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H(IO3)2
− and M(IO3)2

− (M = Li, Na, K) anions were successfully produced via electrospray ion-
ization of their corresponding bulk salt solutions, and were characterized by combining negative ion
photoelectron spectroscopy and quantum chemical calculations. The experimental vertical detach-
ment energies (VDEs) of M(IO3)2

− (M = H, Li, Na, K) are 6.25, 6.57, 6.60, and 6.51 eV, respec-
tively, and they are much higher than that of IO3

− (4.77 eV). The theoretical calculations show that
each of these anions has two energetically degenerate optical isomers. It is found that the structure
of H(IO3)2

− can be written as IO3
−(HIO3), in which the H atom is tightly bound to one of the IO3

−

groups and forms an iodic acid (HIO3) molecule; while the structures of M(IO3)2
− can be written as

(IO3
−)M+(IO3

−), in which the alkali metal atoms interact with the two IO3
− groups almost equally

and bridge the two IO3
− groups via two O atoms of each IO3

− with the two MOOI planes nearly
perpendicular to each other. In addition, the high VDEs of M(IO3)2

− (M = Li, Na, K) can be ex-
plained by the hyperhalogen behavior of their neutral counterparts. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4816525]

I. INTRODUCTION

Metal iodates, especially alkali metal iodates (MIO3, M
= Li, Na, K, Rb, Cs), have received extensive interest due
to their potential applications in electro-optic and electro-
mechanical materials.1–5 The crystal structures of the al-
kali metal iodates have been characterized several decades
ago,6–13 and it is established that the iodate anion forms a
pyramid with I as one apex and the I–O bond lengths be-
ing around 1.80 Å. Due to the different sizes of the alkali
metals, they have different number of coordinated O atoms
in the crystals (for example, Li+ and Na+ have six oxygen
neighbors, K+ has eight and Rb+ has twelve), and thus the
structures and properties of these crystals are different. Re-
cently, Yang et al.3 synthesized and characterized a series of
alkali metal indium iodates and found that the compounds
containing Li+ and Na+ prefer to form chain structures, while
those containing K+, Rb+ or Cs+ all favor spherical struc-
tures. They attributed the differences to the different coordi-
nation environments of the alkali metal cations resulted from
their different sizes and interactions with the iodates. There-
fore, a molecular level study of the interactions between the
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alkali metals and iodates is desirable to understand the related
crystal structures and properties.

On the other hand, Jena and co-workers recently pro-
posed the concept of hyperhalogen to name a new class
of highly electronegative species based on anion photoelec-
tron spectroscopy and theoretical study of Au(BO2)2

−14 and
Cu(BO2)2

−.15 These hyperhalogen species are derived from
the typical superhalogens in the formula of MXk+1 proposed
by Gutsev and Boldyrev16, 17 by replacing X with superhalo-
gens such as BO2.18 Therefore, the electron affinities (EAs)
of hyperhalogens are much higher than those of their su-
perhalogen building blocks. Further theoretical calculations
on high EA species suggested that Na(BO2)2,19 Al(BO2)4,20

M(BO2)3,4 (M = Fe, Mn),21 Na(BF4)2,22 Mg[Mg(BH4)3]3
23

and Mn4Cl924 can also be considered as hyperhalogens.25 In
a recent theoretical study, Anusiewicz26 predicted that vari-
ous acidic functional groups (ClO4, ClO3, NO3, HSO4, etc.)
are capable of forming superhalogen anions, for example,
Na(ClO3)2

− is such an anion with a theoretical vertical de-
tachment energy (VDE) of 6.65 eV. Since IO3 is a superhalo-
gen with an EA of 4.70 eV,27 which is higher than that of ClO3

(4.25 eV),28 it would be interesting to investigate that whether
the series of M(IO3)2

− (M = Li, Na, K) using IO3
− as lig-

ands can be regarded as superhalogen or even hyperhalogen
anions?

