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Hybrid Ruthenium Halide Perovskites and Related Compounds 

Pratap Vishnoi,a Julia L. Zhuo,b T. Amanda Strom,a Guang Wu,c Stephen D. Wilson,b  

Ram Seshadri,a,b,c and Anthony K. Cheethama,b,d 

There has been a great deal of recent interest in extended compounds containing Ru3+ and Ru4+ in light of their range of 

unusual physical properties. Many of these properties are displayed in compounds with the perovskite and related 

structures. Here we report an array of hybrid halide perovskites and related compounds of Ru: MA2RuX6 (X = Cl or Br), 

MA2MRuX6 (M = Na, K or Ag; X = Cl or Br) and MA3Ru2X9 (X = Br) based upon the use of methylammonium (MA = CH3NH3
+) 

on the perovskite A site. The compounds MA2RuX6 with Ru4+ crystallize in the trigonal space group 𝑅3ത𝑚 and can be described 

as vacancy-ordered double-perovskites. The ordered compounds MA2MRuX6 with M1+ and Ru3+
 crystallize in a structure 

related to BaNiO3 with alternating MX6 and RuX6 face-shared octahedra forming linear chains in the trigonal 𝑃3ത𝑚 space 

group. The compound MA3Ru2Br9 crystallizes in the orthorhombic Cmcm space group and displays pairs of face-sharing 

octahedra forming isolated Ru2Br9 moieties with very short Ru-Ru contacts of 2.789 Å. The structural description, including 

the role of hydrogen bonding and dimensionality, as well as the optical and magnetic properties of these compounds are 

described. The magnetic behavior of all three classes of compounds is influenced by spin-orbit coupling and their 

temperature-dependent behavior has been compared with the predictions of the appropriate Kotani models.

Introduction  

Since the discovery of the remarkable optoelectronic properties 

of lead-based hybrid perovskite halides such as MAPbI3 (MA = 

CH3NH3),1–4 a great deal of recent interest has focused on 

related systems of general formula AMX3 (A = monovalent 

cation such as CH3NH3; M = bivalent metal ion such as Pb or Sn; 

X = halide such as Cl, Br or I). On account of the toxicity of Pb, 

there has also been a significant activity associated with 

perovskites based on other divalent metals, particularly Sn.5–10 

In addition, simultaneous replacement of the divalent ion with 

a monovalent and a trivalent metal ions gives rise to double 

perovskites, A2MM'X6. Owing to the tuneability of M and the M', 

the hybrid double perovskites show great chemical diversity. 

For example, the neighbors of lead in the periodic table, such as 

Ag, Sb, Tl, and Bi have been employed for the synthesis of lead-

free hybrid double perovskites, many of which show excellent 

optoelectronic and other properties.11–14  

Beyond  hybrid double perovskites, the high level of interest 

in this area has led to significant activity in related perovskite 

chemistries, including the study of 1-D and layered hybrid 

structures.15–22 There is also growing interest in hybrid B-site 

vacancy perovskite halides of general formula A2MX6, which are 

related to the well-known K2PtCl6 structure. For example, the 

discovery of MA2PtCl6 and related materials containing Pt(IV) 

and Sn(IV) has been recently reported.23–25 MA2SnI6 absorbs in 

the visible to the near-infrared regions of the solar spectrum.25 

Hybrid halide perovskites and related compounds, together 

with their structural relationships, are displayed schematically 

in Fig. 1.     

In the present work, we extend the domain of hybrid halide 

perovskites to the study of ruthenium-containing compounds. 

There is an extensive literature on ruthenium oxide perovskites 

such as 3D ARuO3 (A = Ca, Sr or Ba) and An+1RunO3n+1 (A = Ca, Sr 

or Ba; n = 1, 2 or 3) type Ruddlesden-Popper structures. These 

oxides show a wide range of exciting properties, such as 

proposed spin-triplet superconductivity in Sr2RuO4
26,27 and the 

coexistence of ferromagnetism and metallic conductivity in 

SrRuO3.28–30 More recently, many Ru compounds have been 

studied in light of the interplay between spin-orbit coupling and 

electron correlation.31 In particular, α-RuCl3 has been 

suggested32 to potentially host a Kitaev quantum spin liquid 

ground state33 which may be relevant for quantum computing. 

