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Identification of an iridium-containing compound
with a formal oxidation state of IX
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One of the most important classifications in chemistry and within the
periodic table is the concept of formal oxidation states' . The prepa-
ration and characterization of compounds containing elements with
unusual oxidation states is of great interest to chemists®. The highest
experimentally known formal oxidation state of any chemical ele-
mentis at present VIII*, although higher oxidation states have been
postulated®’. Compounds with oxidation state VIII include several
xenon compounds® (for example XeO, and XeO;F,) and the well-
characterized species RuO4 and OsO, (refs 2-4). Iridium, which has
nine valence electrons, is predicted to have the greatest chance of being
oxidized beyond the VIII oxidation state’. In recent matrix-isolation
experiments, the IrO, molecule was characterized as an isolated mole-
cule in rare-gas matrices’. The valence electron configuration of iridium
in IrO, is 5d", with a formal oxidation state of VIIL. Removal of the
remaining delectron from IrO, would lead to the iridium tetroxide
cation ([IrO4]*), which was recently predicted to be stable’ and in
which iridium is in a formal oxidation state of IX. There has been some
speculation about the formation of [IrO,] * species''?, but these expe-
rimental observations have not been structurally confirmed. Here
we report the formation of [IrO,] * and its identification by infrared
photodissociation spectroscopy. Quantum-chemical calculations were
carried out at the highest level of theory that is available today, and
predict that the iridium tetroxide cation, with a Ty-symmetrical struc-
tureand a & electron configuration, is the most stable of all possible
[IrO,]™" isomers.

Iridium oxide cations were generated in the gas phase using a pulsed-
laser vaporization/supersonic-expansion source and were studied by
infrared photodissociation spectroscopy in the 850-1,600 cm™" region
as described previously™. A typical mass spectrum of the iridium oxide
cations produced with O,-seeded helium is shown in Fig. 1a. The spec-
trum consists of a progression of peaks having different masses that
correspond to different [IrO,] " species with up to six oxygen atoms.
Enhanced abundance in the mass spectrum was found for [IrO,] * and
the preferential formation of this cation indicates increased stability. Be-
cause the dissociation energies of the [IrO,] " cations are significantly
greater than the infrared photon energies in the Ir=0 and O-O stretch-
ing frequency region (the infrared photons in the 900-1,200 cm ™' region
have energies in the range of 10.8-14.4 k] mol '; Supplementary Infor-
mation), the method of rare-gas atom predissociation is employed to
obtain the infrared spectra for these molecules*"”. When argon was
used instead of helium, [IrO,] "+ Ar,, ions (n = 1, 2 and larger; the dot
denotes a weak bond) were produced (Fig. 1b) and the mass peaks corre-
sponding to the ['*’IrO,] - Ar,, isotopomers were selected for photo-
dissociation. When the infrared laser is on resonance with one of the
vibrational fundamentals of an [IrO,] * - Ar, complex, the latter photo-
dissociates by eliminating an argon atom. The resulting predissociation
infrared spectra of [IrO,] * are shown in Fig. 2.

The experimental spectrum of [IrO4] * - Ar (Fig. 2a) consists of five ab-
sorptions at 936, 944, 966, 1,047 and 1,054 cm v respectively, (Table 1),

indicating that more than one isomer is experimentally observed, be-
cause any [IrO,] " structure should at most have four vibrational fun-
damentals in the Ir=0 and O-O stretching regions. Experiments with
different time delays between expansion from the pulsed valve and vapor-
ization (Methods), and with different stagnation pressures, suggest that
the bands at 936 and 944 cm™! are due to the same species, whereas the
other three absorptions are caused by other isomers. All bands were shifted
to lower wavenumbers in the experiments using 'O, (Supglementary
Information), and the observed frequency shifts with'®0/'*0 isotopic
ratios in the range of 1.050-1.056 suggest that these bands originate from
Ir=0 or O—O stretching vibrations.