Motivated by the importance of alkali iodates in material
sciences and the search of novel high EA species, we present
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here a joint negative ion photoelectron spectroscopy (PES)
and theoretical study on the geometric and electronic struc-
tures of M(IO3)2

− (M = H, Li, Na, K).

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental details

The experiments were carried out using a low-
temperature electrospray ionization (ESI)-PES apparatus de-
scribed in a previous publication.29 A key feature of this appa-
ratus is a 3D cryogenically controlled ion trap that is used for
ion accumulation and cooling. Briefly, the desired M(IO3)2

−

(M = Li, Na, K) anions were produced via electrospraying
∼10−4 M solution of the corresponding MIO3 salt dissolved
in a mixture of acetonitrile/water solvent (3/1 volume ratio),
and H(IO3)2

− was generated by using KH(IO3)2 salt. The pro-
duced anions from ESI source were guided by two RF-only
quadrupole ion guides, and directed by a 90◦ bender into the
temperature controlled Paul trap, where they were accumu-
lated and underwent thermalizing collisions with 0.1 mTorr
buffer gas (20% H2 seeded in He). It has been demonstrated
that very cold ions can be created in this manner. After being
trapped and cooled at 20 K for 20–100 ms period, the ions
were pulsed into the extraction zone of a time-of-flight (TOF)
mass spectrometer at a 10 Hz repetition rate.

For each PES experiment, M(IO3)2
− anions were mass-

selected and decelerated before being interacted with 157 nm
photons (7.867 eV) from an F2 laser in the photodetachment
zone of a magnetic bottle photoelectron analyzer. The laser
was operated at a 20 Hz repetition rate with the ion beam off
at alternating laser shots affording shot-to-shot background
subtraction. Photoelectrons were collected at nearly 100% ef-
ficiency by the magnetic bottle and analyzed in a 5.2 m long
electron flight tube. TOF photoelectron spectra were recorded
and converted to kinetic energy spectra calibrated by the
known spectra of I− and Cu(CN)2

−. The electron binding en-
ergy spectra were obtained by subtracting the kinetic energy
spectra from the detachment photon energy. The electron en-
ergy resolution was about 2% (i.e., 20 meV for electrons with
1 eV kinetic energy).

B. Theoretical methods

The calculations were performed using GAUSSIAN 09
program package.30 The geometric structures were optimized
with density functional theory (DFT) using B3LYP exchange-
correlation hybrid functional.31 The Pople’s all electron basis
set 6-311++G(3df, 3pd)32 was used for H, Li, Na, K, Cl, and
O, and the Stuttgart–Köln MCDHF RSC effective core po-
tential (ECP, 28 core electrons) basis set aug-cc-pVTZ-PP33

obtained from the EMSL basis set exchange34 was used for
I. The optimizations were performed without any symme-
try constraint. To make sure the optimized structures corre-
spond to the real minima on the potential energy surfaces,
harmonic vibrational frequencies have been calculated and no
imaginary frequencies were found. We tested our theoretical
method by comparing our results on Na(ClO3)2

− with that re-
ported by Anusiewicz26 at MP2 level of theory, as well as the

optimized MIO3 geometries with the corresponding crystal
structures (Figure S1 in the supplementary material).35 The
natural bond orbital (NBO) analysis was conducted to inves-
tigate the nature of bonding in the studied species. The the-
oretical VDEs were calculated as the energy differences be-
tween the neutrals and anions both at the geometries of the
anionic species. The theoretical adiabatic detachment ener-
gies (ADEs) were calculated as the energy differences be-
tween the neutrals and the anions with the neutral structures
relaxed to the nearest local minima using the geometries of
the corresponding anions as initial structures. All ADEs have
been corrected by zero-point vibrational energies.

