanism was the photoisomerisation of the

halogen dioxides between symmetric OClO and asymmetric C1OO species.

ClO + 04 — CI00 + O,
c100 L5 c1+ 0,
Cl+ 04 — ClIO+ 0,

It is natural, therefore, following the identification of the role of chlorine dioxides that there is also
interest in the possible involvement of bromine and iodine dioxide species in the catalytic destruction of
ozone, despite their lower stratospheric concentrations compared with the chlorine species [3]. Of course,
the largest volume of experimental and theoretical work has been presented for the chlorine containing
complexes, and this has been dominated by the symmetric OCIO species. In the following discussion, we
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concentrate on the anion species, particularly seeing that applying anion photoelectron spectroscopy to the
anion species allows one to access and provide precise information on important regions of the analogous
neutral surface.

Spectra have been recorded for the the CIOO ™, OCIO™, and ClO™ anions [4, 5]. The most recent work of
this kind was performed by Boesl and Distelrath who reported values for all three of the chloride species using
anion-ZEKE spectroscopy [4]. In this study, two different gas phase synthetic techniques were employed to
produce either the symmetric OCIO and CIO species or the asymmetric Cl1OO species. The electron affinities
were reported as 2.2775(13) eV, 2.1451(25) eV and 3.6600(2) eV for C10, OCIO and ClOO, respectively. Of
particular interest was the the asymmetric C1IOO™ species which was determined to be a weakly bound van
der Waals style cluster. This conclusion was based on the similarity of its photoelectron spectrum when
compared to that of the bare chloride anion, and on the comparison between electron affinities of C100O and
the similar weakly bound ClAr species (3.6594eV). The latter was identified as a van der Waals complex
prior to the work on CIOO™ [6]. Another compelling piece of evidence was the low vibrational frequencies
for the bending and stretching modes determined from the spectra which is indicative of a loosely bound
van der Waals complex [4].

Following on from the experimental work [4], Irikura presented a suite of high level calculations on the
asymmetric CIOO™ anion complex using CCSD, CCSD(T) and multi configuration methods [7]. According
to Irikura, ‘The CCSD(T) level is expected to be more reliable than CASSCF or MCQDPT?2 for the ground
state, since the triplet is well described by a single configuration and CCSD(T) recovers more of the dy-
namical correlation effects’. The CIOO™ complex was predicted to exist in three forms, being a ‘T-shaped’
geometry of Cs, symmetry (>B;), a linear geometry of Cu,, symmetry (3£7), and a ‘bent’ geometry of Cj
symmetry (3A”). The calculations suggested that the bent complex corresponded to the minimum energy
geometry. MCSCF calculations show differences in geometry and energy between the triplet and singlet
states of the ClOO neutral complex however the states lie very close to one another in energy, with the
singlet state lying only 200 cm ™! higher.

Extensive theoretical investigations into the neutral XOO radicals have also been undertaken, and simi-
larly for both the anion and neutral of the symmetric structure, however a search of the literature did not
reveal work on the asymmetric anion XOO . Alcami [8] reports calculations on the BrOO (24") radical,
noting that multiple methods fail to agree with one another or previously reported experimental work. These
XOO (2A4") radicals have since been revisited by Denis utilising CCSD(T) methods [9, 10] who suggests that
due to their multiconfigurational character, two initial solutions to the HF step present themselves. In the
case of FOO the spin contaminations are (s?) = 1.40 and (s?) = 0.76 respectively and while the SCF method
will tend to the lower energy solution (here the high spin contamination case), the subsequent CCSD(T)
energy is higher by 14.56 kJ mol~! and is shown to differ from both experimental geometries and enthalpies
of formation. As such, while CCSD(T) methods seem appropriate for use in calculating the ground triplet
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state of XOO complexes, multireference methods similar to those used by Irikura[7] are necessary for highly
correlated species.

Geometries for both isomers of the BrO, radical were determined by Pacios [11] using UMP2 methods
and averaged relativistic effective potentials with TZ(2df) basis sets, with subsequent energies determined
using CCSD(T) methods. The geometry determined for the BrOO radical show good agreement with
some calculations by Alcami, namely those of QCISD(T)/ECT+(2df) and QCISD(T)/ECT(2d) with Br—O
distances of 2.290 A and 2.302 A, O—O bond lengths of 1.217 A and 1.232 A, and Br—O—0 angles of 117.2°
and 117.4° respectively. While the latter shows less agreement with geometries calculated by Pacios, the
accompanying O—O stretching frequency (1486 cm™!) is consistent with multiple matrix IR experiments that
report this value to be typically between 1485 cm ™! and 1487cm ™! [12, 13, 14, 15, 16, 17]. Similarly NIST-
JANAF reference data includes heats of formation for the OBrO radical, the result of CCSD(T) calculations
that are in good agreement with experimental data [12]. These methods compare with unrestricted DFT
which while able to describe structures reasonably well, greatly overestimates the frequency of the O—0O
stretch for both ClIOO and BrOO [18].

Modest theoretical work using DFT functionals and DZP++ (double zeta plus polarisation and diffuse
functions) basis sets has attempted to quantify the electron affinities and vertical detachment energies (VDE)
of the BrOO radicals and anion respectively [19]. The anion shows lower vibrational frequencies for both the
BYLP and BP86 functionals which is atypical for an anion by comparison to the analogous neutral species
and indicative of a van der Waals complex. However calculated geometries vary wildly between functionals
and as such the determined VDE of 3.84 eV is taken only as an approximate value.

