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Abstract: For homogeneous mononuclear ruthenium water
oxidation catalysts, the Ru–O2 complex plays a crucial role in
the rate determining step of the catalytic cycle, but the exact
nature of this complex is unclear. Herein, the infrared spectra
of the [Ru(tpy)(bpy)(O2)]2+ complex (tpy = 2,2’:6’,2’’-ter-
pyridine; bpy = 2,2’-bipyridine) are presented. The complex
[Ru(tpy)(bpy)(O2)]2+, formed by gas-phase reaction of
[Ru(tpy)(bpy)]2+ with molecular O2, was isolated by using
mass spectrometry and was directly probed by cryogenic ion IR
predissociation spectroscopy. Well-resolved spectral features
enable a clear identification of the O¢O stretch using 18O2

substitution. The band frequency and intensity indicate that the
O2 moiety binds to the Ru center in a side-on, bidentate
manner. Comparisons with DFT calculations highlight the
shortcomings of the B3LYP functional in properly depicting
the Ru–O2 interaction.

Catalytic mediation of water oxidation continues to be
a topic of significant interest even after decades of
research.[1–3] In more recent years, mononuclear ruthenium
complexes with polypyridyl ligands have grown rapidly in
importance as water oxidation catalysts (WOCs).[4–8] Detailed
kinetic studies[9, 10] of a family of [Ru(tpy)(L)(H2O)]2+ WOCs
(tpy = 2,2’:6,2’’-terpyridine; L = bipyridine or bipyrimidine
ligand) showed that the rate determining step is the non-
oxidative release of molecular O2 from a [Ru(tpy)(L)(O2)]2+

complex and re-formation of the initial aqua complex.
Addition of excess oxidant or an electrochemical potential
results in an extra oxidation step and attack by water on
a [Ru(tpy)(L)(O2)]3+ complex to directly form [Ru(tpy)(L)-
(OH)]2+ and increase the rate of O2 evolution. Thus, the
[Ru(tpy)(L)(O2)]2+ complex is a key catalytic intermediate,
and its exact structure is a topic of active interest.

Conflicting experimental and theoretical structures have
been reported for [Ru(tpy)(L)(O2)]2+.[10–13] Three energeti-
cally close-lying structures are possible on two spin surfaces,
as shown in Figure 1 for [Ru]2+ (Ru = Ru(tpy)(bpy); bpy =

2,2’-bipyridine). On the triplet surface, O2 binds to the
Ru center “end-on”, forming a monodentate h1 complex.
On the singlet surface, both an end-on and a bidentate h2

“side-on” complex are stable species. Crystal structures of
related species all have the bidentate h2 coordination.[14–17]

Concepcion et al.[10] reported the resonance Raman
spectrum of a [Ru(Mebimpy)(bpy)(O2)]2+ (Mebimpy = 2,6-
bis(1-methylbenzimidazol-2yl)pyridine) solution obtained
through ceric ammonium nitrate (CAN) oxidation of the
corresponding aqua catalyst. A band at 1015 cm¢1 was
assigned to the O¢O stretch based on comparisons with
DFT calculations, pointing to the singlet h2 structure. How-
ever, their DFT calculations predicted the triplet h1 structure
as the lowest in energy. Polyansky et al.[18] acquired resonance
Raman spectra of a [Ru(NPM)(pic)2(O2)]2+ (NPM = 4-tert-
butyl-2,6-di(1’,8’-naphthyrid-2’-yl)pyridine; pic = 4-picoline)
solution obtained by bulk electrolysis of the corresponding
aqua complex. Spectral changes upon 18O substitution
revealed a Ru¢O vibration, but no O¢O stretch was
identified. The authors tentatively assigned the species to
the singlet h2 complex, but the triplet h1 complex was again
energetically favored in their DFT calculations. In a separate
theoretical study, Wang et al.[12] found the triplet h1 complex
of [Ru(tpy)(bpm)(O2)]2+ (bpm = 2,2’-bipyrimidine) to be
more stable than the singlet structures. They also reported
a low 4.4 kcalmol¢1 barrier and a favorable ¢15.0 kcalmol¢1

free energy difference for the H2O displacement of O2, both
incompatible with the slow kinetics measured for this step.