To provide more reliable VDEs of these species and to
justify the reliability of the B3LYP hybrid functional used
in this work, more accurate treatment and direct calcula-
tions of the electron binding energies (EBEs) based on the
outer valence Green function (OVGF) method were also
performed.36–40 This method has been previously shown to
provide an excellent agreement between the theoretical and
experimental VDEs on a variety of superhalogen anions.41–44

Since the OVGF approximation is valid only for the outer va-
lence ionizations for which the pole strengths (PSs) are larger
than 0.80–0.85,45 this method is verified to be useful by con-
firming that all the PSs studied in this work are sufficiently
large (vide infra). The OVGF calculations were performed on
the optimized structures obtained by B3LYP functional and
the basis sets used for OVGF are the same as those used for
B3LYP.

III. EXPERIMENTAL RESULTS

Figure 1 presents the low temperature (20 K) photoelec-
tron spectra of M(IO3)2

− (M = H, Li, Na, K) at 157 nm. Gen-
erally, all spectra show significantly higher EBEs than that of
IO3

− by ∼1.3 eV for H(IO3)2
− and ∼1.6 eV for M(IO3)2

−

(M = Li, Na, K), respectively. Since no vibrational struc-
tures are resolved in the threshold region, the ADE is esti-
mated for each species by drawing a straight line along the
fast rising edge of the ground state transition, and adding
the instrumental resolution to the crossing point with the
binding energy axis. The relatively sharp rising onsets in all
spectra suggest minor anion-neutral geometric changes after
electron photodetachment, which will be confirmed by the
theoretical calculations in the following parts. The VDEs of
the M(IO3)2

− anions are estimated from each respective spec-
tral feature maximum and are summarized in Table I.

The 157 nm spectra of H(IO3)2
− and Li(IO3)2

− both ex-
hibit two discernible and quite similar spectral features (X &
A). However, the features of Li(IO3)2

− are relatively narrower
and the ADE is surprisingly higher by ∼0.37 eV than that of
H(IO3)2

−. Likewise, the spectra of Na(IO3)2
− and K(IO3)2

−

are also very similar with much better resolved spectral fea-
tures. One more feature (B) is observed near the 157 nm pho-
ton energy limit for K(IO3)2

−.
It is interesting to note that there is a notable EBE in-

crease from H(IO3)2
− to Li(IO3)2

−, and Na(IO3)2
− has the

largest EBE among these species despite that the differences
among M(IO3)2

− (M = Li, Na, K) are quite small. In pre-
vious studies, it was usually found that the EBE decreases
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FIG. 1. Low temperature (20 K) photoelectron spectra of M(IO3)2
−

(M = H, Li, Na, K) at 157 nm. The simulated stick DOS spectra and the
OVGF calculated VDEs of the most stable structures of M(IO3)2

− (M = H,
Li, Na, K) are indicated in green and black vertical lines, respectively.

from Li to Na to K with the increased size of the alkali metal
in MX2

− (M = Li, Na, K; X = F, Cl, Br, I).35, 41, 46–48 The
finding that Na(IO3)2

− has the largest EBE among M(IO3)2
−

probably can be traced back to the size matching effect of
the alkali metals on the cation-anion interactions as observed
by Yang et al.3 in alkali metal indium iodates and by Mur-
dachaew et al.49 in the study of M+ (M = Li, Na, K) ion spe-
cific interactions with dicarboxylate dianions. Based on the
spectral similarities and differences of these species, signif-
icant changes of the interactions between the cation and the

two IO3
− groups are expected when the cation changes from

H to different alkali metals.

IV. THEORETICAL RESULTS AND DISCUSSIONS

A. Theoretical results

Electronic structure calculations were performed to ob-
tain the geometric structures of these anions and their corre-
sponding neutrals, the theoretical VDEs and ADEs, and the
chemical bonding properties. The most stable geometries of
the M(IO3)2

− (M = H, Li, Na, K) anions and their corre-
sponding neutrals are presented in Figure 2. It is found that
the IO3

− moiety retains its pyramid configuration in all the
anions and neutrals, except that the bonded I–O(–M) bond is
slightly longer and the unbonded I–O bond is slightly shorter
in the anions compared to the I–O bonds in the isolated IO3

−

(1.829 Å). However, all these bond lengths are in line with the
crystal structure measurements.

