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The tetraoxido ruthenium(VIII) radical cation, [RuO4]
+, should be

a strong oxidizing agent, but has been difficult to produce and
investigate so far. In our X-ray absorption spectroscopy study,
in combination with quantum-chemical calculations, we show
that [RuO4]

+, produced via oxidation of ruthenium cations by
ozone in the gas phase, forms the oxygen-centered radical
ground state. The oxygen-centered radical character of [RuO4]

+

is identified by the chemical shift at the ruthenium M3 edge,

indicative of ruthenium(VIII), and by the presence of a
characteristic low-energy transition at the oxygen K edge,
involving an oxygen-centered singly-occupied molecular orbital,
which is suppressed when the oxygen-centered radical is
quenched by hydrogenation of [RuO4]

+ to the closed-shell
[RuO4H]+ ion. Hydrogen-atom abstraction from methane is
calculated to be only slightly less exothermic for [RuO4]

+ than
for [OsO4]

+.

Introduction

The oxygen-centered radical, O*� , i. e., an oxygen ligand with a
localized unpaired electron,[1] is considered a reactive oxygen
species that plays an important role in selective oxidation
processes over transition metal oxides surfaces.[2–7] In particular,
transition metal oxide cations with oxygen-centered radical
character are part of a remarkable group of species that can
activate methane by hydrogen-atom abstraction, which is a
crucial step in reaction mechanisms involving the methyl
radical, *CH3.

[4,5,8–10]

Gas-phase oxygen-centered radicals can be formed with a
transition-metal center in its highest oxidation state. A well-
known example is the tetraoxido osmium(VIII) oxygen-centered
radical cation, [OsO4]

+.[11,12] In its electronic ground state, the

symmetry of [OsO4]
+ is predicted as D2d, where the spin density

of the unpaired electron is distributed over all four oxygen
ligands.[13] The tetraoxido ruthenium cation, [RuO4]

+ – the
lighter congener of osmium – has previously been accessed by
photoionization of RuO4 vapor.[14–18] Photoelectron spectroscopy
studies along with calculations, neglecting any structural
changes in the final state, indicate that ionization of molecular
RuO4, with its 1A1 ground state in Td symmetry,[19–21] leads to the
2T1(1t1

� 1) ionic state, where the nonbonding 1t1 molecular
orbital is of oxygen 2p atomic orbital character.[14,17] This open
(1t1)

5 oxygen-centered molecular orbital implies that [RuO4]
+ is

an oxygen-centered radical, but it has never been identified as
such.

Thermal gas-phase reactions of [RuO4]
+ with methane or

dihydrogen could provide evidence for the oxygen-centered
radical character by hydrogen-atom abstraction, but have not
been performed yet. In contrast, reactions of [RuOn]

+ (n=1–3),
with methane or dihydrogen have been studied and reveal
peculiar reactivity of oxido ruthenium ions: while the [RuO]+ +

CH4 reaction couple generates mainly [Ru(CH2)]
+ and H2O

products,[22] [RuO2]
+ and [RuO3]

+ can oxidize methane to
synthesis gas (syngas, CO+H2),

[23] which is a remarkable
reaction otherwise only observed for [PtO2]

+,[24] [ReO3]
+,[25]

[RhAl3O4]
+,[26] and [RhAl2O4]

� .[27] There are no reports of
reactivity studies or direct spectroscopic investigations of
[RuO4]

+, nor has [RuO4]
+ been produced in the gas phase in a

controlled way, e.g. by oxidation of ruthenium ions. Conse-
quently, there is only indirect experimental information on
[RuO4]

+ from photoionization and photodissociation studies of
RuO4 vapor.[14,16–18,28,29]

Here, we present a combined gas-phase X-ray absorption
spectroscopy and computational study of oxido ruthenium
cations, [RuOn]

+ (n=0–4), including [RuO4]
+, and [RuO4H]+.

Local and element-specific excitation at the ruthenium center
or at the oxygen ligands, in contrast to valence photoelectron
spectroscopy, gives independent access to the non-bonding
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4d-derived orbitals of ruthenium, and to the oxygen 2p-derived
molecular orbitals, which allows us to determine the nature of
the oxygen ligands. The oxidation state of the ruthenium center
is inferred from shifts of the excitation energy at the ruthenium
M3 edge, and we identify a clear spectral signature of an
oxygen-centered singly-occupied molecular orbital in oxygen K
edge X-ray absorption spectroscopy. Our results confirm that
[RuO4]

+, produced from a gas-phase reaction of Ru+ and O3,
indeed is an oxygen-centered radical.