Numerous analogous computational studies concentrating on iodine dioxide have also been undertaken
[20, 21] with representative examples being the work by Misra [22] where optimised geometries were deter-
mined via MP2 calculations and the energies of these calculated using QCISD(T) methods. Lee [23] also
calculated structures and energies of OIO using CCSD(T) methods. Overall similar structures to the chlorine
and bromine species were predicted, albeit with larger bond lengths and angles in the case of iodine. With
the addition of work by Peterson [24] studying the isomerisation and dissociation pathways of OIO neutrals
to ground state O, +1I again via a combination of multireference methods and CCSD(T), the understanding
of some of these interactions near completion however as of writing there is a sparsity of theoretical work
on the triplet neutral and anion 100.

Experimentally, matrix IR spectra have been recodred for the OIO radical [25] with vibrational fre-
quencies typical of the symmetric species. Additionally, prior photoelectron spectroscopy studies on the
symmetric halogen dioxides have recorded electron binding energies for the bromine [26] and iodine [5, 26]
species, however to the best of our knowledge photoelectron spectra have not been presented for the asym-
metric complexes, XOO . In these studies, the synthetic route for the gas phase species involved electrospray
ionisation (ESI) of stable ionic species dissolved in solution [26], or rational gas phase synthesis using the
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flowing afterglow technique [5], neither of which is conducive to the production of the van der Waals style
asymmetric X OO0 complex. Again, the only anion photoelectron spectra reported in the literature is for
the chloride complex, C100™ [4].

This work makes a timely contribution to the field by providing experimental and theoretical studies of
the asymmetric class of complexes. We present results from ab initio calculations on the BrOO and 100
anions and neutral gas phase complexes. In addition, the first anion photoelectron spectra are presented
for these interesting species, thereby providing electron affinities for the asymmetric neutral radical XOO

species.

2. Methodology

2.1. Computational Methods

The X:--O, anion and neutral complexes were addressed using the CCSD(T) level of theory with basis
sets of triple-¢ quality. Where comparable computational data exists, as is true in the case of ClO, [7]
we seek to replicate existing CCSD(T) results. Dunnings augmented correlation consistent basis set was
employed for oxygen and fluorine (aug-cc-pVTZ) [27] while basis sets including additional diffuse functions
and effective core potentials developed by Peterson et al. were employed for chlorine (aug-cc-pV(T+d)Z)[28]
and bromine and iodine atoms (aug-cc-pVTZ PP)[29, 30] respectively.

Various starting geometries were trialled to sample the potential energy surface, and after successful
optimisation to a stationary point vibrational frequency analysis was undertaken to test whether the complex
corresponded to a minima, transition state, or high order stationary point. Energies of the bare anions,
neutral radicals, and bare O, were computed in order to determine the cluster binding energy D.. Harmonic
zero point energies of the complexes and bare oxygen were used to determine Dy. In addition, single point
energy calculations using up to quintuple-{ basis sets were employed for a two point complete basis set limit
extrapolation along the lines of W1 and W2 theory [31]. All quantum chemical calculations were performed

using the CFOUR package [32].

2.2. Ezxperimental Methods

The experimental apparatus consists of an anion time of flight mass spectrometer after the Wiley and
McLaren design [33] which is combined with a magnetic bottle photoelectron spectrometer [34]. The design
and function of the spectrometer has been described previously [35, 36], and hence only a brief description
of the experimental methodology pertaining to the X ---O, complexes is described here.

The spectroscopic targets were created by intersecting energetic electrons with a pulsed supersonic ex-
pansion of a preformed gas mixture, which consisted of oxygen and argon (approximately 1:10 ratio) seeded

with traces of CH3I and CH,Br,(halide anion precursors). The total pressure of the gas mixture was 400 kPa.
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The X --- O, clusters were selected using time of flight mass spectrometry and overlapped by a 5ns
pulse of 266 nm radiation (4.66 eV, 4th harmonic of a Nd:YAG laser, Spectra Physics Quanta Ray Pro) while
subjected to a strongly divergent magnetic field. The generated photoelectrons are guided to a detector at
the end of a 1.5 m flight tube through application of a second homogeneous magnetic field present along the
length of the flight tube. The time of flight of the detached photoelectrons with respect to the laser pulse is
recorded, converted to kinetic energy (eK E), and subsequently converted to electron binding energy (e BE)
via,

eBE = hv —eKE (1)

where hv is the energy of the incident photon. An individual spectrum was collected over 10000 laser shots,
with the final spectrum representing the average over several days. Calibration of the spectrometer was
achieved by recording the spectra from the bare halide anions, and the intensity corrected for the conversion
from time of flight binning to energy binning of the photoelectrons. Further details on this procedure, and

the resolution of the spectrometer can be found in reference [36].

3. Results and discussion

3.1. Computational Results

Typical geometries of the XOO anion complexes were predicted using electrostatic interaction models
similar to those applied to the XN, complexes previously[37]. Geometries of the complexes were defined
by the distance from the halide to the midpoint of the O—O bond and the angle formed between the
halide, this point and one of the oxygen atoms. These models accounted for charge-quadrupole, charge-
hexadecapole and charge-induced dipole interactions utilising parallel and perpendicular polarisabilities of
the oxygen molecule. Quadrupole and hexadecapole moments used were taken from calculations performed
by Bartolomei[38], while polarisability values of O, have been determined as a) = 15.01 au and a; = 8.02

au (au = e?a3E; 1) respectively.[39] The resulting contour plot with with contour separation of 25cm™

1
is presented here in Figure 1, and suggests XO, geometries of Cs symmetry with a X—||—O angle of
approximately 135°.

