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This report details a photoelectron spectroscopy (PES) and theoretical investigation of electron affini-
ties (EAs) and electronic structures of several atmospherically relevant higher bromine and iodine
oxide molecules in the gas phase. PES spectra of BrO,™ and IO, were recorded at 12 K and four
photon energies—355 nm/3.496 eV, 266 nm/4.661 eV, 193 nm/6.424 eV, and 157 nm/7.867 eV—
while BrO;~, 1037, and 104~ were only studied at 193 and 157 nm due to their expected high
electron binding energies. Spectral features corresponding to transitions from the anionic ground
state to the ground and excited states of the neutral are unraveled and resolved for each species. The
EAs of these bromine and iodine oxides are experimentally determined for the first time (except for
10,) to be 2.515 £ 0.010 (BrOy), 2.575 £ 0.010 (10,), 4.60 £ 0.05 (BrOs), 4.70 £ 0.05 (I103),
and 6.05 £ 0.05 eV (I04). Three low-lying excited states along with their respective excitation en-
ergies are obtained for BrO, [1.69 (A 2B»), 1.79 (B 2A;), 1.99 eV (C ?A,)], BrO; [0.7 (A 2A,), 1.6
(B 2E), 3.1 eV (C 2E)], and 105 [0.60 (A 2A,), 1.20 (B 2E), ~3.0 eV (C 2E)], whereas six excited
states of 10, are determined along with their respective excitation energies of 1.63 (A ?B»), 1.73 (B
2A1), 1.83 (C 2A;), 423 (D %A)), 4.63 (E ?B,), and 5.23 eV (F ?B)). Periodate (I04~) possesses
a very high electron binding energy. Only one excited state feature with 0.95 eV excitation energy
is shown in the 157 nm spectrum. Accompanying theoretical calculations reveal structural changes
from the anions to the neutrals, and the calculated EAs are in good agreement with experimentally
determined values. Franck-Condon factors simulations nicely reproduce the observed vibrational
progressions for BrO, and 10,. The low-lying excited state information is compared with theoret-
ical calculations and discussed with their atmospheric implications. © 2011 American Institute of

Physics. [doi:10.1063/1.3658858]

. INTRODUCTION

Since the landmark work by Rowland and Molina'
demonstrating that chlorine monoxide and chlorine atoms are
related to the catalytic reactions of ozone destruction in the
stratosphere, there has been intense interest in characterizing
halogen oxides and understanding their implications in atmo-
spheric chemistry. In the last three decades, the majority of
such research has been focused on chlorine oxides and related
species, whose properties are now well studied.””!! Besides
halogen atoms and monoxides, there is increasing evidence
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implying that higher halogen oxides and mixed oxides can
actively participate in the overall ozone depletion cycles.'> '3
For example, chlorine dioxide (OCIO) is involved in ozone
depletion reactions via photodissociation to generate O
+ CIO and Cl + O, upon photoexcitation to the 2A, state.5!!
Therefore, the detailed mechanism and dynamics of ClO,
dissociation and its atmospheric implications have drawn
much attention."!! Beyond chlorine species, the importance
of bromine oxides and related species in ozone depletion also
has been established.'*?3 It has been suggested that bromine
species is roughly 45 times more effective than chlorine for
global ozone destruction.'® Despite the important roles they
play in the stratospheric chemistry, bromine oxides are rela-
tively less studied compared with their chlorine counterparts,
particularly for higher bromine oxides.>!°! Experimental
characterization of BrOy is challenging, in part, due to their
thermal meta-stability against decomposition ultimately into
Br; and O,.2! Most of studies have been focused on BrO, 2+~

© 2011 American Institute of Physics
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with a only handful devoted to BrO3.2'+4*#7 Recently, there
has been increasing interest in understanding the role of
iodine chemistry in ozone depletion as well.'3*8-33 However,
the knowledge about iodine oxides is even less robust than
bromine species. Therefore, it is necessary to have a system-
atic spectroscopic approach to investigate intrinsic molecular
properties of these bromine and iodine higher oxides. The ob-
tained thermodynamic and spectroscopic information may as-
sist in understanding their roles in the atmospheric chemistry.