The experiments were performed at the ion-trap
endstation,[30] located at beamline UE52-PGM of the BESSY II
synchrotron radiation facility in Berlin, and computations were
carried out using density functional theory (UBP86/ZORA-def2-
TZVP(SARC-ZORA-TZVP), abbreviated BP86, and UB3LYP-D3(BJ)/
aug-cc-pVTZ(-PP), abbreviated B3LYP) as well as RHF-UCCSD(T)/
aug-cc-pVTZ(-PP), abbreviated CCSD(T), methods. Further de-
tails on experimental and computational methods are provided
in the Experimental Section and as Supplementary Information.

Results and Discussion

The Nature of the Oxygen Ligand: Oxygen K Edge Spectra of
the [RuOn]

+ (n=1–4) Series

An overview of the experimental and computational oxygen K
edge spectra of the [RuOn]

+ (n=1–4) series, shown in Figure 1
along with calculated structures, labelled by their electronic
ground state and symmetry, serves to illustrate how [RuO4]

+

differs from the rest of the series by its distinct nature of the
oxygen ligands. Two general observations can be pointed out:
first, the absence of a broad O� O σ* resonance around 540 eV
from all spectra indicates the absence of oxygen-oxygen bonds
for all of the [RuOn]

+ (n=1–4) species;[31] second, the main
transitions around 530 eV, which are again observed for all four
species, are identified as the signatures of oxido ligands, as
previously reported in oxido manganese cations,[31] oxido
rhodium cations,[32] or oxidometalates.[33] Such spectral bands
are assigned to final states that result from electronic
excitations from the oxygen 1s orbital to molecular orbitals
with M� O (M= transition metal) π* character.[31,32] For [RuO4]

+,
this spectral region shows a double structure, similar to the
case of tetraoxometalates, for which these are related to
transitions involving antibonding e* and t2* orbitals, with π*
and mixed σ*/π* characters, respectively.[33] An additional
transition at lower excitation energy of 526.6 eV, labeled “n” in
Figure 1, only emerges in the [RuO4]

+ oxygen K edge spectrum.

Ground State and Oxygen-centered Radical Character of
[RuO4]+

Our structure optimization for [RuO4]
+ (cf. Supplementary

Information for details) gives a 2B2 ground state in C2v symmetry.
Compared to neutral RuO4 of Td symmetry with uniform 1.698 Å
ruthenium-oxygen bond lengths at the CCSD(T)/aug-cc-
pVTZ(� PP) level, for [RuO4]

+ two oxygen ligands are closer to

the metal center, at 1.675 Å, while the other two are more
distant, at 1.751 Å, see Figure 2 for the structure and numbers
obtained at the BP86 level of theory, and Tables S2–S4 for the
ruthenium-oxygen bond lengths of C2v

2B2 [RuO4]
+ at different

levels of theory. The calculated time-dependent density func-
tional theory (TD-DFT) X-ray absorption spectrum at the oxygen
K edge of [RuO4]

+ shows good agreement with the experimen-
tal data, see Figure 1. Our calculations indicate that the spectral
feature at 529.2 eV envelops transitions from the oxygen 1s
orbitals into π* molecular orbitals (MOs), while the 531.2 eV
feature originates from transitions into MOs with mixed σ*/π*
character, see the corresponding MO diagram in Figure 2 for
more details. The low-energy peak at 526.6 eV originates from
electronic transitions that involve the oxygen spin-down 1s
orbitals and the spin-down singly occupied molecular orbital
(SOMO), which has nonbonding (n) oxygen 2p character, cf.
Figure 2. Mulliken orbital composition analysis of the SOMO (at

Figure 1. Experimental ion yield spectra (solid lines) and computational
time-dependent density functional theory (TD-DFT, dotted lines) X-ray
absorption spectra at the oxygen K edge of the [RuOn]

