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Abstract The structures and reactions of different rho-
dium oxides and dioxygen complexes with RhO, stoichi-
ometry were investigated by matrix isolation infrared
spectroscopy and quantum chemical calculations. The
inserted RhO, molecule reacted with dioxygen upon sam-
ple annealing to form the [(nl—Oz)RhOQ] complex, which
can further isomerize to the known [(nz—Oz)RhOZ] complex
via infrared irradiation. Both experimental and theoretical
studies suggest that the [('-O,)RhO,] complex has a
doublet ground state with non-planar C; symmetry in
which the O, ligand is end-on bonded to the rhodium
centre. Although rhodium tetroxide is predicted to be a
stable molecule with D,q symmetry at different level of
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theory, no evidence is found for the formation of this
Rh(VIII) species in noble gas matrices. Our experiments
also suggest the formation of a new peroxo [Rh(nz-Oz)z]
complex, which is calculated to have a doublet ground state
with D,y symmetry. This peroxo complex undergoes
isomerization to the known superoxo [Rh(nz—Oz)z] com-
plex via the rotation of the dioxygen ligand under infrared
irradiation.

Keywords Rhodium oxides - Matrix isolation
spectroscopy - Quantum chemical calculations - High
oxidation states

1 Introduction

The highest experimentally found oxidation state of any
chemical element is VIII. Apart from some xenon com-
pounds, this oxidation state is represented by the well-
known group 8 complexes HsO,4, OsO,4 and RuO, and its
derivatives [1-7]. In this case, the maximum oxidation
state coincides with its group number 8 and thus with its
valence electrons.

Very recently, we have experimentally shown that the
formal oxidation state VIII can also be stabilized for ele-
ments placed on the right side of group 8 in the periodic
table, particularly iridium [8]. Furthermore, quantum
chemical calculations have predicted that the formal oxi-
dation state IX can be stabilized for the group 9 elements
(rhodium, iridium and meitnerium) in its cationic tetroxide
complexes with a maximal stability for the [IrO,]" cation
[9].

The IrO4 molecule has been prepared by the reactions of
iridium atoms with dioxygen in solid noble gas matrixes
[8]. Iridium atoms insert into dioxygen to form the iridium
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dioxide molecules. Annealing supported the formation of
the iridium dioxide superoxide complex [(nl-Oz)IrOz],
which isomerizes under the IR irradiation to the iridium
dioxide peroxide complex [(17°-0,)IrO,]. These complexes
photochemically rearrange to the iridium tetroxide mole-
cule with a formal iridium oxidation state of VIII. After
these experimental findings, one question remains unans-
wered: is the lighter homologue of the iridium tetroxide,
namely rhodium tetroxide, also stable? A stability of this
molecule would be in line with the group 8 oxides OsOq4
and RuQOy, see above.

Herein, we report a combined matrix isolation spectro-
scopic and theoretical study of rhodium oxides and dioxygen
complexes with RhO, stoichiometry. To put these data
into perspective, a comparison with its heavier homologue
iridium is made.

2 Experimental and computational methods
2.1 Experimental methods

The experimental set-up for pulsed laser evaporation and
matrix isolation infrared spectroscopic investigation has
been described in detail previously [10]. Briefly, the
1,064 nm fundamental of a Nd:YAG laser (Continuum,
Minilite II, 10 Hz repetition rate and 6 ns pulse width) was
focused onto a rotating rhodium target through a hole in a
CsI window cooled normally to 6 K(Ar) or 4 K(Ne) by
means of a closed-cycle helium refrigerator. The laser-
evaporated metal atoms were codeposited with O,/Ar or
O,/Ne mixtures onto the CsI window. In general, matrix
samples were deposited for 1 h (Ar) or 0.5 h (Ne) at a rate
of approximately 4 mmol/h. The O,/Ar and O,/Ne mix-
tures were prepared in a stainless steel vacuum line using
standard manometric technique. Isotopic 0, (ISOTEC,
99%) was used without further purification. The scrambled
10, + '°0'™0 + '®0, mixture was prepared via Tesla
coil discharge of the mixed l602 + 1802 (1:1) sample. The
infrared absorption spectra of the resulting samples were
recorded on a Bruker IFS 66 V and Vertex 80 V spec-
trometers at 0.5 cm™' resolution between 4,000 and
450 cm™ ! using a liquid nitrogen-cooled HgCdTe (MCT)
detector. Samples were annealed in the dark (out of the
spectrometer beam line) to different temperatures and
cooled back to 6 or 4 K for spectral acquisition. Selected
samples were subjected to broad band irradiation using a
tungsten lamp or a high-pressure mercury arc lamp with
glass filters. Typically, the infrared spectra were recorded
with 150-200 scans, but only 10 or 20 scans were
employed in some cases due to the infrared-induced
decrease in the product absorptions.
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2.2 Calculations

All structures of the considered molecules have been
optimized at DFT level using the B3LYP hybrid functional
(based on the work of Becke) [11] and the triple-{ corre-
lation consistent basis sets aug-cc-pVTZ-PP and aug-cc-
pVTZ for rhodium and oxygen [12], respectively. Energy
gaps between different spin states have been evaluated by
B3LYP, BP86 and M052X density functionals, see Sup-
porting Information Table S1. Scalar relativistic effects for
Rh were included by a quasirelativistic energy-adjusted,
small-core pseudopotential (effective-core potential, ECP)
[13]. All DFT calculations have been performed with the
Gaussian 03 Rev. E.01 program package [14].