Recent quantum-chemical calculations show that three low-energy
isomers are possible for a cation of [IrO,] stoichiometry™. These cations
have been reinvestigated by more accurate ab initio coupled-cluster cal-
culations with single and double excitations and perturbative-triples
corrections (CCSD(T)), as well as by ab initio multi-reference-based com-
plete active space perturbation theory (CASPT2) calculations (Methods).
On the basis of these calculations, the wavenumber of the O— O stretch-
ing mode of the superoxide complex is predicted to be 1,486.3 cm™" at
density functional level with inclusion of dispersion corrections (B3LYP-
D3) or 1,458.7cm ™' (CCSD(T)) with appreciable infrared intensity.
Hence, this superoxide complex [(M'-0)Ir"'0,] " (C, symmetry, 34"
ground state) can be ruled out because of the absence of any observed
band in the experimental spectra above 1,100 cm ™. The observed absorp-
tions probably come from the side-on O, complex (-0 )Ir"0,] *
(Cyy 'A;) and the tetroxide complex [Ir*O,4] * (Ty 'Ay), where the
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Figure 1 | Mass spectra of the iridium oxide cations. The cations are
produced by pulsed-laser vaporization of an iridium metal target in an
expansion of helium (a) or argon (b) seeded by dioxygen. The isotopic splitting
of iridium can clearly be resolved with the relative peak areas matching the
natural abundance isotopic distribution (**'Ir, 37.3%; '*°Ir, 62.7%). m/z, mass/
charge ratio; intensity is shown in arbitrary units.
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Figure 2 | Infrared photodissociation spectra of the [**1r0,]* - Ar,
(n = 1-4) cations. The spectra are measured by monitoring the Ar
photodissociation channel: a, [*°*1:0,] " Ar; b, [*°1rO,] "+ Ary;

¢, ["°1rO,]) "+ Ary; d, [°IrO,] "+ Ary. Intensity is shown as the yield of
fragmentation ions normalized to the parent ion signal in percentage.

latter is by far the most stable isomer according to high-level (coupled-
cluster) calculations (Fig. 3).

Following the general rules for the determination of formal oxidation
states, the experimentally identified cation [IrO4]* can be viewed as an
Ir(1x) species. This assignment is in line with the well-known isoelec-
tronic OsO, molecule, in which osmium undoubtedly exists in its oxida-
tion state VIII. A more detailed discussion of the assignment of oxidation
states based on natural population analysis and molecular orbitals is
provided in Methods.

Table 1 | Observed and calculated vibrational frequencies of the
[Ir0,]* and the face-coordinated Cs, [IrO4]" -Ar isomers

Isomer [Ir04]" (cm™1) [Ir04]*-Ar(cm™1) Mode*
CCSD(T)t B3LYPf CCSD(T)f B3LYPt Exptl
[IrO4]* 9164 11,0098 916.7 1,0089 936 Sym. str. (A1)
© ©) © ©)
963.0 1,0085 963.3 1,007.5 Antisym. str. (T,)
(35) 39) (13) (40)
963.0 1,0085 963.5 1,009.0 944  Antisym.str.(T»)
(35) 39) (11) 39)
963.0 1,0085 963.5 1,009.0 Antisym. str. (T2)
(35) 39) (11) 39
[(M?-0x)Ir0,]" 9549 1,026.8 — 1,025.0 966 OlrOantisym.str.(B)
(55) (70) (72)
1,000.6 1,062.7 — 1,061.9 1,047 OIrO sym.str. (A;)
11) 12) (19)
996.5 1,032.8 — 1,0279 1,054 0-0 str. (A7)
(56) (60) (59)

Infrared intensities are listed in parentheses in km mol™.

*Mode descriptions and symmetry labels for the free cations.