We also calculated the density of states (DOS) spec-
tra of the most stable structures to compare with the ex-
perimental spectra based on theoretically generalized Koop-
mans’ theorem,50 in which the observed spectral features can
be viewed as originating from an electron removal from a
specific occupied orbital of the anion. The simulated spec-
tra are obtained by setting the highest occupied molecular
orbital (HOMO) transition of the anions as the first experi-
mental VDE, and shifting the deeper orbitals’ transitions by
the orbital energy differences relative to the HOMO.51 Here
it should be pointed out that in comparison of the simulated
DOS spectra with the experimental spectra, the important part
is how well the electron binding energies correspond to spec-
tral features and not the relative intensities, so we only plotted
out the stick DOS spectra, which are shown in green verti-
cal lines in Figure 1, instead of the fitted DOS spectra.51 The
qualitative DOS spectra based on Koopmans’ approximation
are compared with the direct OVGF calculations (black verti-
cal lines in Figure 1). Consistent spectral pattern is generally
found for each species using both methods, despite the fact
that some final excited states at higher energies derived from
removal of electrons from close-lying MOs in the anions have
different ordering (Table S2 in the supplementary material).35

1. H(IO3)2
− and H(IO3)2

As shown in Figure 2, two energetically degenerate opti-
cal isomers were found for H(IO3)2

−, as denoted by H-a and
H-b. From the bond lengths, it can be seen that in this ion one
IO3

− connects the HIO3 part via a strong O–H · · · O hydro-
gen bond, and the IO3

− and the HIO3 parts are only slightly
affected by each other compared to the optimized IO3

− and
HIO3 at the same level of theory (Figure S1 in the supple-
mentary material).35 Therefore, the H(IO3)2

− anion actually
should be written as IO3

−(HIO3). The NBO charge analy-
sis (Figure S3 in the supplementary material)35 shows that
the charge on IO3

− is about −0.91 e and that on HIO3 part
is only about −0.09 e, in agreement with the structure of
IO3

−(HIO3). Further analysis of the NBO charge indicates
that from the neutral H(IO3)2 to the anion, the H atom only
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TABLE I. Experimental and theoretical adiabatic (ADE) and vertical (VDE) detachment energies of M(IO3)2
− (M = H, Li, Na, K). The binding energies for

M(IO3)2
− with respect to dissociation into MIO3 and IO3

− are also given. All energies are in eV.

VDE

ADE Theo.

M(IO3)2
– Expt.a Theo. Expt.a B3LYP OVGFb Binding energyc

H X 5.95(8) (a) 5.39 6.25(10) 5.77 6.53 (0.917) 1.37
(b) 5.39 5.77 6.53 (0.917)

A 6.68(10)
Li X 6.32(8) (a) 5.76 (5.31) 6.57(10) 5.94 6.88 (0.921) 1.82

(b) 5.34 5.83 6.88 (0.921)
A 7.13(8)

Na X 6.35(8) (a) 5.71 6.60(8) 5.77 6.86 (0.923) 1.84
(b) 5.72 5.77 6.86 (0.923)

A 7.14(8)
K X 6.30(8) (a) 5.59 6.51(8) 5.76 6.77 (0.924) 1.62

(b) 5.59 5.76 6.77 (0.924)
A 7.04(8)
B 7.65(8)

aThe numbers in the parentheses represent the experimental uncertainty in the last digits.
bThe numbers in the parentheses indicate the calculated pole strengths (PSs) for the corresponding states. All the PSs are larger than 0.80–0.85.
cThe binding energies are calculated using the equation BE = E(MIO3) + E[(IO3)−] − E[M(IO3)2

−], all energies have been corrected by zero-point energy.