While this model is rudimentary it has shown good agreement with the results of CCSD(T) calculations
with key results summarised here in Figure 2 (full data is provided in Supplementary Information). An
anion Cy minimum belonging to the 3A” state along with neutral Cs, and C.., minima belonging to the
4A; and 4X~ states respectively were calculated. Calculations on the XO, complexes predict similarly
bent geometries and while rx_o distances range from 2.864 A to 3.771 A they are significantly longer than
one would expect from a covalently bound molecule. It should be noted that calculations on the ClO,
C complex agree precisely with those completed previously by Irikura [7]. This distance coupled with the

relatively unperturbed oxygen molecule and low complex stabilisation energy (Dy) are strong indicators
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Figure 1: Electrostatic intermolecular interaction determined for anion complexes. Here the halides are represented by a point

charge and plot contours are separated by 25cm™! with blue indicative of stronger interaction.

that the anion geometries belong to vdW complexes. Additional stationary points belonging to the Cs, and
Coov anion complexes have also been located however whereas the C; geometry has been confirmed to be a
minimum via harmonic frequency calculations, these structures represent first and second order transition
states with imaginary frequencies in the X—O—0 bending mode. Considering that the bending mode in the
bent structure is at most 32cm™! and that the energy separation between this structure and the Cy, and
Caow geometries are all below 1kJmol~!, full internal rotation is likely provided a low rotational barrier is
present.

Ewing [40] defines vdW molecules based on four different rotational coupling cases; free rotors, weakly
coupled, strongly coupled and semi-rigid. While primarily concerned with the rotational spectroscopy of
such molecules, the most strongly bound, semi-rigid case offers a conceptual basis for the molecules as
symmetric tops. Alongside the C; symmetry of the XOO anion complexes and low energy differences
between the two transition states we are able to suggest they are weakly coupled. Considering the nature of
bonding interaction given the bent structures of the anion XOO complexes we have defined these complexes
previously with respect to the distance between the halide and midpoint of the oxygen double bond. Given
the ionic radii is analogous to the electrostatic charge density, by plotting the ionic radii of the halides from
Shannon [41] against these distances from CCSD(T) calculations, we demonstrate near perfect correlation

(Figure 3) whereas such a relationship is not present when comparing the ionic radii with the X—0O distance.
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Figure 2: Optimised geometries for the XOO complexes. a) represents the XO, Cs minimum, while b) and c) represent the

respective C2, and Cooy XO, minima.

This suggests that previous descriptions of the vdW interaction electrostatic interaction are indeed valid.
While the anion complexes are characterised by ion-multipole interactions the neutral complexes are
defined by dispersion forces, more typical of vdW complexes. CCSD(T) calculations predict two minima
for each halogen; a T-shaped (C3,) and linear complex (Cw,) with the T-shaped lying lower in energy, the
geometries for which are summarised in Figure 2 similarly to the anion. In addition to the geometry optimi-
sation and harmonic frequency calculations, a rotational scan between the T-shaped and linear complexes
was completed for the C10O complex (CCSD(T)/aug-cc-pV(T+d)z), with the Cl—|| and O—O distances
optimised at each step (Figure 4). The barrier for internal rotation between the T-shaped minimum the
corresponding linear complex was determined to be approximately 0.64 kJmol~!. Given that the zero point
energy contributions of the X—0—0 bending mode and the X—O stretching mode range from 0.72 kJ mol !
and 1.41kJmol~! and assuming that the barriers for internal rotation for the other halogen complexes are
similarly small it can be surmised that XOO complexes undergo free internal rotation of the oxygen molecule.
Select computational results from literature are provided here in Table 1. Irikura[7] notes that the
Birge-Sponer extrapolation completed in CIOO™ ZEKE spectroscopy work overestimated the Dy value for
the anion complex. While calculations in this work agree with Irikura’s value of Dy for the anion, they
overestimate this value for the neutral complex. This is likely due to the use of highly accurate experimental
electron affinities in Irikura’s calculation whereas the value reported here is determined from calculations
only on the neutral state and subsequently do not account for the anharmonicity of the vdW stretching
mode. Ultimately characterising the energies of the anion complexes and those corresponding geometries on

the neutral surface belonging to the A" state allow vertical detachment energies (VDE) to be determined.
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Figure 5: 8 molecular orbitals (contour value 0.04) calculated from UHF /aug-cc-pVTZ wavefunctions for the 10,  and 10,

complexes. Photodetachment appears to be from number 18 A’ orbital.

Plotting the 8 molecular orbitals (Figure 5) of the 10, 3A” and 10, *A” as a representative example of
X0, , the 3A” < A" transition is the result of photodetachment from a perturbed p-orbital on the halide.
Following this, by artificially splitting the predicted VDEs by applying spin-orbit state separations of the
bare halogens from reference experimental spectra, peak positions can be predicted which are summarised

alongside experimental spectra to follow (Table 1).

Work Method Anion D, Anion Dy Neutral D, Neutral Dg
Distelrath[4]  Birge-Sponer extrapolation 6.2 6.7 2.2 2.0
Irikura[7] CCSD(T) 6.2 5.7 - 1.2
This Work CCSD(T) 6.2 5.7 2.3 1.9

Table 1: Comparison of CIOO neutral and anion complex binding energies between this work and literature (all values are in

kJmol~1).