+ (n=0–4) series.
Higher energy transitions of computational spectra are omitted since
agreement between theory and experiment is expected to be poor due to
the theoretical approximations employed.[34] The computational ground
state of each molecular ion, and its respective structure (oxygen depicted in
red, ruthenium in teal) are shown next to the spectra. Labels of individual
final states refer to molecular orbitals of nonbonding (n), π*, or mixed σ*/π*
character.
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CCSD(T) level) quantifies 96% distant oxygen, 1% close oxygen
and 3% ruthenium contribution, see Figure S9. Such localization
of the SOMO at the two distant oxygen atoms gives [RuO4]

+ an
oxygen-centered radical character. Hence, the low-energy
transition at the oxygen K edge is assigned here as the
spectroscopic signature of an oxygen-centered SOMO.

All three computational methods employed here, BP86,
B3LYP and CCSD(T), agree on C2v symmetry for the global
minimum structure of [RuO4]

+. However, this C2v ground state
structure could also be interpreted as a distorted Td structure,
with bond distances differing by 0.06 Å from each other, and
bond angles within 6° of the ideal tetrahedral bond angle. This
interpretation of C2v symmetry of [RuO4]

+ as distorted Td

structure is also supported by the grouping of the 4d-derived
orbitals into e and t2-like states, respectively, as shown in
Figure 2. Furthermore, additional uncertainty regarding the
exact geometry comes from a, likely moderate, multi-reference

character of [RuO4]+, based on T1 and D1 diagnostics, see
Table S17.

In our study, we directly probe the oxygen-centered radical
character of [RuO4]

+ experimentally by the presence of the low-
energy transition at 526.6 eV, related to a singly-occupied
orbital localized at oxygen ligands, and reproduced in the
computational spectrum. Indeed, a low-energy transition at the
oxygen K edge is expected when a hole at the oxygen ligand is
created.[35] Such pre-edge peak has been assigned to electron
holes at oxygen sites in intercalated cathode materials;[35] as a
signature for transitions into electron hole states with oxygen
character in hematite,[36,37] in iridium oxide[38] electrodes for
water splitting, and in strontium-doped La2CuO4;

[39] as well as a
signature of H2O

+ and OH radicals, which possess open oxygen
2p subshells.[40] Correspondingly, electron removal from carbon
2p-derived states results in a pre-edge transition at the carbon
K edge of intercalated graphite.[41] Similarly, the emergence of a
pre-edge feature upon oxidation of the ligand has previously
been observed in the sulphur K edge spectra of
bis(dithiolene)nickel complexes[42] and in the nitrogen K edge
spectra of a pincer-ligand-supported nickel complex with a
nitrogen-centered radical.[43] Here, this transition clearly indi-
cates the oxygen-centered radical character of [RuO4]

+.
The lowest-energy non-oxygen-centered-radical isomer of

[RuO4]
+, Cs

2A' dioxido-peroxido [Ru(O)2(O2)]
+, is calculated to

be 13 kJmol� 1 higher in energy than the C2v ground state at the
CCSD(T) level but might still be considered energetically
competitive with the C2v tetraoxido radical species, based on
generally accepted computational uncertainties. However, the
presence of this [Ru(O)2(O2)]

+ isomer in our experiment can be
ruled out by its calculated oxygen K edge X-ray absorption
spectrum, which does not reproduce the experimentally
observed low-energy transition, nor does it agree with the
absence of the characteristic oxygen-oxygen σ* transition in the
experimental spectrum, cf. Figure S6.

Ground States of [RuOn]
+ (n=1–3)

The ground state of [RuO3]
+ has previously been reported as

2A2 (C3v) without further detail,[23] but we were unable to locate
any state of this symmetry, within more than 100 kJmol� 1 of
our 2A1 (C3v) ground state, for which the calculated oxygen K
edge spectrum would agree favorably with our experimental
data given in Figure 1. Two main features are observed in the
spectrum of [RuO3]

+, a main peak at 528.9 eV, corresponding to
an oxygen 1s transition into π* MOs, and another intense
transition around 531.7 eV, corresponding to an oxygen 1s
transition into MOs with mixed σ*/π* character. Such double-
peak structure resembles the spectra of the trioxido manganese
cation, [MnO3]