Bromine dioxide has been relatively well studied. BrO,
has been detected in the stratosphere as a possible night-
time bromine reservoir.’>?* The first observation of gas-
phase BrO, in the laboratory was reported by Butkovskaya
et al.,** which suggested that paramagnetic BrO, molecules
with lifetime >10 s among the products of the O + Br, re-
action were found with the discharge flow-mass spectrome-
try technique. The first spectroscopic study (visible absorp-
tion) of gas phase BrO, was reported by Rattigan et al.”
Since then, a numbers of studies have been devoted to inves-
tigate the properties of BrO, experimentally employing a va-
riety of techniques,>*° including: rotational spectroscopy,’®
visible absorption in solid matrices,?’-?® photoionization,'*-?
and high-resolution ultraviolet/visable (UV/Vis) absorption
spectroscopy.’®3! The highly structured visible absorption
spectrum of bromine dioxide radical, OBrO, observed in the
15 500-26 000 cm™! region by Miller et al.,’! was augmented
by Franck-Condon simulations and high-level ab initio calcu-
lations, and concluded due to the dipole-allowed C(PA,) <«
X(’B)) electronic transition. Several theoretical investigations
have been conducted to study the molecular structure, vibra-
tional spectra, and energetics of BrO,.3>73¢ Inspired by well-
resolved UV/Vis absorption spectra,>>3%3! high-level ab ini-
tio calculations on the ground, as well as the low-lying excited
states, have been reported.’!:3"3 Despite these impressive
progresses, the low-lying excited states of A(*B,) and B(*A|)
predicted to be in the proximity of C(*A;) (Ref. 38) have
not yet been probed experimentally due to extremely small
dipole transitions from the ground X(*By) state. Being sim-
ilar to C10,,%7 the photochemistry and photodissociation of
BrO; and hence its atmospheric implications are expected to
involve all three closed-lying states via spin-orbit and vibronic
interactions following photoexcitation to C(*A;).*° Consid-
ering the significance of BrO, photodissociation in strato-
spheric ozone chemistry, it is highly desirable to experimen-
tally study the low-lying excited states and compare them di-
rectly with the theoretical predictions.?'-38

Despite the fact that its anion (BrO3;~) is commonly
found in solutions and solids,**** understanding of the BrO;
radical is particularly limited.?! Except for the detection of the
BrOjs radical by photolysis of BrOs; ~ aqueous solution*? or ra-
diation of solid crystals at cryogenic temperatures,** there is
no other experimental report on this radical. A handful of the-
oretical studies have been performed to investigate the geome-
tries, vibrational frequencies, heats of formation, and other
properties of the most stable C3, structure of bromine trioxide
in the gas phase,’®* as well as low-lying excited states.*® The
electron affinities (EAs) of BrO,_4 have been calculated.*’ To
date, no gas phase spectroscopic study of BrO3 has been re-
ported.
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Understanding the role of iodine chemistry in ozone de-
pletion has attracted a lot of attention recently!>*3 and
should provide a more complete view of halogen atmospheric
chemistry. Iodine species undergo similar reactions in the tro-
posphere due to the formation of its compounds in the ma-
rine boundary layer.!*31-5% JTodine oxides have been known
about for more than 100 years, but their properties remain
poorly characterized. The detection of gas phase 10, was first
reported in the thermal decomposition from 1,05, and in
halogen monoxide inter-reactions.> Gilles et al.’ carried out
a negative ion photoelectron spectroscopic study on OIO™ to
probe the ground state of I0,. The EA of OIO was determined
to be 2.577 eV. The rotational spectrum of the OIO radical,>®
as well as visible absorption spectrum,’’ has been reported.
Despite similar visible absorption and excitation transition,>’
10, displays different photochemistry when compared to both
ClO, and BrO,. Upon the C(*A;) < X(*°B;) excitation, the
excited 10, exclusively dissociates to I 4+ O, with the quan-
tum yield close to one’! with no 10 + O being detected>®—
in contrast to both channels being observed for its lighter
congeners.® 3% Several theoretical calculations on thermody-
namic properties of 10, have been reported.'*3>%° The dis-
tinctly different dissociation mechanism of 1O, and its atmo-
spheric implications have stimulated a detailed, high-level ab
initio computation study on the low-lying electronic states of
OIO and their connection path to the dissociated products,>
which predicted the C(*A,) state of 10 is still more stable
relative to IO + O product. Meanwhile, the I + O, channel
involves an initial spin-orbit interaction between the C(CAy)
state and the nearby B(>A) followed by a strong vibronic in-
teraction with the A(>B;) state via an avoided crossing. An ex-
perimental probe on these three nearby electronic states will
help to clarify the dissociation dynamics and verify theoreti-
cal predictions. In addition, there is no theoretical or experi-
mental characterization for I03 and 104 reported.

In contrast to the neutral species, the halogen oxide an-
ions are relatively stable (closed-shell) and commonly exist in
condensed phases as an important class of anions in bulk ma-
terials. The transfer Gibbs energies for X0z~ (X = Cl, Br, I)
in water-methanol mixtures®® and dissociation rate of HXOs
(X = Cl, Br) in aqueous solution*! have been reported. It has
been suggested that these anions may also play a role in the
upper stratospheric chemistry.®! Their geometric structures
and vibrational frequencies have been investigated using both
vibrational spectroscopy*”%% and theoretical calculations.®> 4