+ Calculated at CCSD(T)/aug-cc-pVTZ-PP and B3LYP-D3/aug-cc-pVTZ-PP levels. The frequencies of
the edge-coordinated (n?) C,, structure are predicted at 916.8cm™ (Okmmol™}, A;), 963.0cm™!
(12kmmol™, A), 963.4cm™ (10km mol™, By), 963.6 cm™(12 km mol ™}, B;) at the CCSD(T) level.
All experiments have been replicated more than ten times.
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Figure 3 | Optimized structures and energetic ordering of the different
[IrO,4]* isomers. The structures are optimized at the CCSD(T) level. The
barriers of the interconversion reactions are also shown. The relative energies
are calculated at the SO-DFT/B3LYP and CCSD(T) (in parentheses) levels,
with the energy of the most stable isomer ([IrO,] *) set to zero. The symmetries
and ground states are as follows: [IrO,] ™" (T, 'A)), [(M*-0)Ir05] " (Co, A1),
[(M'-0x)Ir0,]* (C,, *A"). Bond lengths are in pm; energies are in kJ mol ™.
Red, oxygen atoms; grey, iridium atoms.

The second most stable isomer of [IrO,]* stoichiometry is the C,,-
symmetrical side-on complex [(M*-0,)Ir""0,] ", which was also calcu-
lated to have a closed-shell electron configuration. All three isomers were
calculated to be true minima on the potential energy surface and are en-
ergetically separated by 89 and 40 kJ mol ™, respectively, at the CCSD(T)
level (Fig. 3). Our calculations show that their energetic ordering is not
affected by weak argon coordination (Supplementary Information).
The barrier for the [(n'-0,)IrO,] " — [(?-0,)IrO,]* conversion was
calculated to be only about 30 k] mol " using density functional theory
with relativistic spin—orbit coupling effects (SO-DFT/B3LYP; Fig. 3and
Supplementary Information). The barrier for the [(M*-0)Ir0,] " —
[1rO4] ™ reaction lies at 150 k] mol™" at the SO-DFT/B3LYP level (Fig. 3
and Supplementary Information). This barrier is remarkably high, but
nevertheless is plausible because the isomerization reaction involves the
electron transfer and cleavage of the relatively strong peroxide O—O
bond*®. The [Ir(n?-0,)]" — [IrO,] " isomerization reaction was com-
puted to have a comparable barrier".

From comprehensive anal?rsis and quantum-chemical calculations,
we assign the 936 and 944 cm™ bands to the antisymmetric iridium oxide
stretching modes of the argon-tagged iridium tetroxide cation (Table 1
and Fig. 2a). Only the triply degenerate antisymmetric stretching mode
(T, mode) is infrared-active in the tetrahedral [IrO,] " cation. In the ex-
perimental spectrum of [IrO,] * - Ar, we identified two bands separated
by 8 cm™ using argon-atom tagging. Our theoretical calculations on all
three possible argon coordination modes to [IrO,] +, namely face coor-
dination (>, Csy), edge coordination (% C,y) and vertex coordination
(Mm%, Csy), show that only the face- and edge-coordinated isomers are
stable, with the face-coordinated isomer being slightly more stable than
the edge-coordinated isomer (2.0 k] mol™* at CCSD(T) and 3.5 kJ mol ™
at CASPT?2). Therefore, both isomers may coexist under the experimental
conditions. As a result of symmetry reduction by argon coordination,
the triple degeneracy of the antisymmetric iridium oxide stretching modes
is lifted, and the T, mode splits into distinct modes. Calculations at the
B3LYP and CCSD(T) levels show very small mode splitting (0.2 cm™
at CCSD(T), 1.5cm™ at B3LYP-D3 and 2.0 cm™ at SO-DFT/B3LYP
for the face-coordinated isomer) because the predicted O- - - Ar distances
are quite large and the [IrO,] + moiety in [IrOy] *.Arhas essentially the
same structure as the free cation. Additional ab initio multi-reference-
based CASPT2 calculations found that there are multi-reference features
in [IrO,]" and [IrO,4] * - Ar. The optimized structures (Supplementary
Information) show that the O-- - Ar distances are reduced by comparison
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with single-reference methods and that the IrO, fragment exhibits some
structural distortion from tetrahedral symmetry, which will surely cause
a larger mode splitting than is calculated at the B3LYP and CCSD(T)
levels of theory.