New chemistry on this layered compound has been emerging 

apace.34,35 There are a small number of inorganic ruthenium 

halides with perovskite-related structures such as K2RuCl6,36,37 

but very few hybrid halides of Ru have been reported.38,39 The 

magnetic properties of these latter compounds have been 

investigated and their temperature- dependent magnetic 

moments are found be broadly in accord with the Kotani 

theory.40,41 
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Fig. 1.  

We describe here the discovery and characterization of nine 

methylammonium Ru halides belonging to three families: 

MA2RuIVX6 (X = Cl or Br), 1, 2; MA2MRuIIIX6 (M = Na, K or Ag; X = 

Cl or Br), 3-8; and MA3RuIII
2X9 (X = Br), 9. The crystal structures 

and the optical and magnetic properties of these compounds 

have been determined and their behaviour is compared with 

related inorganic compounds that have been described in the 

literature.  

Experimental Section 

Materials and Methods  

Methylammonium chloride (Sigma Aldrich), methylammonium 

bromide (Sigma Aldrich), NaCl (Merck), KCl (Merck), AgCl 

(Merck), NaBr (Merck), anhydrous RuCl3 (Alfa Easar), 37 wt. % 

HCl in H2O (Merck), 48 wt. % HBr in H2O (Sigma Aldrich), 50 wt. 

% H3PO2 in H2O (Sigma Aldrich) were purchased from 

commercial sources and used as received. All the compounds 

were synthesized hydrothermally in 23 mL Teflon-lined 

autoclave. The crystals were separated by filtration, washed 

several times with ethanol and dried under vacuum. Details for 

the syntheses of 1 to 9 are given in the Supplementary 

Information.  

 

Single crystal X-ray diffraction  

Room temperature single-crystal X-ray diffraction data were 

collected on a Bruker Kappa Apex II diffractometer equipped 

with an APEX II CCD detector and a TRIUMPH monochromator 

with Mo-Kα X-ray source (wavelength = 0.71073 Å) in ω-scan 

mode. The data collection and integration were carried out on 

APEX3 software. The structures were solved by direct methods 

and refined by full-matrix least-squares on F2 by using SHELXL-

2014 program package.42 The non-hydrogen atoms were 

located from the electron density found in the difference maps 

and refined anisotropically. The hydrogen atoms of 

methylammonium cations were placed in their geometrically 

idealized positions and refined with isotopic parameters as 

riding atoms. The structures were drawn from CIFs by using 

VESTA (version 3) software.  

 

Powder X-ray diffraction  

Powder diffraction data were on a Panalytical Empyrean 

powder diffractometer equipped with a Cu-Kα X-ray source 

(wavelength = 1.54056 Å). The experimental PXRD patterns 

were compared with the patterns simulated from the CIF of 

single-crystal X-ray diffraction data (see Supplementary 

Information) in order to verify the phase purity of the bulk 

samples (Figs. S1-S9, supporting information). 

 

Thermogravimetric analysis (TGA)  

TGA of all compounds was carried out under continuous flow of 

nitrogen gas (flow rate; 25 mL/minute) on a Discovery TGA 

instrument (TA Instruments). The samples (5-6 mg) were heated 

in aluminum crucibles at a temperature ramp rate of 10 °C min-

1. The details are given in the Supplementary Information, Figs. 

S10-S18.  