Gas-phase anion photoelectron spectroscopy (PES) has
been proven to be a powerful experimental technique, not
only directly yielding adiabatic electron detachment ener-
gies (ADEs) of anions but also probing the ground and ex-
cited states of the corresponding neutral species.®> By cou-
pling with an electrospray ion source (ESI), many pristine an-
ions in solutions can be readily transferred into the vacuum
and probed by PES.® Unlike optical absorption spectroscopy,
which is subject to stringent selection rules, PES often can ac-
cess all electronic states within photon energy limits, includ-
ing optically “dark” states of the neutral species. Lineberger
and coworkers® performed the first PES study on XO~
(X = F, (l, Br, I), OCIO™, and OIO~ at 351 nm and ob-
tained the EAs and vibrational frequencies of the ground state
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X (®B)) of ClO; and 10s. Wang and Wang2 conducted a PES
investigation on ClOx~ (x = 2-4) at various photon energies
up to 7.8 eV. Along with the ground state, three low-lying
electronic states, A(*B,), B(*A;), and C(*A,) of ClO,, and
two electronic excited states, A(®A,) and BCE) of C103, were
probed and compared with available theoretical predictions.
This PES study on the A(*B;) and B(?A)) states of ClO,,
which are optically “dark” states but involved in photochem-
istry of ClO, species,®’ is significant and has stimulated a
theoretical simulation on dissociation dynamics of ClO,.’

In this paper, we present a systematic PES study of a
series of higher halogen oxide anions: BrO,3~ and 10,4~
using photon energies ranging from 3.496 eV (355 nm) to
7.867 eV (157 nm). The anions were readily generated from
solutions using ESI. The high photon energy is essential for
these species, which are expected to possess high electron
binding energies for trioxides and above, and to interrogate
the excited states of the corresponding neutrals. Besides the
ground states, three low-lying excited states are obtained for
BrO,, BrOs, and 103, with six excited states for IO, and one
for 104. All spectra were taken at a temperature of 12 K,
affording more accurate measurement of electron binding
energies.®”-%8 The obtained EAs of BrO, ; and 103 4 represent
first experimental EA measurement for these important
species. The unraveled excited state information provides
valuable spectroscopic quantities to rationalize and foresee
possible photochemistry of these atmospherically important
molecules.

Il. EXPERIMENTAL AND THEORETICAL DETAILS
A. Low-temperature photoelectron spectroscopy

The experiments were carried out with a low-temperature
PES apparatus, which features an ESI source, a three-
dimensional (3D) cryogenically controlled ion trap, a time-of-
flight (TOF) mass spectrometer, and a magnetic-bottle elec-
tron analyzer.®” It has been demonstrated that very cold ions
can be created in the gas phase using cold traps.”>"’* To pro-
duce the desired anions, we used a 10~* molar solution of the
related salts NalOs, NalO,4, and NaBrOs dissolved in a wa-
ter/acetonitrile mixture solvent (1/3 volume ratio). IO, and
BrO,~ were generated in the solutions via disproportionation
reactions. The anions produced from ESI were guided by two
radio frequency quadrupole ion guides followed by a 90° ben-
der into a temperature-controlled Paul trap, where they were
accumulated and collisionally cooled before being pulsed
out into the extraction zone of a TOF mass spectrometer at a
10 Hz repetition rate. The ion trap was operated at 12 K in
the current experiment.

For each PES experiment, the desired anions were first
mass-selected and decelerated before being detached by a
laser beam in the interaction zone of a magnetic bottle pho-
toelectron analyzer. Four detachment photon energies were
used in the current study: 193 nm (ArF, 6.424 eV) and
157 nm (F,, 7.867 e¢V) from an excimer laser, and 266 nm
(4.661 eV) and 355 nm (3.496 eV) from an Nd:YAG laser.
All of the lasers were operated at a 20 Hz repetition rate with
the ion beam off at alternating laser shots for shot-to-shot
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background subtraction. Photoelectrons were collected at
nearly 100% efficiency by the magnetic bottle and analyzed in
a 5.2 m long electron flight tube. TOF photoelectron spectra
were collected and converted to kinetic energy spectra cal-
ibrated with the known spectra of I~ and Cu(CN),~.”> The
electron binding energy spectra were obtained by subtracting
the kinetic energy spectra from the detachment photon ener-
gies. The electron kinetic energy resolution was about 2%,
i.e., 20 meV for 1 eV electrons.

B. Theoretical methods

Theoretical calculations were employed to study the
geometries and electronic structures of halogen oxide an-
ions and the corresponding neutral molecules. Geometrical
optimizations were performed with density functional the-
ory (DFT) using the hybrid B3LYP exchange-correlation
functional’® and the aug-cc-pvtz (for Br, 0),”’ aug-cc-pvtz-
pp (for I) basis set’® obtained from the EMSL Basis Set Ex-
change (https://bse.pnl.gov/bse/portal). The ADE value of the
anion is calculated as the energy difference between the an-
ion and corresponding neutral radical at their respective opti-
mized structures with zero-point energy corrections. All cal-
culations were performed with the NWCHEM program.”’

lll. RESULTS
A. Photoelectron spectra

Figure 1 shows 12 K PES spectra of BrO,~ at 355 (a),
266 (b), 193 (c), and 157 nm (d). A well-resolved, single vi-
brational progression was observed at 355 nm with the fre-
quency of 785 & 20 cm™'. Due to effective vibrational cool-
ing of ions at 12 K, no hot band transitions are expected. The
ADE of BrO,~, or EA of BrO, radical, is determined from
the first resolved transition (0-0) to be 2.515 &+ 0.010 eV
(Table I). At 266 nm, one extra band exhibits at high binding
energy (4.1-4.6 eV) with a clear band gap from the ground
state transition (X). The whole band at high binding energy
is unraveled at 193 and 157 nm, spanning from 4.1 to 5.0 eV,
which actually contains three partially resolved peaks, labeled
A, B, and C (Figs. 1(c) and 1(d)). There is no other feature be-
yond 5.0 eV.