Further evidence for the above assignment is gained from additional
argon atom coordination. The infrared spectra of the [IrO,] *.Ar,, cations
with n = 2-4 are shown in Fig. 2b-d. Owing to symmetry reduction,
further mode splitting is observed in the case of [IrO,] *.Ar,, where the
lower-wavenumber band is broad, suggesting the presence of unre-
solved bands. The spectrum of [IrO] *.Ar; shown in Fig. 2¢ is about
the same as that of the single-argon-coordinated complex because the
[IrO,] " cation of the [IrO,] - Ar; complex can retain the same symme-
try as the [IrO,4] * cationin [IrO,] "+ Ar. If the experimental conditions
are varied, a spectrum involving three distinct bands at 928, 938 and
944 cm™" can clearly be resolved for the [IrO,] " - Ar; cation, suggesting
that additional isomers with mixed coordination modes can be formed
(Supplementary Information). When four argon atoms were tagged, only
one band at 939 cm™" was observed in the spectrum of the [IrO4]*-Ar,
cation (Fig. 2d). In this complex, the tetrahedral symmetry of [IrO4] *is
retained, and so no splitting due to symmetry reduction is expected.

Apart from the bands assigned to the iridium tetroxide cation, three
additional absorptions in the experimental spectrum of [IrO,]"-Ar
were attributed to different vibrational modes of the [(1*-0,)IrO,]*
complex (Table 1 and Fig. 3). The assignment of the 1,054 cm™" band
to the O—O stretching vibration is consistent with the identification
of [(nz—Oz)Iroz] * asa cationic peroxide complex®. The unprecedented
Ir(v) oxidation state of [(1*-O,)IrO,]* now closes the gap between
the well-known VIand the recently discovered VIII® oxidation states of
this metal. Further evidence for the assignment of the vibrational bands
is provided by comparison with the isoelectronic compounds OsO, and
[(nZ—OZ)OSOZ] previously investigated by matrix-isolation spectroscopy”*
(Supplementary Information). Although this [(N*-0)Ir0,] " complex
was predicted at CCSD(T) level to be 89 kJ mol™ higher in energy than
the tetroxide cation isomer, both structures were experimentally observed,
most probably due to the relatively high barrier for the interconversion
between the two isomers (see above). With both the [(12-0,)Ir""0,]
peroxo complex and the [['*0,] " tetroxide complex experimentally char-
acterized here, all possible positive oxidation states of iridium ranging
from I to IX are now known.