 

Optical properties  

Diffuse reflectance spectra were measured in the wavelength 

range of 220–2600 nm on a Shimadzu UV-3600 UV–vis–NIR 

spectrometer. BaSO4 (Sigma Aldrich) was used as the reference 

(100% reflectance) as well as for dilution of the samples. The 

samples were prepared by mixing each compound with BaSO4 

in a 1:3 ratio. The diffuse reflectance data were converted to 

absorbance by using Kubelka–Munk (K-M) expression, 
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where k is the absorption coefficient, s is the scattering 

coefficient and R is the reflectance. It is generally assumed that 

s is a constant and it is independent of wavelength. Therefore, 

the k/s term is assumed to be equivalent to the absorption 

coefficient.     

 

Magnetic properties  

Magnetic susceptibility measurements were collected for 

compounds 1, 3 and 9 on a Quantum Design MPMS3 SQUID 

magnetometer. In each case, approximately 15 mg of powder 

sample was mounted on a brass holder in plastic caps. Zero 

field-cooled (ZFC) and field-cooled (FC) susceptibility versus 

temperature measurements were performed in the 2 to 300K 

range. We used the Curie law, 

𝑚𝑒𝑓𝑓 = √
3𝑘𝐵

𝑁𝐴𝜇𝐵
2 𝜒𝑇  

 

to transform the molar magnetic susceptibilities (χ) into the 

effective magnetic moments (meff), where kB is the Boltzmann 

constant, χ is the molar susceptibilities, T is the temperature, NA 

is Avogadro’s number and μB is Bohr magneton. 

Results and Discussion  

Synthesis  

MA2RuIVCl6 (1), MA2RuIVBr6 (2), MA2NaRuIIICl6 (3), MA2AgRuIIICl6 

(4), MA2KRuIIICl6 (5), MA2NaRuIIIBr6 (6), MA2AgRuIIIBr6 (7), 

MA2KRuIIIBr6 (8) and MA3RuIII
2Br9 (9) have been synthesized 

solvothermally and their structures have been determined by 

single-crystal X-ray diffraction. The compounds 1 and 2 were 

obtained from the reaction of RuCl3 with MA·Cl in aqueous HCl 

and MA·Br in aqueous HBr, respectively. During the reactions in 

the acidic media, Ru3+ oxidized to Ru4+ and these ions were 

utilized in the formation of 1 and 2. In the cases of the 

compounds 3-8, however, where the simultaneous 

incorporation of M+ and Ru3+ ions is necessary to form the 

structures, the oxidation of Ru3+ needed to be suppressed. This 

was achieved by using stoichiometric quantities (one equivalent 

relative to the RuCl3) of hypophosphorous acid (H3PO2). The 

diruthenium compound, MA3Ru2Br9 (9), was obtained along 

with 8 from the reaction of methylammonium bromide, KCl, 

RuCl3 and H3PO2 in HBr. The details of X-ray data collection and 

structure refinement are provided in Tables S1 and the selected 

bond distances are listed in Table S2. The selected bond angles 

are given in Tables S3-S6.   

 

The vacancy-ordered double perovskites, 1 and 2  

Compounds 1 and 2 are isostructural and crystallize in the 

rhombohedral space group, 𝑅3̅𝑚 (Table 1) as reported 

previously for the case of MA2PtI6.24 Fig. 2 shows the unit cells 

of 1 and 2. The compounds contain isolated [RuX6]2- octahedra 

together with methylammonium cations in a motif. The  

 

Fig. 2. Single-crystal structures (unit cells) of MA2RuX6. (a) MA2RuCl6 

(1). (b) MA2RuBr6 (2). The isolated octahedra show RuCl6 and RuBr6 

units. Methylammonium cations are present in the space between 

the octahedra in a head-to-tail orientation.  