Stationary points on the potential energy surface have
been characterized by harmonic as well as anharmonic
frequency analyses. Also, isotopic shifts have been calcu-
lated for the all-'°0 and all-'®0 isotopomers. The relaxed
potential energy scans as well as the optimization of the
transition state structure have been performed by using
standard procedure implemented in the Gaussian 03
program.

The coupled-cluster calculations with single and double
excitations (CCSD), as well as with inclusion of pertur-
bative triple excitations [CCSD(T) level], were carried out
with the MOLPRO 2006 program package [15].
CCSD(T) single-point calculations at B3LYP-optimized
structures have been performed using different correlation
consistent basis set qualities of oxygen [aug-cc-pVXZ
X =D, T, Q) [12]. We note that the methodology used
here, in particular B3LYP optimizations followed
CCSD(T) single-point energy calculations with larger basis
sets, is well established as a reliable tool for redox ther-
mochemistry in the 5d transition metal series, for example
in previous studies on Hg, Au, Pt and Ir systems [16-20].

Our recent investigation on spin—orbit (SO) coupling of
group 9 tetroxide complexes shows only minor effects on
the stability of the rhodium and iridium species, whereas
SO coupling increases enormously for the corresponding
Eka-Iridium (Meitnerium) complexes and destabilizes
these [9]. Therefore, we have not investigated the SO
coupling of rhodium oxide species.

Note, in case of our coupled-cluster calculations on
single-point B3LYP structures, we observed relatively high
T,-diagnostic [21] values of the [(nl—Oz)RhOZ] complex in
both electron configurations, doublet 0.053 and quartet
0.090 whereas the highest T, amplitudes are below 0.15:
doublet IT(max)l 0.1083 and quartet IT, (max)l 0.0572.
This indicates that the occurring behaviour is not due to
“multireference” character of the wave function but rather
a problem of spin contamination. In case of the RhO,, we
have observed normal values of (doublet T;-diagnostic:
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0.0423, IT,(max)l 0.0995), which is in contrast with the
isovalent [FeO,] ™ [22].

3 Results and discussions
3.1 Infrared spectra

Figure 1 shows the infrared spectra in selected regions
from codeposition of laser-evaporated rhodium atoms with
0.5% O, in argon. In addition to the O, anion absorption
at 953.8 cm™' (not shown in Fig. 1) [23], the spectrum
after sample deposition is dominated by the rhodium
dioxide (RhO,) absorption at 899.9 cm™! (Fig. 1, trace a)
[24]. The weak band at 893.6 cm ™' was recently assigned
to the antisymmetric ORhO stretching vibration of rhodium
dioxide anion [25]. Broad band irradiation with the output
of a high-pressure mercury arc lamp (250 < /4 < 580 nm)
destroyed the anion absorptions while the RhO, absorption
increased. Three absorptions at 1,116.5, 890.6 and
837.7 cm~ ! (labelled 1 in Fig. 1) increased at the cost of
RhO, absorption during subsequent sample annealing
(Fig. 1, trace c). All these bands decreased when the
sample was exposed to the infrared light (7,500-370 cm™")
from the source of the spectrometer. At the same time,
another three bands at 928.6, 865.0 and 831.1 cm™!
(labelled 2 in Fig. 1) appeared, which were previously
assigned to the side-on bonded [(112-02)Rh02] molecule
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Fig. 1 Infrared spectra in the 1,140-1,100 and 940-810 cm™!
regions from codeposition of laser-evaporated rhodium atoms with
0.5% O, in argon (high laser energy). a 1 h of sample deposition at
6 K, b after 10 min of broad band irradiation (250 < A < 580 nm),
c after annealing to 35 K, 10 scans, d after 10 min of infrared
irradiation from the source, e after 10 min of 4 > 850 nm irradiation,
10 scans, f after 10 min of 4 > 500 nm irradiation, 10 scans and g
after 10 min of 250 < A < 580 nm irradiation, 10 scans. Labels / and
2 denote the absorptions of the [(nl—Oz)Rhoz] and [(nz—Oz)RhOZ]
complexes. All the samples were annealed in the dark

[24]. Further near-infrared irradiation (4 > 850 nm) com-
pletely destroyed the [(r]z—Oz)RhOZ] absorptions while the
1,116.5, 890.6 and 837.7 cm™! absorptions increased again
(Fig. 1, trace e). No new product absorption was produced
when the sample was irradiated with UV and visible light
(Fig. 1, traces f, g).