3.2. Experimental Photoelectron spectra
A representative mass spectrum of the dibromomethane seeded oxygen-argon gas mixture is presented
here (Figure 6), with p(O5) = 30kPa. From the spectrum, calibrated initially from the pair of bromide-
79 and bromide-81 peaks and then additionally from the iodide-126 peak, complexes of bromide-79 with
water, nitrogen, oxygen and argon can be seen at mass to charge ratios of 96.88, 106.86, 110.89 and 118.82
9
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respectively. Additionally the triplet of peaks in the region of m/z = 174 are due to the Br ---H,CBr
complex, as opposed to the dibromomethane anion this complex is assigned as such based on previous
IR studies of such anion-radical complexes[42]. Similarly to the XO, anion complexes reported here the
Br ---H,CBr complex is of Cs symmetry and shows a similar bent structure. Utilising the TUPAC[43]
definition of mass resolution R = %, where M is the peak position and AM is the full width half
maximum, the resolution of the peaks corresponding to the bromide-79-oxygen complex and the bromide-81-
bromomethane-81 complex have calculated resolutions of 245 and 237 respectively. Being some of the lowest

intensity peaks present in the mass spectrum both of these show suitable mass separation for subsequent

photoelectron spectroscopy.
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Figure 6: Time of flight mass spectrum of a bromide-oxygen-argon gas mixture.

The anion photoelectron spectra of the BrOO and IOO  complexes are presented in Figures 7 and
8 with the vertical detachment energies predicted from CCSD(T) calculations presented as overlaid stick
spectra. We report the electron binding energies from the anion to the two neutral electronic states (the
result of the spin-orbit splitting of the halogen) as 3.43eV and 3.90eV for the BrOO™ complex and 3.11eV
and 4.06 eV for the analogous iodide complex. The difference between these binding energies with those of

the bare halides is then the electron stabilisation energy associated with complex formation and represent
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the difference in the Dy values of the anion and neutral complexes. For BrOO these electron stabilisation
energies are 0.07eV and 0.08eV while for IOO they are 0.05eV and 0.06eV. These values are similar for
both spin-orbit states and the small difference between them is likely due to the uncertainty associated with
the peak assignments of the spectra.

In comparing the calculated vertical detachment energies with those from experiment (both this work
and literature[4]) in Table 2, the largest deviation from experiment present is the P /5 transition of the
BrOO complex. Although the calculated energy difference between the Cs and Cy., conformers of the
BrOO complex is 0.3kJ mol~! and subsequently this detachment could come from any orientation of the O,
molecule, the strong agreement between these values is confirmation of detachment of a vdW complex and

warrants further higher resolution spectroscopic studies to discern to what degree the oxygen is bound.

Intensity

\

3.0 3.5 4.0 4.5
Binding Energy (eV)

Figure 7: Anion photoelectron spectrum of a) BrOO™ complex (blue trace) and b) Bare Br~ (grey trace), overlain with the
CCSD(T)/CBS vertical detachment energies to the 2P states of the BrOO neutral (red trace). Recorded with photo energy of
4.66eV.

Along with the peaks due to transitions to the two spin-orbit states of the halogen there is an addi-
tional spectral feature present in the IOO anion photoelectron spectrum. While it was considered that this
feature might be the result of photodetachment to vibrationally excited states of the O—O stretch in the

complex, the calculated vibrational frequency of 1568 cm~! and the energy difference between the 0 <+ 0

11
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Figure 8: Anion photoelectron spectrum of a) IOO~ complex (blue trace) and b) Bare I (grey trace), overlain with the
CCSD(T)/CBS vertical detachment energies to the 2P states of the IOO neutral (red trace). Also included is the contaminant

stick spectrum of the co-temporal BrAr, from Yourshaw[45] (green trace). Recorded with photo energy of 4.66eV.

and this peak being approximately 3000 cm ™' make this unlikely. In the process of this investigation a
photoelectron spectrum was simulated using CCSD(T)/CBS energies and vibrational frequencies from the
aug-cc-pvtz calculation using ezSpectrum[44]. Given the geometry change between the Cs anion and Co,
neutral is significant, Franck-Condon factors were determined using Duschinsky rotations. However as the
mode descriptions of the C anion appear difficult to assign, the normal modes between the two states are
significantly non-parallel and the determinant of the rotation matrix S is 0.0128 suggesting poor overlap
between the two.

Inspecting the mass spectrum of the iodide-oxygen-argon gas mixture, a small peak is present with a
m/z ratio of 160.9. Given that this mass could correspond to a Ar,---8'Br~ complex it is suspected that
the corresponding bromide-79 complex may be contaminating the IOO photoelectron spectrum. Consulting
previous work by Yourshaw[45] the binding energies of the two 2P states of Ar,- - - 81Br~ complex are 3.443 eV
and 3.897eV. The Ar,---Br 2P; /2 transition corresponds well to the unassigned structure in the spectrum
and the 2P, /2 transition also corresponds to structure on the leading edge of the 10O 2p, /2 peak allowing

assignment of both spectral structures.
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3.2.1. Comparisons