The PES spectra of 10, at 12 K are shown in
Fig. 2. Similar spectral patterns were observed at 355, 266,
and 193 nm compared to BrO,”—a well vibrationally re-
solved ground state feature (X) at 355 nm and three partially
resolved peaks (A, B, C) congested between 4.1 and 5.0 eV.
The EA of 2.575 £+ 0.010 eV for 10, measured from the 0-0
transition and 755 £ 20 cm~! vibrational frequency are in ex-
cellent agreement with the previously reported values of 2.577
+ 0.008 eV and 765 + 25 cm~1.> At 157 nm, two more peaks
(D and E) and a threshold for a possible third peak (F) are
resolved in the 6.8-7.8 eV energy range.

The spectra of XO3~ (X = Br and I) were measured only
at 193 and 157 nm due to their expected high electron binding
energy and are shown in Figs. 3 and 4, respectively. The
193 nm spectrum of BrO3 ™~ exhibits two peaks, X and A, with
the peak positions at 4.85 and 5.5 eV and an onset of a third
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FIG. 1. Low-temperature (12 K) photoelectron spectra of BrO,~ at (a) 355, (b) 266, (c) 193, and (d) 157 nm. The spectral assignment and vibrational
progression are indicated. Schematic diagram for the transition from the ground state of the anion to the ground state of the neutral along the symmetric Br—O
stretching coordinate and the simulated stick spectrum of Franck-Condon factors are shown in (e).

peak, B, at 6.3 eV, whereas the full band of B and the thresh-
old of a fourth peak, C, are shown at 157 nm (Fig. 3). No
vibrational structures were resolved in the spectra. The ADE
was estimated by drawing a straight line at the leading edge
of the ground state transition then adding a constant to the in-
tercept with the binding energy axis to account for the instru-
mental resolution. The ADE of BrO3;~, or EA of BrOs, is esti-
mated to be 4.60 £ 0.05 eV (Table II). The ADEs of the higher

binding energy transitions were estimated in the same manner
as the ground state feature X, while all vertical detachment
energies (VDEs) were measured from the peak maximum of
each band. The ADEs and VDEs of all observed features are
listed in Table II. Similarly, three full bands (X, A, B) are seen
at 193 nm, while an extra onset of a fourth band is revealed
at 157 nm for 103~ (Fig. 4). The EA of 103, 4.70 £ 0.05 eV,
is slightly higher than that of BrO3, and all measured electron
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TABLE 1. Experimental and calculated adiabatic detachment energies (ADEs) and vertical detachment energies (VDEs) for BrO,~ and 10, ~; final state
assignments for the ground- and low-lying-excited states of the corresponding neutral radicals; and calculated term value, T¢; and vertical excitation energy, AE

from literatures (energy unit in eV).

ADE Excitation energy
Feature (state) Expt.? Calc.b VDE? AADE AVDE Te AE
BrO;~ X (B)) 2515 (0.01) 2.50 2.615 (0.01) 0 0 0 0
Vib. Freq. (cm™!) 785 (20) 833
A (?By) 4.20 (0.10)° 431 (0.05) 1.69 1.70 1.564 2.43¢
B Ay 4.30 (0.10)° 4.45 (0.05) 1.79 1.84 2.034 2.51¢
C (CAy) 4.50 (0.10)° 4.64 (0.05) 1.99 2.03 2.08¢ 1.974 (Ty) 2.69¢
10,~ X (®By) 2.575 (0.01) 2.57 2.670 (0.01) 0 0 0
Vib. Freq. (cm™") 755 (20) 787
A (?B») 4.20 (0.10)° 4.32 (0.05) 1.63 1.65 1.54fF
B (CAp) 430 (0.10)° 4.45 (0.10)° 1.73 1.78 1.96f
C ((A)) 4.40 (0.10)° 4.58 (0.10)° 1.83 1.91 2.07% (1.80)8
D (?A)) 6.80 (0.10) 6.96 (0.10) 423 4.29
E (*By) 7.20 (0.10) 7.33 (0.10) 4.63 4.66
F (B)) ~7.8 >7.8(0.1) 5.23 >5.13

4This work. Numbers in parentheses represent experimental error bars.
This work. Calculated values are obtained at the B3LYP/aug-cc-pvtz (for Br, O) and aug-cc-pvtz-pp (for I) level of theory.

