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1. Introduc�on 

The chemistry and physics of systems containing 4d or 5d elements with 
partially filled d orbitals are of current interest as a consequence of the delicate 
interplay between spin-orbit coupling and electron correlations. This often 
results in unexpected, yet startling, properties such as the proposed spin triplet 
superconductivity in Sr2RuO4 [1], the coexistence of ferromagnetism and 
metallic conductivity in SrRuO3 [2], and the extraordinary high Neel 

temperature in SrTcO3 [3]. Iridium(IV) oxides with a d5 electron configuration, 
such as Na2IrO3 and α-Li2IrO4, have a Jeff ¼ 1/2 ground state that has been 

intensively investigated in the search for exotic properties [4–6]. Exotic 

electronic and magnetic properties have been observed in double perovskites 
including Ba3ZnRu2O9 that is a potential quantum spin liquid lacking magnetic 
order down to 37 mK [7,8]. This is attributed to strong magnetic interactions 
within the Ru5þ S ¼ 3/2 face-sharing dimers coupled with the geometric, 
magnetic frustration. A giant magnetoelastic effect is present in the 6H-
perovskite Ba3BiIr2O9, which contains 5d Ir4þ (S ¼ 1/2) dimerized into isolated 
face-sharing Ir2O9 bioctahedra [9]. 

Recently, attention has expanded from the oxides to include the halides [10]. 
Of these, α-RuCl3 has arguably garnered the most attention due to its potential 
to host a Kitaev quantum spin liquid ground state that may be relevant for 
quantum computing [11,12]. The A2BX6 halides are alternatively described as 
antifluorites or vacancy ordered double perovskites. The single-ion behaviour 
of the hybrid (CH3NH3)2RuX6 (X ¼ Cl or Br) compounds have been explored 
and the magnetic behaviour of the corresponding alkali metal 
hexahaloruthenates were recently reported [13,14]. Where the Ru cations are 
isolated from each other, their magnetic properties are in agreement with the 
predictions of the Kotani model for low spin d4 systems [15]. Where the cations 
are not isolated, deviations from the Kotani model are observed [13,14]. 
Comparison of the structural and magnetic properties of the iridium(IV) halides, 
K2IrCl6 and K2IrBr6, has shown that distortion of the fcc spin lattice in the bromo 
complex partially alleviates the magnetic frustration observed in the chloro 
complex [16,17]. Replacing the K cation with Na increase the antiferromagnetic 
transition temperature from ~2.9 K in K2IrCl6 to ~7.4 K in Na2IrCl6. Partial 
hydration of the sodium ion in Na2IrCl6 results in distortion of the IrCl6 

octahedra impacting the observed magnetic behaviour [18]. 

Interest in the electronic and magnetic properties of μ-oxo dimers of the 4d 
and 5d elements intensified with the discovery by Meyer and coworkers that an 

oxo-bridged dinuclear ruthenium(III) complex RuIII–O–RuIII acted as a water 

oxidation catalyst [19]. Similar activity has been observed in some μ-oxo Ir(IV) 

dimers [20]. The linear Ru–O–Ru bond in the family of [Ru2OCl10]4- 

oxychlorides results in a diamagnetic ground state. The spectroscopic properties 
of these, and of related osmium, rhenium and tungsten oxychlorides, have been 
extensively studied. Less is known about the corresponding oxybromides, and 
the ruthenium compounds in particular are poorly characterised [21]. Indeed, 
Appleby et al. [22] concluded that the earlier report of the preparation of 
Cs4[Ru2OBr10] by San Filippo and co-workers [23] yielded a heterogenous 
mixture rather than the desired product. Campbell and Clark described the in 

situ generation of [W2OBr10]4- but concluded that this could not be isolated in 
the solid state [24]. 

In the present contribution, we provide the first crystallographic study of 
K4[Ru2OBr10] and demonstrate that this is diamagnetic as a 

 

Fig. 1. Rietveld profiles for K4Ru2OBr10 measured at 80 K with λ¼ 0.5904683 Å. The red 
symbols are the observed data, the solid black line is the calculated profile, and the lower 
blue line is the difference between the observed and calculated profiles. The positions of 
the space group Bragg reflections are indicated by the vertical markers. The inset highlights 
both the quality of the data and fit to high angle. 

consequence of the linear Ru–O–Ru moiety that is seen in the family of 

[Ru2OCl10]4- oxychlorides. The Raman and UV–Vis spectra of K4[Ru2OBr10] are 

reported. 