Complex Computational Method Dopion | Doneus *Ps/25001* P3/2¢0m,y 2Pry2g P PLi2comy
kJmol™* eV eV
F---0, CCSD(T)/CBS 9.8/0.6 -13.50 -13.55
F---N,° CCSD(T)/CBS 15.7/0.6 -|- -|-
Cl---0,° CCSD(T)/CBS 5.7|1.9 3.66/3.66 3.77/3.77
Cl---N,° CCSD(T)/CBS 8.5/1.1 3.72|3.69 3.83/3.80
Cl.--CO%*  UMP2/aug-cc-pVQZ PP 3.51.7 3.83|3.79 -I-
Br---0, CCSD(T)/CBS 5.3(2.4 3.43|3.40 3.90/3.85
Br---N,* CCSD(T)/CBS 7.83.5 3.42|3.41 3.92|3.86
Br---CO® CCSD(T)/aug-cc-pVTZ PP 9.9|3.5 3.50]3.42 3.97|3.87
I--0, CCSD(T)/CBS 5.2|3.8 3.12/3.09 4.06]4.03
I N,* CCSD(T)/CBS 7.0[5.0 3.07|3.08 3.92|4.02
I..-COf  CCSD(T)/aug-cc-pVTZ PP 7.3(3.2 3.163.11 4.11]4.06
@ Ref [37]

® Experimental values are from Ref [4] while computational values are from this work
¢ Ref [46]

4 Separation of 2P states completed in Ref [46] was not completed here

¢ Ref [47]

T Ref [48]

Table 2: Vertical detachment energies and complex stabilisation energies for various halide-molecule complexes, reported to 3

significant figures for consistency.

By comparison with other halide-molecule complexes (namely XN, complexes) the halide-oxygen com-
plexes are typically less strongly bound in both the anion and neutral cases, likely due to the differences
in polarisability between the oxygen and nitrogen molecules. Both oxygen and nitrogen complexes display
similar trends in complex stabilisation energy across the halides and halogens with Dy decreasing for the
anion and increasing for the neutral as F—I. Similar to the differences in halogen-molecule pairs being the
result of the polarisability of the molecules, these halogen trends correlate with the polarisability of the
halogen while the decrease in complex stability in the anion is related to the single point charge density of
the anion through its effective ionic volume.

Considering the XCO complexes there are present similar bonding motifs in the anion complexes with Cj
structures present, again indicative of the dominance of the charge induced multipole interaction. Conversely
due to the permanent dipole of the CO molecule the corresponding neutral complexes tend towards linear
geometries whereas in the nitrogen and oxygen complexes these geometries are of Cy, symmetry which as
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noted is due to the polarisability of the triple and double bond being greater orthogonally than parallel.

4. Summary

Experimental photoelectron spectra of the halide-oxygen complexes have been recorded. These spectra
demonstrate a shift to higher electron binding energy indicative of an increase in the complex stabilisation
energy on going from the neutral to the analogous anion complex. Accompanying experimental data are the
results of CCSD(T) geometry optimisation and harmonic frequency calculations with energies extrapolated
to the complete basis set limit. These calculations indicate minima for the anion complex as a bent structure
and linear and T-shaped structures for the neutral complexes and allow the prediction of vertical detachment
energies that agree very well with experimental data. Using the chlorine complexes as an example the barrier
for internal rotation of the oxygen molecule suggests that while these structures are regions of potential they
ultimately emphasise the classification of these complexes as very loosely bound, with a calculated barrier
height in the neutral of approximately 0.64kJmol~'. Additional spectral features present in the IOO~

spectrum have been assigned to transitions to the 2P states of the contaminating Ar,Br~ complex.

5. Acknowledgements

The authors acknowledge financial support from the Faculty of Science and the School of Molecular
Sciences. PDW would also like to acknowledge the support of the Center for Materials Crystallography
at Aarhus University in Denmark, funded by the Danish National Research Foundation (DNRF93). The
Australian Research Council is also acknowledged for funding under the LIEF scheme (LE110100093).

6. Bibliography

[1] M. J. Molina, F. S. Rowland, Stratospheric sink for chlorofluoromethanes: chlorine atom-catalysed destruction of ozone,
Nature 249 (5460) (1974) 810-812. doi:10.1038/24981020.

[2] V. Vaida, J. D. Simon, The photoreactivity of chlorine dioxide, Science 268 (5216) (1995) 1443-1448. doi:10.1126/
science.268.5216.1443.

[3] K. Suma, Y. Sumiyoshi, Y. Endo, Spectroscopic characterization of a molecule with a weak bond: The BrOO radical, The
Journal of Chemical Physics 123 (2) (2005) 1-6. doi:10.1063/1.1953508.

[4] V. Distelrath, U. Boesl, Mass selective gas phase study of ClO, OCIO, CIOO and ClAr by anion-ZEKE-photoelectron
spectroscopy, Faraday Discussions 115 (2000) 161-174. doi:10.1039/2909618c.

[5] M. K. Gilles, M. L. Polak, W. C. Lineberger, Photoelectron spectroscopy of the halogen oxide anions FO~, C1O~, BrO™,
I0~, OCIO™, and OIO ™, The Journal of Chemical Physics 96 (11) (1992) 8012-8020. doi:10.1063/1.462352.

[6] T. Lenzer, I. Yourshaw, M. R. Furlanetto, G. Reiser, D. M. Neumark, Zero electron kinetic energy spectroscopy of the
ArClI™ anion, The Journal of Chemical Physics 110 (19) (1999) 9578-9586. doi:10.1063/1.478923.