“Estimated with large uncertainty due to overlap of features.
dExperimental and theoretical term values from Ref. 31.
¢Theoretical values from Ref. 38.

Theoretical values from Ref. 53.

£Experimental values from Ref. 57.

binding energies of different peaks are listed in Table II.
Overall, the spectral pattern of 103~ is similar to that of
BrOs;~, except there is an extra peak resolved at 5.0 eV
within the X band probably caused by larger spin-orbit
splitting effect. For 104~ (Fig. 5), there is one peak at 6.05
eV resolved at 193 nm, while an additional second peak at
7.0 eV exhibits at 157 nm. The ADE is found extremely high,
which is consistent with the previous study on C10,~.

The obtained ADEs and VDEs for all observed spectral
features are provided in Table I for BrO,~ and 10, (the
ADEs for A, B, and C features were estimated with large
uncertainty due to partial overlap of these features) while
Table II lists features for BrOs;~, 103~, and 104~. Tables I
and II also list the ADE and VDE differences, AADEs and
AVDE:zs, for the excited state transitions relative to the respec-
tive values of the ground states. AADEs can compare with the
available term values, T, of the corresponding excited states
for the neutral molecules, while AVDEs resemble the verti-
cal excitation energies of the neutrals at the anion’s geometry.
If the structural change from the anion’s ground state to the
ground state of the neutral is not substantial, the measured
AVDE:s can directly compare with the theoretically predicted
vertical excitation energies, which were calculated at the neu-
tral ground state geometry.

B. Theoretical results and Franck-Condon factors
simulation

Electronic structure calculations were carried out to ob-
tain the optimized geometries of the anions and neutrals, and
to calculate ADEs in direct comparison with the experiments.
For the dioxides and trioxides, both anions (closed-shell)
and neutral radicals have the same symmetry, i.e., C,, for

X0,7 /X0y, and C3, for XO37/X03 (X = Br, I), respectively.
The general geometric change following electron removal is
that the X—O bond length is slightly shortened, and the X—
O-X bond angle opened up (Fig. 6). While 104~ is a perfect
tetrahedron molecule with T4 symmetry, the global minimum
of the neutral 104 radical is found to adopt a C5, structure
(with the Cg structure almost degenerate) due to the expected
Jahn-Teller effect. The calculated ADEs, listed in Table I and
IL i.e., 2.50, 2.57, 4.48, 4.57, and 5.80 eV for BrO,~, 10,7,
BrO;~, 1057, and 1047, respectively, are in good agreement
with the experimental data. The calculated frequencies of the
symmetric stretching mode for the BrO, and 10, neutral are
in good accord with the observed values as well.

We have used the EZSPECTRUM, version 3.0 (Ref. 80)
program to perform Franck-Condon factors (FCFs) calcula-
tions. The equilibrium geometries, harmonic frequencies, and
normal mode vectors for BrO,, BrO, ™, 10,, and IO, ™ are ob-
tained from geometry optimization and ADE calculations de-
scribed in the previous paragraph. For BrO,, in order to get
a good match between the calculated FCFs (Fig. 1(e)) and
the experimental spectrum (Fig. 1(a)), we need to adjust the
bond length of the BrO, ™ anion a little bit on the basis of the
calculated bond length (from 1.733 A to 1.726 A) with the
bond angle unchanged. For 10O,, the simulated FCFs based on
the calculated geometries and frequencies for 10, and 10,~
using calculations performed with NWCHEM are in excellent
agreement with the observed spectrum without any adjust-
ment (Fig. 2(e) vs. Fig. 2(a)).

IV. SPECTRAL ASSIGNMENT AND DISCUSSION

The PES spectral features in Figs. 1-5 represent tran-
sitions from the ground state of the anion (closed-shell) to
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FIG. 2. Low-temperature (12 K) photoelectron spectra of IO, ™ at (a) 355, (b) 266, (c) 193, and (d) 157 nm. The spectral assignment and vibrational progression
are indicated. Schematic diagram for the transition from the ground state of the anion to the ground state of the neutral along the symmetric I-O stretching
coordinate and the simulated stick spectrum of Franck-Condon factors are shown in (e).

the ground and excited states of the corresponding neutral
radical. In Koopmans’ approximation, these features can
be viewed alternatively as removing electrons from each
occupied molecular orbitals (MOs) in the anion. Thus,
the excited states of the neutral can be obtained from the
ground state electronic configuration by single excitation

to promote one electron from the deeper-occupied MOs
to the upmost singly occupied MO. Although no excited
state calculations are accompanied in this study, our spectral
assignment was deduced based on the previous PES work of
ClO,.4~,? confirmed by comparison with available theoretical
predictions.