+ (1A1 C3v),
[31] and of the trioxidorhodium cation,

[RhO3]
+ (1A1’ D3h), both with two main lines at 528.2 and

530.8 eV in their oxygen K edge spectra,[31,32] where for [RhO3]
+

they are assigned to oxygen 1s transitions into e’’ (with π*
character) and e’ (with σ*/π* character) MOs.[32]

The ground state of [RuO2]
+ has been reported as 2A1

(C2v),
[23] which we find nearly degenerate with a 2B1 (C2v) state

Figure 2. Upper panel: ground state structure with bond lengths and bond
angles; lower panel: selected molecular orbitals (contour value 0.1) of
[RuO4]

+ (2B2 C2v) at BP86 level. The three experimentally observed bands at
526–533 eV are assigned to excitations involving three groups of orbitals
labelled by their n, π*, or mixed σ*/π* character, respectively, each at similar
energy. The nonbonding (n) singly occupied molecular orbital is clearly
centered at the oxygen ligands.
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that is within �4 kJmol� 1 of the 2A1 state, depending on the
computational method (cf. Tables S12–14). The calculated oxy-
gen K edge spectra for both states are almost indistinguishable
and agree equally well with the experimental data, cf.
Supplementary Information. In Figure 1 we show the spectrum
of the 2A1 [RuO2]

+ state, which is the global minimum at both,
CCSD(T) and BP86, levels of theory. The two main features at
529.2 and 530.6 eV correspond to oxygen 1s excitations into π*
MOs.

The ground state of [RuO]+ is controversial, with different
reports concluding 2Π,[44] 4Δ,[45] or 6Σ+ states.[22] Here, we
determine the 4Δ state as the global minimum, the calculated
spectrum of which is presented in Figure 1. Our computational
spectra for the different states of [RuO]+ share the same
pattern, with one main feature that corresponds to an oxygen
1s excitation into π* MOs (cf. Supplementary Information).

The Ruthenium M3 Exitation Energy and the Oxidation State
of the Ruthenium Center in [RuOn]+ (n=1–4)

Core-level spectroscopy is routinely used to determine the
oxidation state of 3d transition metals, which show a linear
blueshift at the L2,3 edges as the oxidation state of the metal
center increases.[46,47] Similar shifts are seen at the M2,3 edges of
4d transition metals.[32,48] Here, we evaluate the chemical shift,
observed at the ruthenium M3 edge, along the [RuOn]

+ (n=0–
4) series as a function of the formal oxidation state of the
ruthenium center. The experimentally determined M3 edge
median energies, the formal oxidation states, and the formal 4d
occupation numbers of the ruthenium center for each species
are given in Table S1. The ruthenium M3 edge spectra of the
complete [RuOn]

+ (n=0–4) series are shown in Figure S4.
Our oxygen K edge analysis and our computational results,

discussed above, indicate four oxido ligands and the presence
of an oxygen-centered hole in [RuO4]

+. Hence, the ruthenium
center should have the maximum formal oxidation state of +8.
The plot of M3 edge median versus formal oxidation state in
Figure 3 indeed shows a linear relation when assuming an
oxidation state of +8 for ruthenium in [RuO4]

+, with the
ruthenium center in a formal electronic configuration of 4d0,
consistent with our computational results and with the
proposed structure of [RuO4]

+. The chemical shift observed
experimentally at the ruthenium M3 edge is 0.90�0.02 eV per
unit of oxidation state, which agrees well with the rhodium M3

edge shift of 0.88 eV in the [RhOn]
+ (n=0–3) series,[32] and lies

in between the value found for the molybdenum M3 edge shift
of 0.49 eV,[48] and for the L3 edge shift of 3d transition metals of
1–2 eV.[49]

Quenching the Oxygen-centered Radical: Oxygen K Edge
Spectra of [RuO4H]+ versus [RuO4]+

For osmium, the 5d congener of ruthenium, Irikura and
Beauchamp showed that the reaction of [OsO4]

+ with CH4 yields
[OsO4H]+ +CH3.