As well as this gas-phase spectroscopic characterization, experimental
attempts have been undertaken to isolate iridium compounds in the IX
oxidation state. Proposed syntheses of stable [IrO,] " salts by the reac-
tion of [O,] [SbFs] or [O,][AI(OC(CF;);),] with IrO, were motivated by
the calculated Gibbs free energies (AG’) derived from the appropriate
Born-Haber cycles: the reactions forming [IrO,] [SbFe] and [IrO4][Al
(OC(CF;)3)4] were predicted to be exergonic by —14 and —66 k] mol v
respectively'’. The use of the weakly coordinating anion [Sb,F;;] ™ would
also be expected tolead to an exergonic reaction having a AG® value that
is intermediate with respect to [SbFs] ~ and [Al(OC(CFs);),] . Consid-
ering the possibility of a thermally unstable product, the reactions of [O,]
[Sb,F;;] and IrO, were initially attempted at low temperatures (—120 to
—78°C) in SO,CIF and anhydrous HF solvents. The SO,CIF solution
instantly turned bright purple, which was shown to result from the in-
teraction between O, and SO,CIF; that is, dissolution of [O,][Sb,F;,]
in SO,CIF under similar conditions also yielded a bright purple solu-
tion. Attempts to synthesize a stable [IrO,][Sb,,Fs,,+1] salt by the reaction
of [O,][Sb,F,;] and IrO, in superacidic mixtures of HF and SbFs also
gave purple solutions, but no evidence for [[rO,] " was found. The pur-
ple solutions are probably attributable to polyoxygen fluoride radicals,
(0,),,+1F, as previously described®. To further test the oxidizability of
IrO,, the reaction of molten XeF with IrO, was attempted to determine
whether an iridium oxide fluoride species in a higher oxidation state could
be formed. There was no apparent reaction even after heating the reaction
mixture to 100 °C for over one hour. However, the addition of anhydrous
HF to the aforementioned reaction mixture of IrO, and XeFg afforded a
dark brown solution at 21 °C, from which crystals of [Xe,F;;][IrF]
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were grown. The crystal structure of [Xe,F,;][IrF4], and related work, will
be reported elsewhere. Although IrO, reacted with XeF, the high lattice
enthalpy associated with the rutile structure of IrO, may significantly
inhibit its reactivity with O, *. Details of the aforementioned attempts
to synthesize an [[rO,] " salt are provided in Supplementary Information.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Experimental details. Iridium oxide cations were generated in the gas phase using
a pulsed-laser vaporization/supersonic expansion source. Reactive iridium atoms
and cations were generated by the 1,064-nm fundamental of a Nd:YAG laser that
was focused onto a rotating iridium metal target. Helium or argon gas, seeded with
afew per cent of O,, was expanded out of a pulsed valve (General Valve, Series 9) at
a stagnation pressure of 8 —13 atm. The iridium oxide ions and their argon-tagged
complexes generated by laser vaporization were collisionally cooled in the expansion.
After free expansion, the cations were skimmed into a second differentially pumped
chamber, where the cations were pulse-extracted into a collinear tandem time-of-
flight mass spectrometer. Ions were mass-selected by their flight times and then
studied by infrared laser photodissociation spectroscopy using a tunable infrared
optical parametric oscillator/optical parametric amplifier laser system (LaserVision,
pumped by a Continuum Powerlite 8000 Nd:YAG laser). The photodissociation
spectrum was obtained by monitoring the yields of the fragment ions as a function of
the dissociation infrared laser wavelength and normalizing to the parent ion signal.
Theoretical and computational details. The iridium oxides and argon-tagged
species were studied by using both density functional theory (DFT) and wave-
function-based theory (WFT). The structures of all molecules were fully optimized
by relaxing all geometric parameters at the DFT level using the B3LYP functional®*.
The choice of this functional was based on its good performance for comparable
molecules”. To determine the ground states of the molecules, several spin multi-
plicities were calculated. In the case of the weak argon complexes, an empirical
correction for dispersive interactions (D3) was included in the DFT calculations®.
Further symmetrical stationary points on the potential energy surface were calcu-
lated within the restrictions of the given point groups. Dunning’s correlation-
consistent triple-C basis sets (aug-cc-pV'TZ) were used for both oxygen and argon
atoms™?°. Scalar relativistic effects were considered by using relativistic energy-
consistent small-core pseudopotentials for the metal atom and the corresponding
aug-cc-pVTZ-PP basis sets®*. For brevity, this basis set combination is referred
to as aug-cc-pVTZ(-PP). In the DFT calculations, averaged masses were used for
all elements if not otherwise noted. All standard DFT calculations were performed
with the Gaussian 09 program package®, whereas the Turbomole V6.4 suite of pro-
grams was used for DFT-D3 calculations™.

Beyond these calculations, the influence of spin-orbit coupling has been inves-
tigated for the energy-minimized structures as well as for the energy barriers. To
estimate the interstate crossing energy barrier of the transition from the [IrO,(n?*-
o) (P singlet to the [IrO,] () singlet, a series of linear transit calculations were
performed by using the DFT/B3LYP method. The starting point of the linear transit
energy curves corresponds to the optimized [IrOx( 1%0,)]" structure and the end-
ing point to the optimized [IrO,4] ™ structure. The linear transit total energies were
obtained by constrained optimizations at each linear transit coordinate along the
distance from Ir to the centre of the n*-O, configuration. The Slater basis sets with
the quality of triple-C plus two polarization functions® were used, with the frozen-
core approximation applied to the inner shells [15>—4f"*] for Ir and [15”] for O. In
these calculations, the scalar relativistic and spin—orbit effects were taken into account
by the zeroth-order regular approximation®. With inclusion of scalar relativistic
effects, both the singlet and triplet potential energy surfaces were explored. To further
investigate the spin—orbit effects, unrestricted Kohn-Sham calculations with a non-
collinear spin-orbit approach were also used in the linear transit calculations. These
linear transit calculations were done with Amsterdam density functional (ADF
2013.01) program® .