184309-7 PES spectroscopy of BrO2 3~ and 1024~
x(2A,) Aay
(a) 193 nm 1
B(E)
MR R e P
, A(CAy)
(b) 157 nm X(“Aq) B(°p
cp
o)

Binding Energy (eV)

FIG. 3. Low-temperature (12 K) photoelectron spectra of BrO3 ™ at (a) 193
and (b) 157 nm. The spectral assignment is indicated.

A. Halogen dioxide anions and neutrals: XO,~ and
X0,* (X=Br,)

1. BrO,~ and BrO,*

All halogen dioxides have bent structures possessing
C», symmetry. The 51 electrons of BrO,* are distributed
among 26 MOs with the following configuration in the
ground state: X 2B;: core (14a;)*(2by)*(3a2)*(7h1)' 3! The
microwave spectrum was analyzed to yield a bent molecule
with Br—O bond length of 1.649 A and O-Br-O bond angle
of 114.44° 3 The extra electron for the BrO,~ anion is ex-
pected to reside on the singly occupied MO, 7b,, to form a
closed-shell ground state ('A;). The BrO,~ anion was previ-
ously predicted® to have a longer Br—O bond length, 1.758 A,

(a) 193 nm

TITT IO [T O T T I [T [ T [ T LTI [T T e

A A,

0 1 2 3 4 5 6 7
Binding Energy (eV)

FIG. 4. Low-temperature (12 K) photoelectron spectra of 103~ at (a) 193
and (b) 157 nm. The spectral assignment is indicated.
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and a slightly smaller O-Br—O bond angle, 111.9° compared
to BrO,°. A similar structural change also was observed in the
ClO,~.% Our calculations indicate the same trend of geomet-
ric changes upon electron detachment; i.e., 1.733 — 1.652 A
for Br—O bond length, and 112.2° — 113.8° for O-Br-O an-
gle (Fig. 6). The reason for this structural change is due to the
anti-bonding character of MO 7b;, where the extra electron is
located. The 355 nm spectrum of BrO, ™~ (Fig. 1(a)) appropri-
ately reflects the geometric change during the transition of X
2B; <« X 'A; with the total symmetric stretching mode (v1)
of the neutral dominant. The one dimensional FCF simula-
tion (Fig. 1(e)) reproduces well the observed vibrationally re-
solved spectrum. The measured frequency of 785 & 20 cm™!
compares excellently with that of 799.4 cm™! obtained from
the UV/Vis absorption spectrum,’'as well as with the calcu-
lated value of 833 cm™'.

Similar to ClO,, three low-lying excited states, ACB,),
B(*A)), and C(*A,), are predicted theoretically for BrO,,’!
corresponding to single excitations from the 3a,, 2b,, and
14a, orbitals into the singly occupied 7b, orbital, respectively.
The 193 and 157 nm spectra (Figs. 1(c) and 1(d)) clearly show
that three partially resolved peaks, A, B, and C, reside within
~1 eV range (4.1-5.1 eV). The measured excitation ener-
gies of these peaks relative to the ground state, AADEs, and
AVDEs are given in Table I and are in qualitative agreement
with the theoretically predicted term values and vertical ex-
citation energies. In particular, the AADE of 1.99 eV for the
C(*A,) state accords excellently with the experimentally de-
termined T (1.97 eV).3! Therefore, it is straightforward to
assign the observed spectral features (shown in Fig. 1 and
Table I). The EA of 2.515 4+ 0.010 eV obtained in the cur-
rent work is 0.15 eV higher than a previously predicted value
of 2.36 eV,* but is in excellent agreement with our own cal-
culated value of 2.50 eV.

Compared to the calculated geometry of BrO,~ (1.733 A;
112.2°), the bond length in each of these three excited states
of the neutral remains almost the same (1.759, 1.775, and
1.785 A) but with significant bond angle changes (85.6, 118.1,
and 103.2°) for A, B, and C state, respectively.’! Therefore, no
symmetric stretching mode is expected for these transitions.
Considering small frequencies of the bending mode and the
near degeneracy of these three states, the three spectral fea-
tures are expected to be congested and partially overlapped.
The observed spectral pattern in Fig. 1 is consistent with the
preceding expectation.

2. 10, and 10,*

Iodine dioxide has been proposed to serve as the start-
ing point for the formation of iodine aerosols in the marine
boundary layer.3>%* While 10, initially was believed to be re-
markably stable with respect to the photodissociation channel
of IO + O in the visible light,?® it later was found to be fa-
cially dissociated into I + O, (Ref. 51) via spin-orbit and vi-
bronic interactions involving three low-lying excited states’>
similar to those in BrO, and ClO, A previous absorption
spectrum indicated a term value of 1.80 eV for the C(*A;)
state,’” and a recent ab initio calculation predicted term values
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TABLE II. Experimental and calculated adiabatic detachment energies (ADEs) and vertical detachment energies (VDEs) for BrO3~ and 1034 ~; final state
assignments for the ground- and low-lying-excited states of the corresponding neutral radicals; and calculated vertical excitation energy, AE from literatures

(energy unit in eV).