To clearly identify the binding motif of O2 with a Ru ca-
talyst and to provide a quantitative comparison with calcu-
lations, we present the mass spectroscopic isolation and
cryogenic ion IR predissociation spectroscopy of the [Ru-
(O2)]2+ complex. Experimental details can be found in the
Supporting Information and in Ref. [19]. Electrospray ioniza-
tion of an aqueous solution of [Ru(H2O)](ClO4)2 (about
1 mm) yielded the [Ru(H2O)]2+ ion (Figure 2A), which
formed the reactive [Ru]2+ species through collisional activa-
tion in the high-pressure stages (Figure 2B). The [Ru]2+ ions
were exposed to a buffer gas of about 1% O2 in He in an 80 K

Figure 1. Structures of 1[Ru(h1-O2)]
2+, 1[Ru(h2-O2)]

2+, and 3[Ru(h1-O2)]
2+,

calculated at the B3LYP/def2-TZVP(ZORA) level. In [Ru]2+, Ru denotes
the Ru(tpy)(bpy) fragment.
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ion trap to cleanly afford the [Ru(O2)]2+ complex (Fig-
ure 2C). The IR spectrum was acquired directly inside the
mass spectrometer using IR predissociation of cold D2-tagged
ions.[20] These tagged [Ru-O2)]2+·(D2)2 complexes were
formed in a second ion trap held at 10 K with a buffer gas
of 10 % D2 in He, and were mass-selected in the time-of-flight
spectrometer and irradiated with the output of a tunable IR
optical parametric oscillator/optical parametric amplifier
(OPO/OPA) laser system. Resonant absorption of a single
photon induced the evaporation of the weakly bound D2 tags,
and the resulting photofragment signal was integrated as
a function of laser wavelength to produce the IR spectrum.
The main advantages of our approach are the clear identifi-
cation of the complex of interest and the removal of any
interference from unreacted complexes, solvent, counterions,
and temperature-related effects. Similar methods have been
used to characterize other types of reaction complexes.[21,22]

The IR spectra of [Ru(16O2)]2+ and [Ru(18O2)]2+ in the
700–1700 cm¢1 region are presented in Figure 3. All the
dominant experimental vibrational features have the same
frequency upon 18O2 substitution. Close inspection shows that
a relatively weak band at 1150 cm¢1 in the [Ru(16O2)]2+

spectrum is absent in the [Ru(18O2)]2+ spectrum, which in
turn has a new partially resolved feature at 1085 cm¢1. This
frequency is within the range of the O¢O stretch of many
related M–O2 complexes.[23,24] The band is about 400 cm¢1

lower than the 1580 cm¢1 stretch of an isolated O2 molecule
but close to the 1074 cm¢1 stretch of an isolated superoxide
radical anion (O2

¢).[25] Additionally, an isolated O¢O stretch
at 1150 cm¢1 would have an isotopic shift of 66 cm¢1, in
agreement with our experimental measurements. Therefore,
we assign the 1150 cm¢1 and 1085 cm¢1 features to the
16O¢16O and 18O¢18O stretches, respectively.

The experimental IR spectrum of [Ru(16O2)]2+ is com-
pared to the scaled (0.98) calculated harmonic spectra of
1[Ru(h2-O2)]2+, 1[Ru(h1-O2)]2+, and 3[Ru(h1-O2)]2+ in Figure 4.
The calculations were performed at the B3LYP/def2-TZVP
level using the zeroth-order regular approximation
(ZORA)[26] to treat relativistic effects, as implemented in
the ORCA[27] program. The Ru¢O and O¢O bond lengths of
the three structures are shown in Figure 1. At this level of
theory, the triplet 3[Ru(h1-O2)]2+ is the lowest energy struc-
ture, similar to previous reports.[10, 12, 18] The singlet h1 and
h2 complexes are 5.7 kcal mol¢1 and 3.4 kcalmol¢1 higher in
energy (including zero-point energy (ZPE) correction),
respectively. With the notable exception of the O¢O stretch,
all three calculated spectra contain similar vibrational fea-
tures which are in excellent agreement with the experimental
spectra. These features correspond to the polypyridyl ligand
modes, and the assignments are labeled in Figure 4B.
Interestingly, none of the calculated structures yielded an
O¢O stretch at the experimental 1150 cm¢1 frequency. The
calculated O¢O stretch of the singlet h2 complex is about
80 cm¢1 too low whereas those of the singlet and triplet
h1 complexes are 100 cm¢1 and 220 cm¢1 too high. Addition-
ally, the two h1 structures have high IR intensities for the
O¢O stretch, making it the dominant feature in the calculated
spectra, in sharp contrast to the experimental spectrum.
Conversely, the singlet h2 structure (Figure 4B), in which the
O¢O stretch motion is almost totally symmetric with respect
to the molecular Cs symmetry plane, has a weak O¢O stretch,
similar to the experiment. Therefore, we assign the 1[Ru(h2-
O2)]2+ structure to the experimentally detected species.