[7] K. K. Irikura, Ab initio characterization of the weakly bound anions CIOO~ and ArCl™, International Journal of Mass
Spectrometry 228 (2-3) (2003) 667-676. doi:10.1016/s1387-3806(03)00162-3.

14


http://dx.doi.org/10.1038/249810a0
http://dx.doi.org/10.1126/science.268.5216.1443
http://dx.doi.org/10.1126/science.268.5216.1443
http://dx.doi.org/10.1126/science.268.5216.1443
http://dx.doi.org/10.1063/1.1953508
http://dx.doi.org/10.1039/a909618c
http://dx.doi.org/10.1063/1.462352
http://dx.doi.org/10.1063/1.478923
http://dx.doi.org/10.1016/s1387-3806(03)00162-3

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

(8]

(9]

[10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

20]

(21]

(22]

23]

[24]

[25]

[26]

M. Alcami, I. L. Cooper, Ab initio calculations on bromine oxide and dioxides and their corresponding anions, The Journal
of Chemical Physics 108 (22) (1998) 9414-9424. doi:10.1063/1.476392.

P. A. Denis, On the performance of CCSD(T) and CCSDT in the study of molecules with multiconfigurational character:
halogen oxides, HSO, BN and O, Chemical Physics Letters 395 (1-3) (2004) 12-20. doi:10.1016/j.cplett.2004.07.012.
P. A. Denis, F. R. Ornellas, Spin contamination in XOO radicals X=F, Cl, Br, HO: How is the investigation of the HOOO
radical affected, Chemical Physics Letters 464 (4-6) (2008) 150-154. doi:10.1016/j.cplett.2008.09.025.

L. Pacios, P. Gémez, Bonding in bromine oxides: Isomers of BrO,, Br,O, and BrO,, Journal of Molecular Structure:
THEOCHEM 467 (3) (1999) 223-231. doi:10.1016/s0166-1280(98)00562-4.

M. W. Chase, Nist-janaf thermochemical tables for the bromine oxides, Journal of Physical and Chemical Reference Data
25 (4) (1996) 1069-1111. doi:10.1063/1.555993.

Y.-C. Lee, Y.-P. Lee, The visible absorption spectrum of ®0Br!60 and®0Br'®0 isolated in solid Ne, The Journal of
Physical Chemistry A 104 (30) (2000) 6951-6955. doi:10.1021/jp000527y.

J. Kélm, A. Engdahl, O. Schrems, B. Nelander, A spectroscopic and photoisomerisation study of bromine dioxides in
argon matrices, Chemical Physics 214 (2-3) (1997) 313-319. doi:10.1016/s0301-0104(96)00307-2.

D. E. Tevault, R. R. Smardzewski, Matrix infrared spectrum of the O,Br radical. bonding in the O,X species, Journal of
the American Chemical Society 100 (12) (1978) 3955-3957. doi:10.1021/ja00480a065.

G. Maier, A. Bothur, Bromsuperoxid: Bildung und photoisomerisierung zu bromdioxid, Zeitschrift fiir anorganische und
allgemeine Chemie 621 (5) (1995) 743—746. doi:10.1002/zaac.19956210509.

O. Galvez, A. Zoermer, A. Loewenschuss, H. Grothe, A combined matrix isolation and ab initio study of bromine oxides,
The Journal of Physical Chemistry A 110 (20) (2006) 6472-6481. doi:10.1021/jp060586x.

M. Filatov, D. Cremer, Bonding in the CI0O(%a’”’) and BrOO(2a’’) radical: Nonrelativistic single-reference versus rel-
ativistic multi-reference descriptions in density functional theory, Physical Chemistry Chemical Physics 5 (11) (2003)
2320-2326. doi:10.1039/b301627g.

X.-B. Wang, L.-S. Wang, The electronic structure and electron affinities of higher chlorine oxide radicals ClO, (z = 2 —4)
from photoelectron spectroscopy of ClO, anions, The Journal of Chemical Physics 113 (24) (2000) 10928-10933. doi:
10.1063/1.1326067.

N. Kaltsoyannis, J. M. C. Plane, Quantum chemical calculations on a selection of iodine-containing species (IO, OIO,
ceINO3, (I0),, 1,04, 1,0, and I,0;) of importance in the atmosphere, Physical Chemistry Chemical Physics 10 (13)
(2008) 1723-1733. doi:10.1039/b715687c.

D. J. Grant, E. B. Garner, M. H. Matus, M. T. Nguyen, K. A. Peterson, J. S. Francisco, D. A. Dixon, Thermodynamic
properties of the XO,, X,0, XYO, X,0,, and XYO, (X, Y = Cl, Br, and I) isomers, The Journal of Physical Chemistry
A 114 (12) (2010) 4254-4265. doi:10.1021/p911320p.

A. Misra, P. Marshall, Computational investigations of iodine oxides, The Journal of Physical Chemistry A 102 (45) (1998)
9056-9060. doi:10.1021/jp982708u.

S. Y. Lee, Computational study of enthalpies of formation of OXO (X = Cl, Br, and I) and their anions, The Journal of
Physical Chemistry A 108 (48) (2004) 10754-10761. doi:10.1021/jp0467550.

K. A. Peterson, A theoretical study of the low-lying electronic states of OIO and the ground states of IOO and OIO™,
Molecular Physics 108 (3-4) (2010) 393-408. doi:10.1080/00268970903508548.