2. Experimental 

The sample was supplied by Surepure Chemicals and used as received. 
Variable temperature synchrotron X-ray diffraction data were collected from 80 
to 300 K on the Powder Diffractometer BL-10 at the Australian Synchrotron 
using 21.0 keV photons, corresponding to λ ¼ 0.590468 Å based on Rietveld 
Refinement of LaB6 NIST SRM660B line profile standard. This refinement, 
using the Thompson Cox Hastings profile function [25], also supplied the 
instrument resolution function. The sample was placed in a 0.2 mm capillary 
that was rotated during data collection to minimize preferred orientation effects. 
The diffractometer uses an array of 16 Mythen II microstrip detector modules. 
To eliminate the gap between individual modules, two data sets were collected 
with the detector assembly shifted by 0.5. The resulting data sets were merged 
using bespoke software [26]. 
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The diffraction pattern was successfully indexed as I-centred tetragonal with 
a ¼ 7.49541(6) and c ¼ 17.7243(2) Å using the program Conograph [27]. A 
search of the ICSD database revealed a similar unit cell for K4Ru2OCl10H2O and 
this was used to create a starting model in space group I4/mmm [28]. The 
structure, reported by Mathieson et al., contains a water molecule with the 
oxygen of this located at the 2b site (0 0 ½) [28]. Attempts to refine the atomic 
displacement parameter (ADP) of this oxygen caused the refinements to diverge 
and/or return unreasonably large values, suggesting this site was not fully 
occupied. Refinement of the site occupancy using the Rietveld method as 
implemented in the program GSAS returned a value within two esds of zero, 
suggesting the site was effectively empty. Examination of the difference Fourier 
maps did not reveal any electron density at this site and consequently the water 
molecule was removed from the model. This structure is equivalent to that 
reported by Deloume et al. for the anhydrous compound K4Ru2OCl10 [29]. The 
background, characteristic of the glass capillary in which the powder sample 
was packed, was modelled by a twelfth order shifted Chebyshev polynomial. In 
the final refinement cycles, the profile and lattice parameter were released, and 
no constraints were placed on the atomic coordinates. The atomic displacement 
parameters for the oxygen ion refined to physically unreasonable values at the 
lowest temperatures and so this was set to a small positive value and not refined. 
All other ADPs were freely refined. 
Table 1 
Refined structural parameters for K4Ru2OBr10 at 80 K. The structure was refined in space 
group I4/mmm with a ¼ 7.49541(6), c ¼ 17.72429(17) Å. Cell volume ¼ 995.772(15) Å3. 
Rp ¼ 0.0223%, Rwp ¼ 0.0297%, χ2 ¼ 6.22. 

Atom Site x y z Ui/Ue
b100 

Å3 

K1 4c 0 ½ 0 2.35(14) 
K2 4d 0 ½ ¼ 3.29(15) 
Ru1 4e 0 0 0.10243(10) 2.16(5) 
O1 2a 0 0 0 2a 
Br1 4e 0 0 0.24280(14) 4.31b 
Br2 16 m 0.23763(9) 0.23763(9) 0.11161(6) 2.35b 
a Value fixed and not varied in the refinements. b 

Anisotropic ADP were refined for the Br anions. 

An example of the Rietveld fit is shown in Fig. 1 and the refined atomic 
coordinates, ADPs and selected bond distances at 80 K are given in Table 1 and 
Fig. 2. 

UV–Vis–NIR spectra were measured using a CARY5000 

spectrophotometer equipped with a Harrick Omni-Diff probe attachment. All 

spectral data are reported as the Kubelka–Munk transform, where F(R) ¼ (1  

R)/2R (where R is the diffuse reflectance of the sample relative to the BaSO4 

standard) [2]. 
Raman spectroscopy was undertaken using a Renishaw inVia Reflex 

Microscope in ambient conditions. A 633 nm HeNe laser was run at 10% 
intensity to measure 80 <ν < 1000 cm1, with five sets of 30 s acquisitions to 
improve the signal-to-noise ratio. The statistical occupation of thermal states 
was accounted for by scaling each intensity by the BoseEinstein occupation 
factor [30]. XPS were recorded on a ESCALAB250Xi spectrometer using Mg-
Kα radiation (1253.6 eV) at 13.8 kV, 8.7 mA with a constant pass energy of 20 
eV operating with a vacuum below 2  109 mbar. Binding energies are referenced 
to the C 1s signal from adventitious hydrocarbon at 284.8 eV. 

The magnetic properties of the powder samples were measured using a 
DynaCool Quantum Design Physical Property Measurement (PPMS) system 
equipped with a vibrating sample magnetometer (VSM). The powders were 
packed into a polycarbonate capsule (VSM Powder Sample Holder P125E) 
snaped into a brass half-tube sample holder. Zero-fieldcooled (ZFC)/field-

cooled (FC) curves were collected in the temperature range of 2.5 K–300 K 

using an applied magnetic field of 1000 Oe. Isothermal magnetization data were 
collected at 2.5 K, scanning the applied field in the range of  9 T. 