ADE® Excitation energy
Feature (state) Expt.® Calc. VDE? AADE AVDE AE®

BrO3~ X (2A)) 4.60 (0.05) 4.48 4.85 (0.10) 0 0 0

A (CA2) 5.30 (0.10) 5.50 (0.10) 0.7 0.65 0.72

B (’E) 6.20 (0.10) 6.30 (0.10) 1.6 1.45 1.50

C (*E) ~7.7 ~7.1 3.1 >2.85 2.37
103~ X (2A1) 4.70 (0.05) 4.57 4.77 (0.05) 0 0

A (CAr) 5.30 (0.10) 5.45 (0.10) 0.60 0.68

B (’E) 5.90 (0.10) 6.05 (0.10) 1.20 1.28

C (E) ~7.7 ~7.8 ~3.0 ~3.0
104~ X (*By) 6.05 (0.05) 5.80 6.30 (0.10) 0 0

A (*By) 7.00 (0.05) 7.00 (0.05) 0.95 0.7

4This work. Numbers in parentheses represent experimental error bars.

This work. Calculated values are obtained at the B3LYP/aug-cc-pvtz (for Br, O) and aug-cc-pvtz-pp (for ) level of theory.

“Theoretical values from Ref. 46.

of 1.54, 1.96, and 2.07 eV for A(*B;), B(A)), and C(*A;),
respectively.”

The first feature X (2.5-3.0 eV) in the PES spectra of 10O,
(Fig. 2) corresponds to the transition from the ground state
of the anion ('A)) to the ground state of the neutral (*B)).
Upon removal of the extra electron, there are sizable struc-
tural changes (bond length: 1.860 — 1.802 A; bond angle:
108.3° — 110.0° from Ref. 53; and 1.889 — 1.825 A and
109.7°— 110.5° from our calculations). The profile of feature
X is dominant with the single vibrational progression of the
total symmetric stretching mode in the neutral ground state,
and is well reproduced from the FCFs simulation (Fig. 2(a)
vs. Fig. 2(e)). The frequency obtained from the 355 nm spec-
trum (Fig. 2(a)) is 755 & 20 cm™!, consistent with an earlier
reported value® of 765 420 cm™!, and with the calculated one
of 787 cm~!.The EA of 10,, measured from the first resolved
peak in the 355 nm spectrum, is 2.575 £+ 0.010 eV, which

2
(a) 193 nm X(°By)
SAANNA
ACB
(b) 157 nm 6
X(B,)

0 1 2 3 4 5 6 7
Binding Energy (eV)

FIG. 5. Low-temperature (12 K) photoelectron spectra of 104~ at (a) 193
and (b) 157 nm. The spectral assignment is indicated.

also indicates excellent agreement with a previously reported
value (2.577 £ 0.008 eV),? and the current calculated value
of 2.57 eV.

Three features are discernibly resolved for the spec-
tral band between 4.1 and 5.0 eV at 193 and 157 nm
(Figs. 2(c) and 2(d)), most likely corresponding to transi-
tions to the three predicted low-lying excited states, A(’B,),
B(*A)), and C(*A;). The estimated excitation energies
(AADEs and AVDEs) for these three peaks qualitatively
agree with the theoretical term values,”® and the assigned
AADE for C(*A,) is in excellent accord with the term value
determined from a previous absorption study>’ (Table I). All
these further support the described assignment.

Three more spectral features, D, E, and F, are revealed
at a very high binding energy range: 6.8—-7.8 eV at 157 nm.
No similar states were observed for BrO,~ or for ClO,~ at
157 nm.> They represent a set of excited states beyond the
first three for 10,. No previous study has been reported for
these states. Herein, we make the tentative assignment for
these states, D(’A;), E(*B,), and F(*B;), according to the en-
ergy level scheme for ionization of Cl0,.%* Their energetic
information is shown in Table 1.

B. Halogen trioxides anion and corresponding
neutral molecules: XO3~ and XO3® (X = Br, I)

Halogen trioxide anions are common anionic species
in solution and solid with pyramidal equilibrium struc-
tures (C3, symmetry) and 'A; ground state.>**7 The
electron configuration of BrOs;~ for the ground state*’ is:
(8e)*(9e)*(1a)*(11a;)?, which is similar to ClO3~.2 There-
fore, the three spectral features and a fourth onset shown
in 157 nm spectrum (Fig. 3) are assigned accordingly by
detaching one electron from the respective frontier occupied
MOs, i.e., X(A;), ACA,), B’E), and CCE). The EA of
BrO3, measured from the rising edge of the X peak, is 4.60
£ 0.05 eV, in a reasonable agreement with the calculated
value of 4.48 eV, but appreciably lager than the previously
predicted EA value of 4.32 eV.*’ The electron binding
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112.2°
Bro, BrO;
BrOz‘(CZV) BI"O3_(C3V) 10,(C,,)
412w
1.813
1.829 A
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109.7° 106.4° b
109.5°
lo, 10,
10,7(C;,) 10;,7(C3,) 10,7(T,)