 

Fig. 3. Hydrogen bond interactions in MA2RuCl6 (1). (a) The ball and 

stick model of three RuCl6 octahedra connected with a 

methylammonium cation by hydrogen bonds. The red dotted bonds 

show hydrogen bond interactions. (b) The packing diagram shows 

layer formation due to hydrogen bonds in the ab-plane.  

structures are very similar to the vacancy-ordered double 

perovskites such as K2RuCl6 with A2MX6 as the structure type 

(Fig. 1). Unlike the cubic K2RuCl6, however, 1 and 2 lack a 4-fold 

symmetry axis due to a rhombohedral distortion that is caused 

by the alignment of the methylammonium cations. The Ru-Cl 

and Ru-Br bond distances [2.327(1) Å and 2.483(1) Å, 

respectively] are similar to those in other low-spin d4 Ru4+ 

halides with octahedral coordination (Table S2).38 The bond 

angles within the RuX6 octahedra are extremely close to 90° and 

180°, though this is not required by the crystal symmetry (Table 

S3). We ascribe the regularity of the RuX6 octahedra to the very 

high ligand field stabilization energy associated with the low 

spin d4 configuration of octahedral Ru4+. 
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Table 1. Structural properties of Ru Halides. 

Compounds  Crystal symmetry  Unit cell dimensions (Å) and volumes (Å3) Structure typea 

MA2RuCl6 (1) Trigonal, 𝑅3̅𝑚1 (# 166) a = b = 6.9935(3); c = 21.9740(12); V = 930.74(9) (a)-iii A2MX6 

MA2RuBr6 (2) Trigonal, 𝑅3̅𝑚1 (# 166) a = b = 7.3485(10); c = 22.376(4); V = 1046.4(3) (a)-iii A2MX6 

MA2NaRuCl6 (3) Trigonal, 𝑃3̅𝑚1 (# 164) a = b = 7.2493(9); c = 6.7926(8); V = 309.14(8) (c)-ii A2MM'X6 

MA2AgRuCl6 (4) Trigonal, 𝑃3̅𝑚1 (# 164) a = b = 7.237(5); c = 6.936(5); V = 314.6(5) (c)-ii A2MM'X6 

MA2KRuCl6 (5) Trigonal, 𝑃3̅𝑚1 (# 164) a = b = 7.181(5); c = 7.366(5); V = 329.0(5) (c)-ii A2MM'X6 

MA2NaRuBr6 (6) Trigonal, 𝑃3̅𝑚1 (# 164) a = b = 7.561(5); c = 7.105(5); V = 351.8(5) (c)-ii A2MM'X6 

MA2AgRuBr6 (7) Trigonal, 𝑃3̅𝑚1 (# 164) a = b = 7.516(5); c = 7.032(4); V = 344.1(5) (c)-ii A2MM'X6 

MA2KRuBr6 (8) Trigonal, 𝑃3̅𝑚1 (# 164) a = b = 7.4892(17); c = 7.3894(18); V = 358.93(18) (c)-ii A2MM'X6 

MA2Ru2Br9 (9) Orthorhombic, Cmcm (# 63) a = 7.3797(16); b = 15.167(4); c = 18.419(5); V = 2061.6(9)  (c)-iii A3M2X9 

a Different structure types are shown in Fig. 1.  

 

 

Fig. 4. Kubelka-Munk absorption spectra of MA2RuCl6 (1) and 

MA2RuBr6 (2) obtained from the Kubelka-Munk transformation of the 

diffuse reflectance data.  

The structures of 1 and 2 are stabilized by hydrogen bonding 

between the methylammonium cations and the halides anions 

(Figs. 3 and S19), with the head-to-tail arrangement of 

methylammonium cations maximizing the N−H···X hydrogen 

bond interactions. The shortest donor-acceptor N···Cl distance 

in the case of 1 is 3.432 Å which is comparable to those found 

in systems with NH3
+ as the donors and Cl- as the acceptors such 

as layered Cu(II) perovskites with methylammonium (3.402 Å).43 

The shortest N···Br distance in 2 (3.568 Å) is slightly longer than 

the corresponding distances in related compounds (e.g. 3.440 

Å).44,45      

Compounds 1 and 2 show broad optical absorption spanning 

almost entire ultraviolet and visible region, and these Ru4+ 

compounds appear black. Compound 1 shows two broad 

absorption bands centered around 4.43 and 2.43 eV (Fig. 4) 

which can be ascribed to ligand to metal charge transfer 

 

 

Fig. 5. Experimental Kotani plots for MA2RuCl6 (1), MA2NaRuCl6 (3) 

and MA3Ru2Br9 (9). For comparison, the theoretical Kotani plots for 

Ru+4 (d4) and Ru3+ (d5) single ions are given as the black lines.         