[11] Here, when producing [RuO4]
+ in the pres-

ence of residual water vapor, we observe the appearance of
[RuO4H]+ in the mass spectrum, as shown in Figure S2. At room
temperature, [RuO4]

+ might thus promote hydrogen-atom
abstraction from water molecules, which we calculated to be
exothermic by � 21 kJmol� 1, cf. Table S5. When adding CH4 to
the ion source, the [RuO4H]+ isotopolog signal at m/z=166
increased significantly, see Figure S2. Although our experiment
was not designed for specific reactivity studies, we suggest that
[RuO4]

+ might exhibit the same reaction pathway with methane
as for its heavier congener [OsO4]

+, which is known to be an
oxygen-centered radical. In agreement with this suggestion, our
computational results indicate that hydrogen-atom abstraction
from methane is highly exothermic, by � 73 kJmol� 1, for
[RuO4]

+ at the CCSD(T) level, which is similar to the value of
� 85 kJmol� 1 reported for [OsO4]

+.[12] Thus, the formation of
[RuO4H]+ in our experiment might indicate hydrogen-atom
abstraction of [RuO4]

+ from both, methane or water, and could
be seen as another hint at the oxygen-centered radical
character of [RuO4]

+. In addition, hydrogen-atom abstraction
would again disfavor the [Ru(O)2(O2)]

+ peroxide isomer, already
disregarded on the grounds of both, the oxygen K edge
spectrum and the oxidation state of the ruthenium center,
because hydrogen abstraction would be endothermic by
37 kJmol� 1 for this species, if no ligand re-arrangement takes
place.

Structure optimization of the hydrogenated species,
[RuO4H]+, gives a global minimum structure with 1A’ (Cs) ground
state, see also Tables S6–8 for the ruthenium-oxygen bond
lengths of [RuO4H]+ Cs

1A’ at different levels of theory. As shown
in Figure 4, the characteristic low-energy transition, observed at
526.6 eV for the oxygen K edge of [RuO4]

+, is suppressed when
the oxygen-centered radical is quenched by hydrogenation in
the closed-shell [RuO4H]+ ion. Instead, a shoulder at about

Figure 3. Median excitation energies calculated from the integrated intensity
at the ruthenium M3 edge of [RuOn]

+ (n=0–4) species (solid square markers)
and [RuO4H]+ (empty triangle marker), plotted as a function of the formal
oxidation state of the ruthenium center. The red line is a linear fit (y=a+bx)
with coefficient values a=459.02�0.11 eV and b=0.90�0.02 eV per
oxidation state. Cf. Table S1 for numerical values of median excitation
energy.
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531 eV is present as a new feature in both the experimental and
computational spectra of [RuO4H]+, and can be related to an
increased splitting of the mixed σ*/π* MOs as a result of
symmetry reduction to Cs.

Furthermore, the ruthenium M3 excitation energy median of
[RuO4H]+, included in Figure 3, is 466.7�0.3 eV, which matches
the ruthenium M3 edge median of [RuO4]

+ of 466.3�0.3 eV
within the error bars. Here, the 0.35 eV difference between
[RuO4]

+ and [RuO4H]+ ruthenium M3 edge median is considered
to be in the range of chemical shifts observed at the L3 edge
median within a same oxidation state of iron with halogen
ligands of different electronegativity,[50] as should also be the
case for oxido and hydroxido ligands.[50] Hence, the ruthenium
M3 edge median of [RuO4H]+ is consistent with the ruthenium
center in the same oxidation state of +8 as in [RuO4]

+, and,
therefore, with the predicted structure of [Ru(O)3(OH)]+, since
hydrogenation adds an electron to the oxygen-centered SOMO
of [RuO4]

+, with only little metal character, but does not induce
a chemical shift at the ruthenium M3 edge.

Conclusions

Our experimental and computational gas-phase X-ray absorp-
tion spectroscopy study confirms that [RuO4]

+ is an oxygen-
centered radical cation, and demonstrates a way of producing
the tetraoxido ruthenium cation in the gas phase without the
need for rather unstable RuO4 vapor as a precursor. In line with
our computational results, we experimentally observe the
appearance of [RuO4H]+ from the reaction of oxido ruthenium

ions with CH4, suggesting that [RuO4]
+ might exhibit hydogen-

atom abstraction, similar to the [OsO4]
+ oxygen-centered

radical cation of its congener, osmium. RuO4, as well as the
ruthenates [RuO4]

2� and [RuO4]
� , are known as oxidizing

agents.[51–62] Based on our results for the model reaction of
hydrogen-atom abstraction from methane, [RuO4]

+ should have
an oxidizing power comparable to, or only slightly weaker than,
[OsO4]