The infrared spectra from reactions of rhodium atoms
and 0.5% O, in argon but with lower laser energy are
shown in Fig. 2. Obviously, rhodium dioxide absorption is
barely observed upon sample deposition due to the lack of
excited rhodium atoms during ablation process (Fig. 2,
trace a). When the sample was annealed right after depo-
sition, absorptions at 1,116.5, 890.6 and 837.7 cm~! were
produced but with lower intensities. The major absorptions
after sample annealing appeared at 1,048.4 (labelled A in
Fig. 2), 959.5 (not shown in Fig. 2), 922.3 and 551.8 cm ™!
(labelled B in Figs. 1, 2). All of these four bands were also
observed in Fig. 1. The 1,048.4 and 959.5 cm™' absorp-
tions were recently assigned to the O-O stretching vibra-
tions of the [Rh(5?-0,),] and [Rh(;*-0,)] complexes,
respectively [26], while group B absorptions are still
unknown. As shown in Figs. 2 and 3, group B absorptions
are sensitive to the infrared light from the source, and
infrared irradiation induced the conversion from B to A.
Subsequent visible irradiation reproduced group B
absorptions with a slightly decrease in group A absorption.

Experiments were repeated using isotopic substituted
1%0,, '°0, + '*0, (1:1) and '°0, +'°0"*0 + 0, (1:2:1)
mixtures to help product identifications. The spectra in
selected regions with different isotopic samples are shown
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Fig. 2 Infrared spectra in the 1,060-1,045 and 940-880 cm™!
regions from codeposition of laser-evaporated rhodium atoms with
0.5% O, in argon (low laser energy). a 1 h of sample deposition at
6 K, b after annealing to 25 K, 10 scans, ¢ after 10 min of infrared
irradiation from the source and d after 10 min of A > 500 nm
irradiation, 10 scans. The asterisk denotes the absorption of the [(11'—
0,)RhO;] complex. All the samples were annealed in the dark
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Fig. 3 Difference IR spectrum in the 1,100-910 and 580-500 cm™"
regions from codeposition of laser-evaporated rhodium atoms with
0.5% O in argon (Spectrum taken after 20 min of infrared irradiation
from the source (200 scans) minus spectrum taken right after 25 K
annealing (10 scans)). The asterisk denotes the absorption of O,
anion

in Figs. 4 and 5 with the band positions of the product
absorptions listed in Table 1.

All the above-mentioned products were also observed in
the experiments performed in neon matrix (Fig. 6), and
their band positions are listed in Table 2. Note that the
neon-to-argon shifts for most molecules are less than
10 cm™', suggesting weak interactions between guest
molecules and host matrix atoms [27]. The large shift for
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Fig. 4 Difference IR spectrum in the 1,150-750 cm™' region from
codeposition of laser-evaporated rhodium atoms with different
isotopic samples in argon (Spectrum taken after 10 min of infrared
irradiation from the source (200 scans) minus spectrum taken right
after 2 > 850 nm irradiation (10 scans)). a 0.5% °0,, b 0.5% '20,,
¢ 025% '%0, +0.25% %0, and d 0.125% '°0, + 0.25%
190180 + 0.125% '80,. Bands upward denote the absorptions of
[(nl-Oz)RhOZ], and bands downward denote the absorptions of [(112-
02)RhO,]
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Fig. 5 Difference IR spectrum in the 1,100-860 cm ™' region from
codeposition of laser-evaporated rhodium atoms with different
isotopic samples in argon (Spectrum taken after 20 min of infrared
irradiation from the source (200 scans) minus spectrum taken right
after 25 K annealing (10 scans)). a 0.5% '°0,, b 0.5% '%0,, ¢ 0.25%
"0, + 0.25% '*0, and d 0.125% '°0, + 0.25% '°0'®0 + 0.125%
'802. Bands upward denote the absorptions of [Rh(112—02)2] (A), and
bands downward denote the absorptions of [Rh(nz-Oz)z] (B). The
asterisk denotes the absorption of the [(n'—Oz)RhOZ] complex

the [Rh(112-02)] complex is due to the coordination of
argon atoms to the rhodium centre in argon matrix [26].

3.2 [(#'-0,)RhO;]

The 1,116.5, 890.6 and 837.7 cm ™! absorptions increased
together on annealing, and they were interconvertible with
the [(#°-0,)RhO,] molecule under different infrared irra-
diation. The formation of these bands was favoured only
when the RhO, absorption was strong. All these observa-
tions suggest that the 1,116.5, 890.6 and 837.7 cm ™!
absorptions should be due to a new isomer of the
[(112-02)Rh02] complex. The first two bands were observed
previously but remained unidentified [24]. With our well-
resolved infrared spectra, we can determine the structure of
this molecule. The 1,116.5 cm™"' absorption shifted to
1,053.2 cm™ ! with '°0/'®0 ratio of a typical O-O vibra-
tion. Two doublets at 1,116.5, 1,115.0, 1,055.9 and
1,053.3 cm™! were observed in the mixed '°0, + %0,
(1:1) experiment (Fig. 4, trace c), suggesting the involve-
ment of one O, molecule in this mode but slightly per-
turbed by another fragment. In the experiment with '°O,
+1°01%0 + 1802 (1:2:1) sample, the intermediate absorp-
tion split into two closely spaced bands, which clearly
indicated the two oxygen atoms are not equivalent (Fig. 4,
trace d). For the other two bands at 890.6 and 837.7 cmfl,
they were, respectively, characterized as antisymmetric and
symmetric ORhO stretching vibrations on the basis of
1%0/'®0 ratio. Mixed isotopic experiments revealed that
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Table 1 Infrared absorptions (cm™') of rhodium oxide species in solid argon