(LMCT).46 Due to the strong oxidizing nature of Ru4+, the 

symmetry allowed charge transfer bands obscure the weak 

bands arising from d-d transitions. The spectrum of 2 is slightly 

broadened and shifted to the red due to the lower electron 

affinity of Br compare to Cl. The LMCT absorption bands are 

positioned around 3.54 and 1.55 eV in the case of 2. The 

multiple bands observed below 1.0 eV nm are due to the C‐H 

overtones of the methylammonium cation, which was 

confirmed by measuring the spectrum of methylammonium 

chloride (Fig. S20).  

The magnetic susceptibility measurements on 1 enabled us 

to calculate the effective magnetic moment as a function of 

temperature for this compound. Due to the isolated and 

undistorted nature of the RuCl6 octahedra in MA2RuCl6 and the 

intermediate strength of the spin-orbit coupling in Ru4+, at these 

temperatures we expect these compounds to exhibit single-ion 
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behaviour without the influence of exchange interactions. This 

behaviour was first described quantitatively by Kotani for an 

octahedral crystal field environment and follows a series of 

universal curves that depend on the d electron configuration 

when plotted against the unitless quantity kBT/ξ (where ξ is the 

spin-orbit coupling constant). The theoretical dependencies of 

meff versus kBT/ξ are shown as solid black lines for low spin d4 

Ru4+ and low spin d5 Ru3+ in Fig. 5. The experimental data for 1 

are in excellent agreement with the Kotani plot calculated using 

a spin-orbit coupling constant ξ of 1400 cm-1. This value is 

consistent with the measurements on other low spin d4 Ru4+ 

compounds such as (NH4)2RuCl6,38 and K2RuCl6.47 At low 

temperatures, the effective moment falls sharply to the ground 

state J = 0. There is no evidence for deviations due to coupling 

between the widely spaced Ru4+ ions.  

 