+, also making it a potentially strong oxidizing agent.
We determine the chemical shift at the ruthenium M3 edge

to be 0.90�0.02 eV per unit of formal oxidation state, similar to
the values for [RhOn]

+ M3 and [MnOn]
+ L3 edge excitations.[31,32]

The low-energy transition at the oxygen K edge of [RuO4]
+,

assigned to an oxygen 1s core excitation into an oxygen-
centered SOMO, is taken as the spectroscopic signature of the
oxygen-centered radical. We demonstrate that the radical
character is quenched for the closed-shell [RuO4H]+ species
with the disappearance of such low-energy transition. In bulk
samples, [RuO4]

+ could probably only exist as a short-lived
reactive intermediate, which would be difficult to observe
experimentally. Here, gas-phase spectroscopy has the clear
advantage of being able to prepare these highly reactive
species for spectroscopic investigation, and opens a route to
further explore gas-phase reactivity of [RuO4]

+ in detail.

Experimental Section

Synthesis and Characterization

The [RuOn]
+ (n=0–4) molecular ions were produced by argon

sputtering of a ruthenium target in the presence of oxygen in the
buffer gas, which was introduced as a mixture of 1% oxygen in
helium 6 N. The cationic species are directed to a quadrupole mass
filter, where the ions of interest are selected. The mass selected
ions are guided into a linear radio frequency quadrupole ion trap,
which is cooled with liquid helium to a typical temperature of
11 K.[63] The ion trap axis is aligned with the beamline, allowing for
the interaction of the X-rays with the stored and cooled ions. X-ray
absorption by the parent ions is followed by an Auger cascade
leading to the dissociation of the ions due to Coulomb repulsion
and residual internal energy. The ion yield spectrum, representing
the X-ray absorption cross section, is obtained by monitoring the
product ion intensity, with a time-of-flight mass spectrometer, while
scanning the photon energy over an absorption edge. The incident
photon energy was scanned in steps of 160 meV with a photon
energy bandwidth of 340 meV at the oxygen K edge and steps of
120 meV with a photon energy bandwidth of 240 meV at the
ruthenium M3 edge. At every photon energy step, an X-ray
photoionization-photofragmentation mass spectrum is recorded.

Computational Chemistry

Search for geometric and electronic isomers was initially conducted
at the spin-unrestricted B3LYP[64–67] level with Grimme’s D3
dispersion correction with two-body terms and Becke-Johnson
damping[68] and employing the aug-cc-pVTZ[69,70] basis set for
oxygen and hydrogen as well as aug-cc-pVTZ-PP[71] for ruthenium
using Gaussian 16 Rev. A.03[72] (the method is abbreviated
throughout the text as B3LYP). To obtain more accurate geometries
and relative energies, low-lying isomers were reoptimized at the
RHF-UCCSD(T) level employing the same aug-cc-pVTZ-(PP) basis set

Figure 4. Experimental ion yield spectra (solid lines) and computational TD-
DFT X-ray absorption spectra (dotted lines) at the oxygen K edge of [RuO4]

+

and [RuO4H]+. The low-energy transition n, involving an oxygen-centered
non-bonding molecular orbital, observed at the oxygen K edge of [RuO4]

+ is
suppressed when the oxygen-centered radical is quenched by hydro-
genation to the closed-shell [RuO4H]+ ion. The computational ground state
of each molecular ion and its respective structure (oxygen depicted in red,
ruthenium in teal, hydrogen in white) are shown in the figure. Labels of
individual final states are referred to in the text.
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using Molpro 2019.1[73,74] (abbreviated as CCSD(T)). For subsequent
calculation of X-ray absorption using time-dependent density
functional theory (TD-DFT), isomers were also reoptimized at the
spin-unrestricted BP86[64,75] level employing the ZORA- def2-TZVP[76]

basis set for oxygen and hydrogen, SARC-ZORA-TZVP for rhodium,
and the auxiliary basis SARC/J[77,78] using ORCA 5.0.1[79] (abbreviated
as BP86). Molecular orbital composition analysis by Mulliken
method and localized orbital bonding analysis (LOBA)[80] was
conducted with Multiwfn[81] 3.8(dev).

Supporting Information

The authors have cited additional references within the
Supporting Information.[82–84]
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