10, 150, 150, + 180, 150, + 150180 + 80, Mode
[(n"-0,)RhO,] 1,116.5 1,053.2 1,116.5, 1,115.0 1,115.4, 1,087.0, 0-0 str.
1,055.9, 1,053.3 1,083.6, 1,055.6, 1,053.3
890.6 851.3 890.6, 851.3 890.6, 877.9, 851.3 ORhO antisym. str.
837.7 792.1 837.7, 793.1 837.7, 808.3, 792.8 ORhO sym str.
[(7*-0,)RhO,] 928.6 878.7 928.6, 878.7 928.6, 904.2,...% 0-0 str.
865.0 820.3 865.0, 820.3 964.9, 852.9, 820.6 ORhOO sym. str.
831.1 792.1 831.1, 792.1 831.1, 801.3, 792.1 ORhO antisym. str.
[Rh(1*-05)] 959.5 907.9 959.5, 907.9 959.5, 934.4, 907.9 0-0 str.
[Rh(1*-05),] (A) 1,048.4 990.3 1,076.7, 1,048.4, 1,076.7, 1,048.4, 1,029.1, 0-O str.
1,002.8, 990.3, 1,019.5, 1,002.8, 999.9,
990.3
[Rh(57°-05),] (B) 922.3 873.3 922.3, 891.1, 873.3 922.3, 908.5, 898.1, 0-O0 str.
891.1, 883.7, 873.3
551.8 531.3 551.8, 542.6, 531.8 551.8, 547.0, 542.1%, Rh-(0,), str.
536.8, 531.3
RhO, 911.7 872.3 911.7, 872.3 911.7, 899.9, ORhO antisym. str.
872.3, 831.2 (site)
909.6 870.2 909.6, 870.2 909.6, 897.8, ORIO antisym. str.
870.2, 829.4 (site)
899.9 861.1 899.9, 861.1 899.9, 888.0, 861.1 ORhO antisym. str.
[RhO,]™ 893.6 855.3 893.6, 855.3 .5 877.6, 855.3 ORhO antisym. str.
891.4 853.1 891.4, 853.1 ORO antisym. str. (site)
RhO 799.0 759.8 799.0, 759.8 799.0, 759.8 RhO str.

* Absorptions unresolved due to band overlap
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Fig. 6 Infrared spectra in the 1,140-1,090 and 950-780 cm™!
regions from codeposition of laser-evaporated rhodium atoms with
0.1% O, in neon. a 0.5 h of sample deposition at 4 K, b after 10 min
of broad band irradiation (250 < 4 < 580 nm), ¢ after annealing to
11 K, 20 scans, d after 10 min of infrared irradiation from the source,
e after 10 min of A > 850 nm irradiation, 20 scans, f after 10 min of
4> 500 nm irradiation, 20 scans and g after 10 min of
250 < A < 580 nm irradiation, 50 scans. Labels / and 2 denote the
absorptions of the [(nl—Oz)RhOz] and [(nz—Oz)RhOZ] complexes. All
the samples were annealed in the dark

Table 2 Infrared absorptions (cm™') of rhodium oxide species in
solid neon

'°0, %0, Mode
[('-0,)RhO,] 1,108.0 1,0454  O-O str.
897.7 858.1 ORhO antisym. str.
845.7 799.8  ORhO sym str.
[(7°-02)RhO,] 930.4 880.1  O-O str.
869.7 826.7  ORhO sym. str.
838.8 799.6  ORhO antisym. str.
[Rh(5*-0,)] 975.8 923.1  O-O str.
[Rh(*-0,),] (A)  1,047.4 989.2  O-O str.
[Rh(5*-0,),] (B) 929.1 879.6  O-O str.
RhO, 912.1 872.7  ORhO antisym. str. (site)
908.6 869.5  ORhO antisym. str.
[RhO,]™ 898.6 859.9  ORhO antisym. str.
897.7 859.2  ORhO antisym. str. (site)
RhO 799.8 760.8  RhO str.

only one RhO, fragment is involved in these modes.
Accordingly, the three absorptions at 1,116.5, 890.6 and
837.7 cm ! are assigned to the [(nl-Oz)RhOQ] complex, in
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which the O, molecule is end-on bonded to the rhodium
centre.

3.3 [Rh(5*-0,),] (B)

As shown in Figs. 2 and 3, the 922.3 and 551.8 cm ™!
(B) absorptions are interconvertible with the previously
identified bis-superoxo [Rh(r]z—Oz)z] complex (A) [26].
The '°0/'®0 ratio for the 922.3 cm™" absorption charac-
terizes an O-O stretching vibration. A similar pattern with
the known [Rh(nz-Oz)z] complex (A) was observed for the
922.3 cm™! absorption in the mixed %0, + '®0, (1:1) and
%0, +'°0"™0 + 80, (1:2:1) experiments (Fig. 5), indi-
cating that group B absorptions should be a rhodium bis-
dioxygen complex as well. The weak band at 551.8 cm™'
is due to a Rh-(O,), vibration. It can be found in Figs. 1
and 2 that the formation of the 922.3 and 551.8 cm™'
absorptions is independent of rhodium dioxide, and no
ORhO stretching vibration was observed to track these two
bands. Hence, we assign the 922.3 and 551.8 cm”!
absorptions to the [Rh(nz-Oz)z] complex (B). The new
[Rh(nz-Oz)z] complex (B) identified here can be regarded
as a peroxo complex on the basis of its O—O vibrational
frequency [28], which is different from the superoxo
[Rh(1*-05),] complex (A) [26].