FIG. 2. The most stable structures of M(IO3)2
− (M = H, Li, Na, K) anions and their corresponding neutrals. Two energetically degenerate optical isomers for

each anion are given. Selected bond lengths (in Å), the NBO charge on M atom and IO3
− moieties (in italic), and relative energies (in eV) are indicated.
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obtained about −0.006 e, while the IO3
− group in the

HIO3 part obtained about −0.70 e and the other IO3
− about

−0.29 e. The molecular orbital (MO) analysis (Figure S4
in the supplementary material)35 reveals that the HOMO of
H(IO3)2

− consists almost purely of the combination of O(p)
and I(s) of the IO3

− groups, and the HOMO displays a non-
bonding character between the central H atom and the ligands.
Comparing the neutral H(IO3)2 to the anion, there is only mi-
nor geometric change with O–H being longer by ∼0.007 Å
and O · · · H being ∼0.064 Å shorter in the neutral, consistent
with the fast rising onset of the spectrum. The change can be
attributed to the removal of the extra electron which has de-
creased the electrostatic interaction between the H atom and
the IO3

− group in the HIO3 part. The calculated ADE and
VDE using B3LYP functional are 5.39 and 5.77 eV, respec-
tively, both lower than the corresponding experimental values
by about 0.6 eV. It has been shown previously that B3LYP
usually underestimated the ADE and VDE of other super-
halogen anions.43 The simulated stick DOS spectra agree well
with the experimental spectrum, providing considerable cre-
dence for the obtained geometric structures of H(IO3)2

−. The
VDE of H(IO3)2

− (both a and b) predicted by the OVGF
method is 6.53 eV, in a much better agreement with the
experimental value of 6.25 eV.

2. Li(IO3)2
− and Li(IO3)2

Similar to H(IO3)2
−, two energetically degenerate optical

isomers were also found for Li(IO3)2
− anions and are shown

in Figure 2. For the neutrals, apart from two optical isomers
whose structures are different from their corresponding an-
ions, we also found a local minimum Li-a2

′, which is similar
to its anionic counterpart but about 0.42–0.45 eV higher in
energy than the other two isomers Li-a1

′ and Li-b′. In both
isomers Li-a1

′ and Li-b′, the two IO3
− groups stay on one

side of O–Li–O bond and surprisingly have much shorter Li–
O bond lengths (∼1.805–1.819 Å in the neutral vs ∼2.046–
2.133 Å in the anion). The NBO charge analysis shows that
the charges on the Li atom in the neutral and the anion are
about +0.86 e and +0.69 e, respectively, while those on the
nearest O atoms in the neutral and the anion are ∼−1.15 e and
∼−1.09 e, respectively. Thus, the electrostatic interaction be-
tween the Li atom and the nearest O atoms is larger and conse-
quently the Li–O bond length is shorter in the neutral. From
the NBO charge analysis, it can also be seen that the extra
electron has been almost delocalized on the two IO3

− groups
with each one obtaining about −0.41 e from neutral to anion.
The HOMO of Li(IO3)2

− clearly shows a non-bonding char-
acter between the central Li atom and the two IO3

− groups,
and thus the extra electron can be highly stabilized. The the-
oretical ADEs and VDEs at B3LYP level are 5.31 (a1

′)/5.76
(a2

′) and 5.94 eV for Li-a, and 5.34 and 5.83 eV for Li-b, re-
spectively. Regarding the fast rising onset of the experimental
spectrum of Li(IO3)2

−, the final state of the electron photode-
tachment probably will be Li-a2

′. The calculated ADE and
VDE are again lower than the corresponding experimental
values by about 0.6 eV as found in the case of H(IO3)2

−. The
simulated stick DOS spectra are in agreement with the ex-
periments, confirming the validity of the optimized geometric

structures for Li(IO3)2
−. In addition, the VDE of Li(IO3)2

− (a
and b) at the OVGF level is 6.88 eV, in good agreement with
the experimental value of 6.57 eV and excellently reproducing
the experimental EBE increase from H(IO3)2

− to Li(IO3)2
−.