Further ab initio WFT calculations were performed using coupled-cluster the-
ory at the CCSD(T) level, which used the B3LYP structures with retention of the
molecular symmetries. In the CCSD(T) calculations, spin-restricted open-shell
Hartree-Fock reference wavefunctions were used in the case of open-shell elec-
tron configurations. The CCSD(T) calculations were done using the frozen-core
approximation with the 1s% (0), 1522522176 (Ar) and 5525p6 (Ir) orbitals excluded
from the evaluation of the correlation energies. Stationary points on the potential
energy surface were characterized by harmonic vibrational frequency calculations
for both the '°O and the '30 isotopomers. For all other elements, the mass of the
most abundant isotope was used in the CCSD(T) calculations. Ab initio coupled-
cluster calculations were done using the CFOUR program package™.

To better account for the non-dynamic electron correlation arising from elec-
tronic transitions from O 2p lone pairs to Ir 54 orbitals, we applied ab initio com-
plete active space second-order perturbation theory (CASPT2), as implemented in
MOLPRO 2008.1*, to do ground-state geometry optimizations of the [IrO,] *and
[IrO4] " Ar cations using the same aug-cc-pVTZ(-PP) basis sets. In the CASPT2

calculations of [IrO,4] ™ with Ty symmetry, the active space contains the lowest five
virtually occupied orbitals (that is, Ir-O antibonding orbitals of e and ¢, symmetry)
and the highest six occupied orbitals of t; and t, symmetry (that is, non-bonding
orbitals of O 2p character), which gives 12 electrons in 11 orbitals, that is, CAS(12, 11).
Similar active spaces were chosen for [IrO4] " Ar isomers of Cs,, C,, and C sym-
metry, respectively. A larger active space containing the lowest four unoccupied
orbitals and all the occupied valence orbitals except the Ir non-bonding 5d orbital
of a; symmetry and the O-O c-bonding orbital of a; symmetry, which includes 20
electrons and 14 orbitals, that is, CAS(20, 14) was chosen for the [(0,)IrO,] " cation
with C,, symmetry. In CASPT2 calculations, the 1s* (O), 15*25*2p° (Ar) and 55°5p°
(Ir) orbitals were not correlated, to save computing time.

Assignment of oxidation states. Usually the formal oxidation state of a central
atom ina coordination sphere is defined as the charge of the central atom when every
ligand of the coordination sphere is removed in its most stable form. The bonding
electron pairs between the metal centre and the ligands are therefore exclusively
assigned to the more electronegative fragment, resulting in negative oxidation states.
For instance, for fluorine and doubly bonded oxygen ligands the oxidation states of
fluorine and oxygen are —I and —II, respectively. According to these rules, the oxida-
tion number of iridium in the [IrO,] " cation is IX, whereas for the isoelectronic OsO,
molecule, an oxidation state of VIII is obtained for osmium. However, the concept of
oxidation states is a formal one and it has to be kept in mind that calculated atomic
charges cannot be used to directly determine oxidation numbers®. The former
mostly depend on the electronegativities of the ligands and not on the oxidation
state of the metal, as exemplified by the isoelectronic d® anions [VYO,]*", [Cr"'O,]*
and [Mn""O,]", which all represent the highest possible oxidation states of the
metal elements, namely V, VI and VII, and for which almost identical charges of
1.05, 1.09 and 0.96 were computed for the central atoms**'. We note that the com-
puted charge of Cr(v1) is, in fact, higher than that of Mn(v11) (refs 4, 41). The calcu-
lated atomic charges at the B3LYP/aug-cc-pVTZ(-PP) level using natural population
analyses of osmium and iridium in OsO, and [IrO] * are 1.475and 1.470, respect-
ively. These atomic charges amount to only a small fraction of the formal oxidation
state, which is, however, well established in the case of Os""Q,, and there is thus no
doubt about the assignment of the formal oxidation state of [Ir*0,] ¥, even if the
calculated charge of Ir(1x) is slightly less than that of Os(v).
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