3.4 Quantum chemical calculations

All isomers of rhodium oxides and dioxygen complexes
with RhO, stoichiometry have been quantum chemically
investigated. The optimized structures are shown in Fig. 7,
and the calculated thermochemistry and vibrational fre-
quencies at DFT and coupled-cluster level are shown in
Tables 3, 4, 5, 6. The [(nz-Oz)RhOZ] isomer is formed via

Fig. 7 B3LYP-optimized 167.6 pm
structures of rhodium oxide

molecules. The doublet and \j 8.4
quartet state of [('-O,)RhO,] '
and [Rh(nz—Oz)z] are shown. (a)

a RhO,; (point group Cs,,
electronic state: 2A1),

b [RhO,]™ (Cy, 'A),

C Rh("lz-oz) (Cays 2A2),

d [(7'-0,) RhO,] (C;, *A),
e [(n'-02)RhO] (C;, *A),
f [Rh(7>-0,),] (Dag, *By),
g [Rh(ﬂz-oz)z] (Dan, 4Blu),

170.1 pm

h [(7%-0,)RhO,] (Csy. *A,) and () )
. 2
i RhO4 (D2g, “Ay) 191.3 pm

201.9 pm

139.7 pm
130.9 pm
169.1 pm
) (h)
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reaction between the inserted rhodium dioxide and dioxy-
gen under cryogenic conditions and characterized by its IR
bands in the matrix isolation experiment, see Fig. 1 Label 2
and ref. [24]. The species is predicted to have C,, sym-
metry with an electron configuration of *A, which is in
agreement with previous investigations [24]. The doublet
configuration has been calculated to be the ground state at
different levels of theory with the exception of the M05-2X
functional which leads to a quartet state lying 9.2 kJ mol '
lower in energy (see Table S1). The side-on bonded per-
oxide group has been computed to be 139.7 and 140.6 pm
long at B3LYP and CCSD(T) level, respectively. This
is slightly shorter than the peroxide bond found in
[(1*-0)Ir0,] of 142.8 pm at B3LYP and 145.1 pm at
CCSD(T) level [8]. Our calculated harmonic frequencies
are consistently shifted to higher wavenumbers if com-
pared with the experimental absorption bands, see Table 4.
If we take anharmonic corrections into account, the
agreement improves slightly. This difference between the
experimental and computed wavenumbers is at one side
due to the used quantum chemical level, in this case DFT,
and on the other side due to the experimental matrix shift
(influence of the noble gas matrix to the guest species)
which is still neglected by our calculations. Nevertheless,
isotopic labelling of the species in question with '°O and
0 allows the right assignment of the observed bands.
The isotopic shifts of the experimental and calculated
anharmonic O-O stretch (a;) 49.9/45.4 cm~!, ORhO
symmetric stretch (a;) 44.7/48.8 cm™!' and the ORhO
antisymmetric stretch (b;) 39.0/40.5 cm™ ! are in good
agreement, see Table 4.

The [(5'-0,)RhO,] isomer with an end-on coordinated
superoxide ligand is 30.3 kJ/mol higher in energy than the
side-on bonded peroxide complex at DFT level (Fig. 8).

171.0 pm

\—/163.9

(b)

190.8 pm

135.6 pm
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Table 3 Thermochemistry of RhO, and RhO, isomers at different levels of theory in [kJ molfl]
Reaction B3LYP BP86 MO05-2X CCSD(T)

OPT*" OPT*" OPT® OPT*  SPDZ'  SP/TZ"  SPIQZ'
a. RhO4 — [(n*-O0»)RhO,] —47.9 (—49.4) 18.4 (17.5) —141.1 (—142.6) —25.7 -99 —26.7 —26.2
b. RhO, — [(1'-0,) RhO,]® —17.6 (—21.5) 56.8 (54.1) —98.2 (—100.3) 83.3 69.6 71.5
¢. RhO4 — Rh(*-0,)} —15.5 (—-17.8) 134.9 (132.6) —225.3 (—226.2) 78.1 50.8 54.0
d. RhO4 —» RhO, + O, —35.2 (—42.6) 104.0 (96.8) —154.5 (—161.9) —5.8 7.1 —4.0 —-0.6
e. [(n'-0,) RhO,] — RhO, + O, —17.5 (=21.1) 47.2 (42.7) —56.2 (—61.6) —76.2 —73.9 —72.1
f. [(172—02) RhO;] - RhO; + O, 12.7 (6.8) 85.6 (79.4) —13.3 (—19.3) 19.9 17.0 22.7 25.7
g. Rh(*-0,), — Rh(;*-05) + O, 165.1 (157.9) 196.9 (190.8) 177.0 (169.1) 165.8 158.9 159.0
h. Rh(*-0,), — RhO, + O, —19.7 (—24.8) —30.8 (—35.7) 70.8 (64.4) —70.9 —54.8 —54.5
i. RhO, —» Rh + O, 297.2 (294.3) 428.1 (425.1) 218.4 (215.4) 364.1 347.3 352.6
j. RhO, — Rh(5*0,) 184.7 (182.7) 227.8 (226.6) 106.1 (104.8) 236.7 213.8 213.5