3. Na(IO3)2
− and Na(IO3)2

Figure 2 shows two energetically degenerate optical iso-
mers for Na(IO3)2

− and its corresponding neutrals, where
the central Na atom bridges equally the two identical IO3

−

groups. The anionic structures and the corresponding neu-
trals are very similar except that the Na–O bonds are slightly
longer and the I–O(–Na) bonds are slightly shorter in the
neutrals. The NBO charge analysis indicates that the extra
electron has been delocalized over the two IO3

− groups with
about −0.48 e on each from neutral to anion. The HOMO
of Na(IO3)2

− shows the same non-bonding character as in
Li(IO3)2

−. The calculated ADE and VDE using B3LYP func-
tional are 5.71 and 5.77 eV, respectively, lower than the corre-
sponding experimental values by about 0.6–0.8 eV. The sim-
ulated spectra based on the geometries of Na(IO3)2

− anion
are in good agreement with the experimental spectrum. The
OVGF calculated VDE is 6.86 eV and agrees well with the
experimental value of 6.60 eV.

4. K(IO3)2
− and K(IO3)2

Not surprisingly, two energetically degenerate optical
isomers were also found for K(IO3)2

− anions and their neu-
trals. Generally, they show the similar anion-neutral geomet-
ric changes as Na(IO3)2

−/0. The NBO charge analysis indi-
cates that the extra electron has been delocalized over the
two IO3

− groups and each one obtains about −0.48 e. The
HOMO of K(IO3)2

− is also similar to those of Li(IO3)2
− and

Na(IO3)2
−. The calculated ADE and VDE using B3LYP func-

tional are 5.59 and 5.76 eV, respectively, lower than the corre-
sponding experimental values by about 0.7 eV. The simulated
stick DOS spectra based on the geometries of K(IO3)2

− anion
agree well with the experimental spectrum, and the VDE of
6.77 eV obtained by the OVGF calculations is in good agree-
ment with the experimental value of 6.51 eV.

B. Discussion

1. Structural evolution and optical isomers of M(IO3)2
−

From the above analysis on the structures of M(IO3)2
−

(M = H, Li, Na, K), it is suggested that H(IO3)2
− should be

considered as a IO3
− ion solvated by an iodic acid (HIO3)

molecule, IO3
−(HIO3). In this structure, HIO3 behaves like

a solvent, similar to our previously reported mono-water sol-
vated IO3

− complex of IO3
−(H2O).52 However, the hydro-

gen bond in IO3
−(HIO3) is much stronger than those in

IO3
−(H2O), which may explain why the VDE of IO3

−(HIO3)
(6.25 eV) is much higher than that of IO3

−(H2O) (5.32 eV).
In contrast to IO3

−(HIO3), the other three anions M(IO3)2
−

(M = Li, Na, K) should be considered as (IO3
−)M+(IO3

−),
where the central metal atom bridges two IO3

− groups via
two M–O bonds for each IO3

−, and the two MOOI planes
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of each structure are nearly perpendicular to each other. In
these complexes, the average M–O bond lengths are differ-
ent and they are about 2.13, 2.39, 2.75 Å for M = Li, Na, K,
respectively. This is most likely due to the size effect of the
alkali metal atoms (for example, the ionic radii53 of Li, Na, K
atom are 0.68, 0.97, and 1.33 Å, respectively). The bonding
difference between the structures of H(IO3)2

− and M(IO3)2
−

(M = Li, Na, K) is due to the fact that H atom is too small
to accommodate the four-coordinate bonding as observed in
the latter cases, resulting in covalently bound to one of the
two IO3

− ions to form an iodic acid molecule in the former
instance.