3. Results and discussion 

The refined structure of K4Ru2OBr10 is very similar to that of K4Ru2OCl10 

described by Deloume et al. and consists of discrete binuclear [Br5Ru–O–

RuBr5]4- anions and Kþ cations. It is isostructural with K4Re2OC110⋅H2O [31], 
K4Os2OC110 [32], and K4W2OC110 [33]. Mattes et al. presented the synthesis of 
K4Ru2OBr10 and described this as isostructural with K4Ru2OCl10, although they 
provide no further details [21]. Subsequently, Appleby and co-workers failed to 
isolate the corresponding Cs and Rb salts, concluding that the A4Ru2OBr10 salts 
may not exist [22]. The current work unequivocally demonstrates this not to be 
the case. The two Ru cations in K4Ru2OBr10 have a distorted octahedral 

geometry and are linked by the O atom in a linear Ru–O–Ru arrangement. The 

Ru–O distance, 1.815(2) Å, is comparable to the Ru–O distance of 1.801(2) Å 

in K4Ru2OCl10, and to 1.7838(3) Å and 1.7808(3) Å seen for the two 
crystallographically unique dimers in the analogous Li compound 

Li4Ru2OC110⋅10H2O [34]. The Ru–Br bond length trans to the bridging O atom 

is slightly shorter 2.488(3) Å than the four Ru–Br bonds cis to this, at 2.5242(9) 

Å. A similar pattern where the axial M-X bond is shorter than the equatorial M-
X bond is seen in K4Ru2OCl10 and K4Os2OCl10. The four equatorial bromine 
atoms lie in the same plane and the Ru atom is displaced ~ 0.13 Å out of this 

plane towards the oxygen atom. The average Ru–Br distance of 2.512 Å is 

slightly longer than the 
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Br–Ru–O–Ru–Br linkage is linear. The structure was drawn using VESTA [35]. 

 

Fig. 3. Variable temperature magnetic susceptibility for K4Ru2OBr10. The inset shows the 
magnetization isotherm at 2.5 K. 

distance of 2.470(1) Å seen in K2RuBr6. The structure of K4Ru2OBr10 is 
illustrated in Fig. 2. 

The two Cs salts, Cs4Ru2OC110 and Cs4Os2OC110, have orthorhombic 
symmetry described by space group Pbca [32]. This raises the possibility of a 
thermally induced phase transition between the tetragonal (I4/mmm) and 
orthorhombic (Pbca) structures. Variable temperature diffraction studies 
provided no evidence for such a transition in K4Ru2OBr10 with the structure 
remaining tetragonal between 80 and 300 K. Structural refinements against the 

diffraction data showed that neither the Ru–O nor Ru–Br bond distances 

changed significantly over the studied temperature range. The temperature 
dependence of the refined bond distances is given in ESI. 

Magnetic analysis demonstrated K4Ru2OBr10 to be diamagnetic under both 
field cooled (1T) and zero field cooled conditions. This was confirmed by 
isothermal magnetization measurements that showed negative magnetization 
behaviour at 2.5 K, Fig. 3. Diamagnetism in the analogous chloro species was 
initially explained by Dunitz and Orgel by means of a qualitative molecular 

orbital diagram, that predicted double bond character to the Ru–O bond [36]. 

This accounts for the linear arrangement of the Ru–O–Ru moiety and the short 

Ru–O bond length. Subsequently, Paes and co-workers reported more detailed 

molecular orbital calculations that extended the simple Dunitz and Orgel model 
[37]. This work predicts three allowed electronic 

 

Fig. 4. Solid state (a) UV-VIS-NIR and (b) Raman spectra for K4Ru2OBr9. The 
discontinuity evident near 28,500 cm1 in (a) is due to a change in the lamp. 

transitions as observed in the electronic spectra of [Ru2OCl10]4-. The electronic 
spectra of K4Ru2OBr10, shown in Fig. 4, displays five features: a weak low-
energy peak at 12,600 cm1, shoulders at 14,700 and 19,300 cm1, and peaks at 
22,700 and 31,800 cm1. The latter is most likely due to a ligand to metal charge 
transfer transition. As noted above, the molecular orbital calculations of 
[Ru2OCl10]4- predict three allowed transitions. A higher resolution spectrum is 
necessary to assign the observed features. 

 

Fig. 2. (a) Representation of the unit cell of K4RuOBr10. The Ru cations are at the centre of the octahedra. (b) Selected bond distances in the [Ru2OBr10]4- anion. The 
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The Raman spectra of K4Ru2OBr10 displayed five prominent peaks below 
1000 cm1 at 168, 186.3, 241, 293.2 and 886 cm1. The peak at 168 and 186.3 cm1 

are tentatively ascribed to a Ru-Brax and Ru-Breq stretches respectively and that 

at 241 cm1 to a ν1 (A1g), symmetric metal-oxygen-metal (Ru–O–Ru) stretching 

mode [24]. Polarised Raman measurements would be required to confirm these 
assignments. The [RuBr6]2- anion is reported to have peaks at 160, 200 and 302.5 
cm1 [38]. X-ray photoelectron spectroscopic measurements showed that the 
ruthenium to bromine ratio was 1:5.1 consistent with the molecular formula 
K4Ru2OBr10. The ruthenium 3d line partially overlaps with the carbon 1s line, 
see Fig. S2. Curve fitting showed the binding energy Ru 3d5/2 line to 282.7 eV 
which falls in the range expected for Ru(IV) compounds. 

In summary we report the structure of K4Ru2OBr10 based on high resolution 
synchrotron X-ray powder diffraction data. The structural and magnetic 
properties of this are similar to that described for the isostructural chloride salt 
K4Ru2OCl10. 
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