* Thermochemistry at B3LYP/Rh:aug-cc-pVTZ-PP; O:aug-cc-pVTZ level, ® Values in parenthesis are ZPE corrected. © Thermochemistry at
BP86/Rh:aug-cc-pVTZ-PP; O:aug-cc-pVTZ level 4 Thermochemistry at M05-2X/Rh:aug-cc-pVTZ-PP; O:aug-cc-pVTZ level; © Optimizations
at CCSD(T)/Rh:RSC-PP; O:aug-cc-pVTZ level. f Single-point calculations on B3LYP-optimized structures at CCSD(T)/Rh:aug-cc-pVTZ-PP;

O:aug-cc-pVXZ X = D, T, Q level. # Doublet, h Quartet

The electron configuration of the minimum structure of this
species is difficult to assign because the energy gap between
the doublet ?A’ and the quartet *A’ states is only 3.7 kJ/mol at
B3LYP level with the quartet state being lower in energy.
Other functionals such as BP86 and M05-2X show the doublet
configuration to be the ground state (Table S1). In a previous
investigation of rhodium oxide species using the GGA (gen-
eralized gradient approximation) functional BPWO91, the
doublet state was found to be 4 kJ/mol lower in energy [24].
This discrepancy of the spin-state splitting using different
kinds of DFT functionals is known; for example pure func-
tionals like LDA and GGA e.g. BPWI1 systematically over-
estimate the stability of low-spin states whereas hybrid
functionals like B3LYP or PBE overestimate the stability of
high-spin states due to their inclusion of Hartree—Fock
exchange [29, 30]. The comparison of the experimental iso-
topic shift with the calculated one shows an appropriate
agreement for the 2A/ state, indicating that the doublet is
indeed the lowest energy configuration of the [(n1-02)Rh02]
complex, see Table 4. The experimental and calculated iso-
topic shifts of the 1°0 and 80 are 0-O stretch (2') 63.3/
72.4 cm ™', ORhO antisymmetric stretch (a”") 39.3/42.2 cm™"
and the ORhO symmetric stretch (a’) 45.6/38.9 em™ L.
Furthermore, the relative intensities of these three modes for
the doublet complex are in better agreement with the experi-
mental infrared intensities, which also provide support to the
assignment of the 2N ground state of the [(nl—Oz)Rhoz]
molecule.

Calculations of the [Rh(r]z-Oz)z] complex as doublet and
quartet states show D,y and D,;, symmetry, respectively, see
Fig. 7. The latter is experimentally known from its absorption
at 1,048.4 cm™! and is characterized to be a bis-superoxide
complex with a ground-state electron configuration of “By,
which is 12.6 kJ/mol lower in energy than the new D4 peroxo

complex, see Fig. 9. The energy gap between the two mole-
cules depends strongly on the used method (Table S1). The
MO05-2X functional overestimates the stability of the quartet
state whereas BP86 does so for the doublet configuration; both
B3LYP and single-point CCSD(T) calculations show very
small energy gaps. Note, the single-point CCSD(T) calcula-
tions have been carried out on B3LYP-optimized structures
and might not represent the ideal symmetry of the molecule as
BP86 shows a distortion from D,;, symmetry for the quartet
state. The experimental finding of both species corroborates
the small energetic differences between the two molecules.
The new band at 922.3 cm ™' is due to the only observed O-O
stretching vibrational mode of the peroxo complex (B). The
optimized structure shows a D4 symmetry with an electron
configuration of *B;. Its O-O bond length is 5 pm longer than
that of the superoxo complex and is thus more close to the
0O-0 bond length of the hydrogen peroxide (experimental gas-
phase structure, 147.5 pm [5]), see Fig. 7. Our calculated
isotopic shift is in agreement with the experimental observa-
tion (Table 5): antisymmetric O-O stretch (by) 49.0/
53.1 cm™! and Rh-(0;), antisymmetric stretch (b,) 20.5/
21.6 cm ™. Both species are interconvertible by rotation of the
peroxide bond as indicated by the observed bands, see Figs. 2
and 3. This process was investigated by an relaxed potential
energy surface (PES) scan at B3LYP level of the doublet and
quartet states of [Rh(nz—Oz)z], see Fig. 9. The point of spin-
crossover is reached at an angle between 50° and 55°. This
rough interpretation of the photolytically initiated intercon-
version process between these two states allows the estimation
of the ‘barrier’ which is approximately 80 kJ/mol high.

The open-shell (d") RhO, isomer exhibits moderate
Jahn-Teller distortion from a regular tetrahedron to Doy
symmetry. Its bond length is computed to be 170.7 and
171.9 pm at B3LYP and CCSD(T) level, respectively, see
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Table 4 Experimental (in argon matrix) and calculated wavenumbers and isotopic shifts for [(nl—Oz)RhOz] and [(nz—Oz)RhO2]; all values in cm ™!