All these anions have two energetically degenerate op-
tical isomers and both isomers are observed by the exper-
iments. Thus, we postulate that optical isomerism may be
common in this M(XO3)2

− (M = alkali metal; X = halide)
type of ions. To test this idea, we conducted structures
search on Na(ClO3)2

−, which has been reported previously
by Anusiewicz26 and indeed found two optical isomers de-
generate in energy for Na(ClO3)2

−. In the two isomers, one is
similar to the structure reported by Anusiewicz and one is its
optical isomer (Figure S2 in the supplementary material).35

Both of them have VDEs of 5.74 eV at B3LYP level, and
their VDEs obtained by OVGF calculations are both 6.63 eV,
close to the value of 6.65 eV reported by Anusiewicz using
OVGF//MP2 method. In addition, as these anions were pro-
duced via electrospray ionization of the corresponding salt
solutions, the optical isomers may exist in the solutions be-
fore their transfer into the gas phase, and their existence in
the solid phase may also be possible, which may relate to the
unique optical properties of the corresponding MIO3 crystals.

2. Hyperhalogen behavior of M(IO3)2

Considering the typical superhalogen formula
MXk+1,16, 17 and the fact that IO3 is a superhalogen, M(IO3)2

(M = Li, Na, K) probably can be regarded as MX2 (X = IO3)
type superhalogens or hyperhalogens, similar to the case
of M(BO2)2 (M = Au, Cu). From the NBO charge and
MO analysis, it can be seen that the extra electron has been
almost delocalized on the two IO3

− ligands, ranging from
about −0.41 e to about −0.48 e on each, and the HOMOs
of these anions all have a significant non-bonding character.
The highly delocalized extra electrons and the non-bonding
HOMOs lead to very high VDEs for the anions and very high
EAs for the corresponding neutrals. Interestingly, the VDEs
of these species are higher than that of IO3

− by about 1.6 eV
and even higher than those of MX2

− (M = Li, Na, K; X
= F, Cl, Br, I) (Table S1 in the supplementary material).35

Further calculations on the binding energies of IO3
− to MIO3

(Table I) for these anionic species provide values of 1.82,
1.84, and 1.62 eV for Li(IO3)2

−, Na(IO3)2
− and K(IO3)2

−,
respectively, indicating that these anions have high stability
toward dissociation, in agreement with the abundant intensity
of M(IO3)2

− observed in the mass spectra. Therefore, these
species can be considered as hyperhalogen anions and their
neutrals are hyperhalogens. In contrast, the high VDE of
H(IO3)2

− can be attributed to the solvation effect induced by
the formation of the strong O–H · · · O hydrogen bond, and

its calculated binding energy is 1.37 eV, about 0.3–0.5 eV
lower than those for its alkali metal congeners.

V. CONCLUSION

We investigated H(IO3)2
− and M(IO3)2

− (M = Li, Na,
K) anions using negative ion photoelectron spectroscopy, den-
sity functional calculations and ab initio outer valence Green
function calculations. It is found that all these anions have two
energetically degenerate optical isomers, suggesting that the
optical isomerism may be common in M(XO3)2

− (M = alkali
metal; X = halide) type of anions. The structure of H(IO3)2

−

can be recognized as a IO3
− ion solvated by a HIO3 molecule

and there is a strong O–H · · · O hydrogen bond between IO3
−

and HIO3. This structure configuration is in contrast to its
alkali metal congeners, whose structures can be written as
(IO3

−)M+(IO3
−) with M+ bridging two IO3

− groups. The
subtle difference among the structures of M(IO3)2

− (M = Li,
Na, K) is due to the size effect of the alkali metal atoms. In
addition, the high VDEs of M(IO3)2

− (M = Li, Na, K) anions
(higher than that of IO3

−) measured from photoelectron spec-
troscopy experiments can be explained by the hyperhalogen
behavior of their corresponding neutrals, while the high VDE
of H(IO3)2

− can be attributed to the solvation effect induced
by forming a strong hydrogen bond.
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