The discrepancies between calculation and experiment
highlight some shortcomings of the B3LYP treatment of this
complex. First, the experimentally detected complex corre-
sponds to an energetically unfavorable structure. It is also

Figure 2. Mass spectra acquired under A) gentle source conditions
yielding the [Ru(H2O)]2+ catalyst, B) collision activation conditions
yielding [Ru]2+, and C) the same conditions as in (B) but with addi-
tional O2 present in the 80 K ion trap, resulting in the formation of
[Ru(O2)]

2+.

Figure 3. IR predissociation spectra of A) [Ru(16O2)]
2+·(D2)2 and

B) [Ru(18O2)]
2+·(D2)2. Highlighted in gray is a spectral feature that

undergoes a red-shift of 65 cm¢1 upon 18O2 substitution.
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clear that B3LYP is unable to properly capture the Ru–O2

interaction because the 1[Ru(h2-O2)]2+ structure has an O¢O
frequency underestimated by about 80 cm¢1. Further compu-
tational work indicated that the choice of basis set or
pseudopotential for Ru effected only minimal changes in
relative energies and IR spectra (see the Supporting Infor-
mation). However, calculations using the B2PLYP double
hybrid functional yielded a reversal of the energetic ordering
and predicted the 1[Ru(h2-O2)]2+ species as the lowest in
energy, with 1[Ru(h1-O2)]2+ and 3[Ru(h1-O2)]2+ 0.7 kcalmol¢1

and 7.5 kcalmol¢1 higher in energy (including ZPE correc-
tions calculated from the B3LYP frequencies). Unfortunately,
calculations of vibrational frequencies with B2PLYP were not
feasible. We note that our B2PLYP results have the same
energetic ordering as CCSD calculations of a model
ruthenium complex ([Ru(NH3)5(O2)]2+).[13]

The detection of a single [Ru(O2)]2+ structure in our
experiment at 80 K suggests there is no significant barrier
along the [Ru]2+ + O2![Ru(O2)]2+ reaction pathway to trap
higher energy species. The reaction likely proceeds via the
formation of a h1 complex on the triplet surface that under-
goes rapid intersystem crossing to form the h1 singlet species,
which then yields the h2 structure. This implies that the rate
limiting factor for the reverse reaction would stem mainly
from the binding energy of O2 on the [Ru]2+ complex. In that
regard, B2PLYP predicts an O2 binding energy of 18.9 kcal
mol¢1 for the 1[Ru(h2-O2)]2+ complex, which is much higher
than the B3LYP-calculated 5.3 kcalmol¢1. This large differ-

ence suggests that a single reference method may not
accurately describe these species. The complications likely
arise from the open-shell multireference character of the low-
lying singlet and triplet states of molecular O2, which is
further complicated by interactions with Ru.[18,28] However,
our experimental approach used here to isolate and spectro-
scopically study the Ru–O2 interaction provides a clear
benchmark for future theoretical work. Furthermore, it
should be broadly applicable for characterization of reaction
complexes that are otherwise inaccessible by traditional
methods.

In conclusion, the IR spectra of the isolated [Ru(16O2)]2+

and [Ru(18O2)]2+ complexes are presented. These species,
formed and isolated by mass spectrometry, were directly
probed in the mass spectrometer by cryogenic ion IR
predissociation spectroscopy. The frequency and intensity of
the O¢O stretch indicate that the O2 moiety binds to the Ru in
a side-on h2 manner, in agreement with the 1[Ru(h2-O2)]2+

structure. Comparisons with DFT calculations highlight the
fact that the B3LYP functional inaccurately describes the
Ru–O2 interaction.
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