Molecule Mode Exp. Calc.*? Rel. Int.®  Calc.™® Ref.
[(n"-0,)RhO,] A’ 0-O str. (a') v (Rh'°0,) 11,1165  1,296.8/1,2853 100 1,061.1/1,050.3  This paper
v (Rh'0,)  1,0532  1,222.5/1,212.9 1,000.0/978.2
AV 63.3 74.3/72.4 61.1/72.1
ORhO antisym. str. (a”/) ¥ (Rh'°0,) 890.6 938.9/931.6 83 893.7/873.3
v (Rh'%0,) 851.3 896.4/889.4 852.8/829.3
AV 39.3 42.5/42.2 40.9/44.0
ORKO sym. str. (a') v (Rh'60,) 837.7 903.3/891.6 12 865.1/851.4
v (Rh'%0,) 792.1 854.6/844.2 818.3/802.1
AV 45.6 48.7/47 4 46.8/49.3
[(n"-0,)RhO,] “A’  0-O str. (a') v (Rh'%0,)  1,116.5  1,227.8/1,2084 100 1,221.0/1,204.6
v (Rh'%0,)  1,0532  1,157.6/1,140.0 1,151.0/1,135.5
AV 63.3 70.2/68.4 70.0/69.1
ORhO antisym. str. (a”) v (Rh'°0,) 890.6 910.1/897.7 1 851.8/851.4
v (Rh'%0,) 851.3 861.1/849.9 812.5/811.3
AV 39.3 49.0/47.8 39.3/40.1
ORKO sym. str. (a/) v (Rh'60,) 837.7 866.5/854.1 21 867.5/859.9
v (Rh'%0,) 792.1 826.5/815.2 821.1/814.4
AV 45.6 40.0/38.9 46.4/45.5
[(7*0,)RhO,] 0-0 str. (a;) 7 (Rh'°0,) 928.6  1,019.1/976.6 60 968.4/956.4 [24]
7 (Rh'%0,) 878.7 962.2/931.2 914.3/901.3
AV 49.9 56.9/45.4 54.1/55.1
ORhO sym. str. (a;) 7 (Rh'°0,) 865.0 951.0/936.6 10 908.5/897.3
7 (Rh'%0,) 820.3 900.6/88.1 861.2/852.2
AV 447 50.4/48.8 47.3/45.1
ORhO antisym. str. (b;) v (Rh'°0,) 831.1 874.6/863.6 100 851.6/844.4
7 (Rh'%0,) 792.1 833.1/823.1 811.0/804.8
AV 39.0 41.5/40.5 40.6/39.6
RhO, ORhO stretch (e) v (Rh'®0,) - 912.9/891.0 100 881.5/856.5
7 (Rh'%0,) - 887.4/849.5 840.1/816.5
AV - 42.9/41.5 41.4/40.0
ORO stretch (b,) 7 (Rh'°0,) - 882.4/880.5 52 843.1/842.4
7 (Rh'®0,) - 839.0/837.6 801.6/801.5
AV - 43.3/42.9 41.5/40.9

2 Harmonic/anharmonic values; ® B3LYP; ¢ BP86

Table 5 Experimental (in argon matrix) and calculated wavenumbers and isotopic shifts for both [Rh(nz—Oz)z] isomers; all values in cm™

1

Molecule Mode Exp. Calc.*? Rel. Int.®  Calc.** Ref.
[Rh(1*-05),] *B, 0-0 antisym. str. (b,) 7 (Rh'®0,) 9223 993.0/981.9 100 1,018.4/994.6 This paper
7 (Rh'*0,) 873.3 938.6/928.8 962.4/945.2
AV 49.0 54.4/53.1 56.3/49.4
Rh-(0,), antisym. str. (b,) 7 (Rh'°0,) 551.8 606.7/591.3 4 585.5/572.0
v (Rh'30,) 531.3 584.0/569.7 563.9/550.9
AV 20.5 227/21.6 21.6/21.2
[Rh(*-0,),] “B;y  O-O antisym. str. (by,) v (Rh'°0,)  1,0484  1,172.5/1,156.0 100 1,061.3/1,056.3  [26]
v (Rh'%0,) 990.3  1,105.5/1,092.9 1,001.1/997.9
AV 58.1 67.0/63.1 60.2/58.4

2 Harmonic/anharmonic values; ® B3LYP; ¢ BP86; ¢ C,, symmetry with BP86
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Table 6 Experimental (in argon matrix) and calculated wavenumbers and isotopic shifts for RhO,, RhO,™ and [Rh(nz—Oz)]; all values in cm™

1

Molecule Mode Exp. Calc.™? Rel. Int. Calc.*¢ Ref.
RhO, ORKO antisym. str. (by) 7 (Rh'°0,) 899.9 986.0/974.9 100 962.3/953.1 [24]
7 (Rh'*0,) 861.1 942.8/932.7 920.2/911.9
AV 38.8 43.2/42.2 42.1/41.2
RhO; ORhO antisym. str. (by) 7 (Rh'°0,) 893.6 948.9/942.2 100 921.9/909.4 [25]
v (Rh'%0,) 855.3 907.6/901.5 881.7/869.9
AV 383 41.3/40.7 40.2/39.5
[Rh(1*-05)] 0-0 str. (a) v (Rh'°0,) 959.5 1,072.1/1,016.2 100 1,064.7/1,037.5 [26]
7 (Rh'%0,) 907.9 1,011.2/967.9 1,004.0/964.0
AV 51.6 60.9/48.3 60.7/73.5