FIG. 6. Optimized structures of halogen oxide anions (normal typeface) and neutrals (italic typeface) at the B3LYP/aug-cc-pvtz (for Br, O); aug-cc-pvtz-pp
(for I) level of theory. Molecular symmetry, bond length (in A), and bond angle are indicated.

energies of all observed peaks are listed in Table II. The
measured excitation energies for the excited states (AADEs
and AVDEs) are in good agreement with a recent theoretical
calculation*® (Table II), supporting our spectral assignment.
Upon removal of the extra electron, i.e., BrO3~ — BrOs°®,
Br-O bond length shortens slightly, while the bond angle
increases (Fig. 6) in the same trend observed for the halogen
dioxides. The moderate spectral widths observed in the
spectra are also consistent with the predicted bond length and
angle changes.

To date, there has been no theoretical or experimental
characterization reported for the isolated 105 radical. There-
fore, we make a similar assignment for the electronic states
of 103 based on the similarity of the spectral pattern between
105~ and BrO;~. The ADE of 1037, or EA of 103, is de-
termined to be 4.70 & 0.05 eV, and compared reasonably to
the calculated EA value of 4.57 eV. Similar structural changes
as BrO;~/BrO; are observed from 105~ to O3 (Fig. 6). The
obtained excited state energetic information about IO3 repre-
sents the first characterization for these states and provides
valuable experimental data to benchmark future theoretical
calculations.

C. Periodate anion and the corresponding neutral:
10,~ and 10,°*

Periodate is the conjugate base of periodic acid and pre-
dominate in neutral or weak acid conditions. Like its lighter
elements congeners,z"”'63 104~ has a tetrahedral T4 struc-
ture. The iodine element has a formal +7 oxidation state
with all p electrons being paired with the four oxygen atoms.
Thus, the extra electron is shared equally by the four oxy-
gen atoms, resulting in an extremely high binding energy.
It also is expected that the 104 radical neutral (open shell)
cannot maintain a Ty structure due to Jahn-Teller effect. Our
calculations indicate a Cy, structure for 104 with a Cy one

almost degenerate (Fig. 6), consistent with the results for
both ClO, and BrOy4 (C», symmetry).>47-83-80 Ag such, the
two spectral features observed at 157 nm are assigned due
to X(*B;) and A(*B,) states of 10, (Fig. 5). Their elec-
tron binding energies are provided in Table II. The EA of
104 is quite high, 6.05 £ 0.05 eV from the experimen-
tal measurement and 5.80 eV from the calculations, even
higher than the theoretically predicted EA of BrO4 (5.28 eV)
(Ref. 47) and the experimentally measured EA of ClO4
(5.25eV).?

D. Electron affinities of halogen oxides

The EAs of halogen dioxides are found to increase with
halogen size, from 2.140 eV (ClO,) (Ref. 5) to 2.515 eV
(BrO,) and to 2.575 eV (10;). Similar trends exist in the
halogen monoxides.” The observation of apparently increas-
ing electron stabilization in heavy halogen species probably
is related to the longer bond length for heavy elements, re-
sulting in a more delocalized charge density. The EAs of XO;
are found to follow the same trend: EA of ClO; (4.25 eV)?
< EA of BrO; (4.60 eV) < EA of 103 (4.70 eV). Although
the PES spectra of BrO4~ is not reported here, it is ex-
pected that EA (I04) > EA (BrO4) > EA (ClOy4). This
would bracket the electron affinity of BrO4 between 5.25 and
6.05 eV in accord with the recently predicted EA of 5.28 eV.’

V. CONCLUSIONS

We report herein a systematic PES study on bromine
and iodine oxide anions at several fixed photon energies up
to 7.867 eV. The high photon energy used is essential for
obtaining the EAs and electronic excited state information.
Except for 10,, the EAs of other neutral halogen oxides
are experimentally determined for the first time to be 2.515
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£ 0.010 (BrO), 2.575 £ 0.010 (10,), 4.60 &+ 0.05 (BrOs),
4.70 £ 0.05 (I03), and 6.05 £ 0.05 eV (I04).

Taking advantage of the ubiquity of those anions in so-
lutions, we have demonstrated that the ESI-PES approach is
an ideal experimental technique to directly measure EAs and
investigate electronic structures of the halogen oxides neutral
radicals in the gas phase, particularly considering some of the
radicals are not even thermodynamically stable. In addition,
PES can access optically “dark” states complementary to the
absorption spectroscopy. This is significant because the low-
lying “dark” states, such as A(’B,), and B(*A ) in the halogen
dioxides, are directly involved in the photochemistry and pho-
todissociation processes of these species in the stratosphere.
To date, our knowledge about these states is based largely
on theoretical predictions.®37-384:33 The current work rep-
resents the first experimental (spectroscopic) probe aimed at
providing direct energetic information to characterize these
excited states in comparison with available theoretical predic-
tions and to benchmark future theoretical studies.
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