G. Maier, A. Bothur, Matrix-isolation of iodine superoxide and iodine dioxide, Chemische Berichte 130 (2) (1997) 179-181.
doi:10.1002/cber.19971300207.

H. Wen, G.-L. Hou, W. Huang, N. Govind, X.-B. Wang, Photoelectron spectroscopy of higher bromine and iodine oxide
anions: Electron affinities and electronic structures of BrO, 3 and 10, , radicals, The Journal of Chemical Physics 135 (18)

(2011) 1-11. doi:10.1063/1.3658858.

15


http://dx.doi.org/10.1063/1.476392
http://dx.doi.org/10.1016/j.cplett.2004.07.012
http://dx.doi.org/10.1016/j.cplett.2008.09.025
http://dx.doi.org/10.1016/s0166-1280(98)00562-4
http://dx.doi.org/10.1063/1.555993
http://dx.doi.org/10.1021/jp000527y
http://dx.doi.org/10.1016/s0301-0104(96)00307-2
http://dx.doi.org/10.1021/ja00480a065
http://dx.doi.org/10.1002/zaac.19956210509
http://dx.doi.org/10.1021/jp060586x
http://dx.doi.org/10.1039/b301627g
http://dx.doi.org/10.1063/1.1326067
http://dx.doi.org/10.1063/1.1326067
http://dx.doi.org/10.1063/1.1326067
http://dx.doi.org/10.1039/b715687c
http://dx.doi.org/10.1021/jp911320p
http://dx.doi.org/10.1021/jp982708u
http://dx.doi.org/10.1021/jp0467550
http://dx.doi.org/10.1080/00268970903508548
http://dx.doi.org/10.1002/cber.19971300207
http://dx.doi.org/10.1063/1.3658858

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

27]

(28]

29]

(30]

(31]

(32]

33]

(34]

(35)

(36]

37)

(38]

(39]

[40]

[41]

42]

T. H. Dunning Jr., Gaussian basis sets for use in correlated molecular calculations. I. the atoms boron through neon and
hydrogen, Journal of Chemical Physics 90 (1989) 1007. doi:10.1063/1.456153.

T. H. Dunning Jr., K. A. Peterson, A. K. Wilson, Gaussian basis sets for use in correlated molecular calculations. X. the
atoms aluminum through argon revisited, Journal of Chemical Physics 114 (2001) 9244. doi:10.1063/1.1367373.

K. A. Peterson, D. Figgern, E. Goll, H. Stoll, M. Dolg, Systematically convergent basis sets with relativistic pseudopoten-
tials. II. small-core pseudopotentials and correlation consistent basis sets for the post-d group 16-18 elements, Journal of
Chemical Physics 119 (2003) 11113. doi:10.1063/1.1622924.

K. A. Peterson, B. C. Shepler, D. Figgen, H. Stoll, On the spectroscopic and thermochemical properties of ClO, BrO, 10,
and their anions, Journal of Physical Chemistry A 110 (2006) 13877-13883. doi:10.1021/jp0658871.

A. Karton, J. M. Martin, Explicitly correlated Wn theory: W1-F12 and W2-F12, Journal of Chemical Physics 136 (2012)
124114. doi:10.1063/1.3697678.

CFOUR, a quantum chemical program package written by J.F. Stanton, J. Gauss, M.E. Harding, P.G. Szalay with
contributions from A.A. Auer, R.J. Bartlett, U. Benedikt, C. Berger, D.E. Bernholdt, Y.J. Bomble, O. Christiansen, M.
Heckert, O. Heun, C. Huber, T.-C. Jagau, D. Jonsson, J. Juslius, K. Klein, W.J. Lauderdale, D.A. Matthews, T. Metzroth,
D.P. O’Neill, D.R. Price, E. Prochnow, K. Ruud, F. Schiffmann, S. Stopkowicz, A. Tajti, J. Vzquez, F. Wang, J.D. Watts
and the integral packages MOLECULE (J. Almlf and P.R. Taylor), PROPS (P.R. Taylor), ABACUS (T. Helgaker, H.J.
Aa. Jensen, P. Jgrgensen, and J. Olsen), and ECP routines by A. V. Mitin and C. van Wllen. For the current version, see
http://www.cfour.de.

W. C. Wiley, I. H. McLaren, Time of flight mass spectrometer with improved resolution, Review of Scientific Instruments
26 (1955) 1150-1157. doi:10.1063/1.1715212.

O. Cheshnovsky, S. H. Yang, C. L. Pettiette, M. J. Craycraft, R. E. Smalley, Magnetic time-of-flight photoelectron
spectrometer for mass-selected negative cluster ions, Review of Scientific Instruments 58 (1987) 2131-2137. doi:10.1063/
1.1139475.

K. Lapere, R. LaMacchia, L. Quak, A. McKinley, D. Wild, Anion photoelectron spectroscopy and ab initio calculations of
the gas phase chloride-carbon monoxide complex: Cl™...CO, Chemical Physics Letters 504 (2011) 13-19. doi:10.1016/
j.cplett.2011.01.034.

D. A. R. Beckham, S. Conran, K. M. Lapere, M. Kettner, A. J. McKinley, D. A. Wild, Anion photoelectron spectroscopy
and high level ab initio calculations of the halideacetylene dimer complexes, Chemical Physics Letters 619 (2015) 241-246.
doi:10.1016/j.cplett.2014.11.058.