2 Harmonic/anharmonic values; ® B3LYP; ¢ BP86
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Fig. 8 Computed potential energy diagram (B3LYP results) of the
isomers of RhQy. Values are energies in kJ mol ™! relative to the most
stable [(7*-O,)RhO,] isomer. The arrows at the transition state
structure indicate the directions of the force constants of the
imaginary mode (arrow scale factor 0.25)
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Fig. 9 Relaxed potential energy scan of the doublet and quartet states
of [Rh(r]z-Oz)z]; the potential energies are plotted as a function of the
dihedral angle between the two dioxygen groups in an increment of 5°

Fig. 7. This outcome is in agreement with the recently
experimental and quantum chemically characterized hea-
vier homologue of IrO, [8] and would represent the formal
oxidation state VIII of Rh. Thermochemical calculations at
DFT and coupled-cluster level show the concerted O,
elimination RhO, — RhO, + O, to be exothermic by

—35.2 and —0.6 kJ/mol, respectively. Smaller basis sets
tend to overestimate the stability of the higher oxidation
states, see Table 3. Furthermore, the RhO, isomer is
computed to be 47.9 kJ/mol higher in energy than the side-
on bonded [(;72-02)Rh02] isomer, see Fig. 8. This shows
that RhO, in oxidation state VIII most likely undergoes an
internal reductive bond formation which corresponds to the
oxidation state VI of Rh in [(nz-Oz)RhOz], see Table 3.
The reaction path for forming the RhO, via [(5*-
0,)RhO,] — TS — RhO, is kinetically protected by a
relative high barrier of 127.4 kJ/mol at B3LYP level which
one has to overcome for experimental preparation. How-
ever, this barrier vice versa (79.5 kJ/mol, see Fig. 8) can in
principle stabilize RhQy, if it is formed. The corresponding
TS structure shows approximatively C,, symmetry with
two elongated oxygen bonds having an average length of
182.9 pm, see Fig. 8. As no experimental IR band in the
matrix isolation experiment could be assigned to this RhO,
species, the case of rhodium contrasts with our recent
results for iridium oxides [8].

Structure optimizations and frequency (harmonic and
anharmonic) calculations of the lower rhodium oxides
RhO,, [RhO,]™ and [Rh(nz-Oz)] have been performed as
well, see Fig. 7 and Table 6. Both rhodium dioxide species
RhO, and [RhO,]™ are not linear with a bending angle of
158.4 and 163.9°, respectively. The computed bond length
of 167.6 pm of the RhO, molecule is the shortest found for
all investigated rhodium oxides in this work. The [Rh(;*
0,)] species shows C,, symmetry with its O—-O bond length
of 133.3 pm which lies between the peroxo and superoxo
complexes f and g in Fig. 7.

4 Conclusions
As observed in previous experiments [24, 26], ground-state

rhodium atoms react with O, to form the [Rh(r]z-Oz)]
complex while the formation of rhodium dioxide requires
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excited rhodium atoms. Further, sample annealing allows
the spontaneous formation of the [(171-02)Rh02] complex
from RhO, and O,, for which negligible activation energy
is needed. The end-on bonded [(ﬂl-Oz)RhOz] complex can
be converted to the [(172-02)Rh02] complex with side-on
bonded O, molecule via infrared irradiation, and vice
versa, under near-infrared irradiation. This species is also
computed to be the lowest in energy of all RhO,4 isomers.

Different from the iridium case, rhodium tetroxide is not
produced on further photolysis with high-energy photons,
suggesting the RhO, molecule to be less stable than the
heavier iridium analogue in solid matrices. This experi-
mental finding is in agreement with our calculations: RhO,
is 47.9 kJ/mol higher in energy than its [(5?-O,)RhO,]
isomer which is in contrast with the iridium tetroxide iso-
mers where the IrO,4 isomer was found to be the lowest in
energy. The internal reduction path RhO, — [(7*-
0,)RhO,] is kinetically hindered by a barrier of only
79.5 kl/mol at B3LYP level. Nevertheless, the oxidation
state VI is highest observed for rhodium. Recent matrix
isolation studies on iron and cobalt tetroxide molecules
revealed that both the end-on [(ﬂl-Oz)MOz] and side-on
bonded [(112-02)M02] (M = Fe, Co) complexes were sta-
ble and interconvertible, but no evidence was found for the
formation of the tetroxide molecules with the metal centre
in the VIII oxidation state [31, 32]. It seems that light
transition metal oxides with high oxidation state (higher
than VI) are not stable enough to be trapped in solid
matrices.

In addition to the rhodium dioxide—dioxygen complexes,
two interconvertible [Rh(nz-Oz)z] complexes are also pro-
duced when the sample was annealed. Infrared irradiation
induced the formation of the superoxo [Rh(nz-Oz)z] com-
plex (A), and the peroxo [Rh(nz-Oz)z] complex (B) is
reproduced when visible irradiation was used. Complex B
is 12.6 kJ/mol higher in energy, and a relaxed potential
energy scan at B3LYP level indicates a barrier of
approximately 80 kJ/mol for the interconversion.
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