K. M. L. Lapere, M. Kettner, P. D. Watson, A. J. McKinley, D. A. Wild, Halidenitrogen gas-phase clusters: Anion
photoelectron spectroscopy and high level ab initio calculations, The Journal of Physical Chemistry A 119 (37) (2015)
97229728. doi:10.1021/acs. jpca.5b06348.

M. Bartolomei, E. Carmona-Novillo, M. I. Hernndez, J. Campos-Martnez, R. Hernndez-Lamoneda, Long-range interaction
for dimers of atmospheric interest: dispersion, induction and electrostatic contributions for O,—0O,, Ny—N, and O,—N,,
Journal of Computational Chemistry 32 (2) (2010) 279-290. doi:10.1002/jcc.21619.

M. Medved, M. Urban, V. Kell, G. H. Diercksen, Accuracy assessment of the rohf-ccsd(t) calculations of static dipole
polarizabilities of diatomic radicals: O,, CN, and NO, Journal of Molecular Structure: THEOCHEM 547 (1-3) (2001)
219-232. doi:10.1016/s0166-1280(01)00472-9.

G. E. Ewing, The spectroscopy of van der waals molecules, Canadian Journal of Physics 54 (5) (1976) 487-504. doi:
10.1139/p76-056.

R. D. Shannon, Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides,
Acta Crystallogr Sect A Cryst Phys Diffr Theor Gen Crystallogr 32 (5) (1976) 751-767. doi:10.1107/s0567739476001551.
S. B. Nielsen, P. Ayotte, J. A. Kelley, G. H. Weddle, M. A. Johnson, Infrared spectra of hydrogen-bonded ionradical

16


http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.1367373
http://dx.doi.org/10.1063/1.1622924
http://dx.doi.org/10.1021/jp065887l
http://dx.doi.org/10.1063/1.3697678
http://dx.doi.org/10.1063/1.1715212
http://dx.doi.org/10.1063/1.1139475
http://dx.doi.org/10.1063/1.1139475
http://dx.doi.org/10.1063/1.1139475
http://dx.doi.org/10.1016/j.cplett.2011.01.034
http://dx.doi.org/10.1016/j.cplett.2011.01.034
http://dx.doi.org/10.1016/j.cplett.2011.01.034
http://dx.doi.org/10.1016/j.cplett.2014.11.058
http://dx.doi.org/10.1021/acs.jpca.5b06348
http://dx.doi.org/10.1002/jcc.21619
http://dx.doi.org/10.1016/s0166-1280(01)00472-9
http://dx.doi.org/10.1139/p76-056
http://dx.doi.org/10.1139/p76-056
http://dx.doi.org/10.1139/p76-056
http://dx.doi.org/10.1107/s0567739476001551

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

[43]

[44]

[45]

[46]

[47]

(48]

complexes: I" - HCH, and Br~ - HCHBr, The Journal of Chemical Physics 111 (23) (1999) 10464-10468. doi:10.1063/1.
480392.

A. McNaught, A. Wilkinson, IUPAC Compendium of Chemical Terminology, 2nd Edition, Blackwell Scientific Publica-
tions, 1997.

V. A. Mozhayskiy, A. I. Krylov, ezSpectrum 3.0 (2009).

I. Yourshaw, Y. Zhao, D. M. Neumark, Manybody effects in weakly bound anion and neutral clusters: Zero electron
kinetic energy spectroscopy and threshold photodetachment spectroscopy of Ar,Br~ (n = 29) and Ar, I (n = 219), The
Journal of Chemical Physics 105 (2) (1996) 351373. doi:10.1063/1.471893.

P. D. Watson, H.-w. Yong, K. M. Lapere, M. Kettner, A. J. McKinley, D. A. Wild, Anion photoelectron spectroscopy
and ccsd(t) calculations of the CI™- - - N, complex, Chemical Physics Letters 654 (2016) 119-124. doi:10.1016/j.cplett.
2016.04.073.

K. M. Lapere, R. J. LaMacchia, L. H. Quak, M. Kettner, S. G. Dale, A. J. McKinley, D. A. Wild, The bromide-carbon
monoxide gas phase complex: Anion photoelectron spectroscopy and ab initio calculations, Australian Journal of Chemistry
65 (5) (2012) 457-462. doi:10.1071/ch12007.

K. M. Lapere, R. J. LaMacchia, L. H. Quak, M. Kettner, S. G. Dale, A. J. McKinley, D. A. Wild, Anion photoelectron
spectra and ab initio calculations of the iodide-carbon monoxide clusters: I” - - - (CO)yn, n = 1 —4, The Journal of Physical

Chemistry A 116 (14) (2012) 3577-3584. doi:10.1021/3jp300471x.

17


http://dx.doi.org/10.1063/1.480392
http://dx.doi.org/10.1063/1.480392
http://dx.doi.org/10.1063/1.480392
http://dx.doi.org/10.1063/1.471893
http://dx.doi.org/10.1016/j.cplett.2016.04.073
http://dx.doi.org/10.1016/j.cplett.2016.04.073
http://dx.doi.org/10.1016/j.cplett.2016.04.073
http://dx.doi.org/10.1071/ch12007
http://dx.doi.org/10.1021/jp300471x

	Introduction
	Methodology
	Computational Methods
	Experimental Methods

	Results and discussion
	Computational Results
	Experimental Photoelectron spectra
	Comparisons


	Summary
	Acknowledgements
	Bibliography