MA2MRuX6 compounds containing infinite chains 

The six MA2MIRuIIIX6 compounds share the same general 

formula as the hybrid 3D double perovskites, A2MIMIIIX6, such 

as MA2KBiCl6,48 MA2KGdCl6,49 MA2KYCl6,49 MA2AgBiBr6,12 

MA2TlBiBr6,11 and MA2AgSbI6.14 However, their structures are 

entirely different. Compounds 3-8 crystallize in the trigonal 

space group, 𝑃3̅𝑚, and contain infinite face-sharing chains of 

octahedral RuX6 and trigonal-antiprismatic (trigonally elongated 

pseudo-octahedra) MX6 polyhedra, interspersed with MA 

cations (Figs. 6 and 7). Successive RuX6 octahedra are in a 

staggered conformation along the c-axis. A similar chain 

structure, MA2AgInBr6, was recently reported which absorb in 

the ultraviolet region.50 MA2AgInBr6 comprises face-shared 

AgBr6 and InBr6 polyhedra. The chains of RuX6 and MX6 

polyhedra in 3-8 are also reminiscent of Sr4PtO6, which contains 

chains of face-sharing octahedral PtO6 and trigonal prismatic 

SrO6.51 Other examples of 1D perovskite-related transition 

metal oxides include Ca3NaRuO6,52
 Ca3NiMnO6,53 Sr3ZnCoO6.54 

As in 1 and 2, the RuX6 octahedra in 3-8 are virtually 

undistorted, with all six Ru-X bonds of equal lengths and the X-

Ru-X bond angles very close to 90° and 180° (Tables S2, S4 and 

S5). We again ascribe this finding to the very high ligand field 

stabilization energy associated with the low spin d5 Ru3+ 

configuration. The Ru-Cl bond distances in 3, 4, and 5 are 

comparable to those of β-RuCl3 (2.351 Å), which has a TiCl3-type 

chain structure with face-sharing RuCl6 octahedra.55 The a and 

c axes of the unit cells of chlorides (3-5) are very similar because 

of the regularity of the RuCl6 octahedra, so most of the cell 

volume changes due to the different sizes of the M+ ions are 

reflected in the lengths of the c-axes (the same is true of the 

bromides). This leads to the trigonal elongation of the MX6 

octahedra in 3 – 8 along c-axes. Figs. 7c and 7d show the 

dependence of the unit cell volumes and intrachain Ru···Ru 

distances (c-parameters) on the ionic radii of monovalent 

metals. All the M-X bonds of each compound are of equal 

length, but to compensate for the trigonal elongation along the 

c-axis, the X-M-X bond angles deviate significantly from 90o and 

180o (Tables S2, S4 and S5). The methylammonium cations form 

N−H···X hydrogen bond interactions with the inorganic chains. 

The shortest donor⸳⸳⸳acceptor N⸳⸳⸳Cl distances in 3, 4 and 5 are 

 

Fig. 6. Single-crystal X-ray structure of MA2NaRuCl6 (3). (a) The unit 

cell showing RuCl6 and NaCl6 polyhedra connected along the c-axis. 

(b) Ball and stick model showing hydrogen bonds between 

methylammonium cations and Cl ligands. The red dotted bonds are 

drawn between N and Cl. (c) A perspective view of the structure 

showing columns of face-shared RuCl6 and NaCl6 polyhedra which are 

separated by MA cations.  

~3.34 Å, while the shortest N···Br distances in 6-8 are ~3.50 Å 

(Table S2).  

In terms of the optical properties of 3 to 8, the chlorides, 3 

to 5, show LMCT bands that are typical of isolated [RuCl6]3-  (d5) 

complex ion in octahedral coordination.56,57 Specifically, each of 

these compounds exhibits four absorption bands in the 5.50-

2.25 eV (225-550 nm) range and they are red in colour (Fig. 8, 

Table S7). Note that the spectrum of 4 is slightly red-shifted 

compared to those of 3 and 5 perhaps due the role that Ag plays 

in LMCT for this compound. The bromides, 6 and 7 appear black 

and their spectra are more complex; it is therefore difficult to 

resolve the peaks (Fig. S21). 

We measured the magnetic susceptibility of MA2NaRuCl6 (3) 

as a typical representative of this unusual class of chain 

compounds. 3 has a largely temperature-independent magnetic 

moment, similar to the Kotani prediction for isolated low-spin 

d5 Ru3+ ions (Fig. 5). Unlike the d4 Ru4+ in 1, the moment of Ru3+ 

does not become zero at very low temperatures because the 

ground state is J = 3/2 rather than J = 0. However, the moment 

is low in comparison with the ideal Kotani behavior. We believe 

that this arises due to increased exchange interactions resulting 

from the higher connectivity between RuCl6 within the face-

sharing polyhedral chains. Further theoretical development of 

this intermediate coupling regime is a highly desirable future 

direction.58 
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Fig. 7. Single-crystal X-ray structures of MA2MRuX6 showing infinite chains of face-shared RuX6 and MX6 polyhedra. (a) MAMRuCl6. (b) 

MA2MRuBr6. The structures are drawn on same scale for the comparison of their sizes. (c) The curves show the dependence of the unit cell 

volumes of 3-8 on radii of monovalent metal ions (Na, Ag and K). (d) The curves show the dependence of intra and interchain Ru···Ru distances 

on the radii of monovalent metal ions. 
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Fig. 8. Kubelka-Munk absorption spectra of MA2NaRuCl6 (3), 

MA2AgRuCl6 (4) and MA2KRuCl6 (5).  

 [Ru2Br9]3- containing dimer MA3Ru2Br9 (9) 

Several hybrid A3M2X9 compounds (A = monovalent organic 

cation; M = trivalent metal ions and X = halides) of the main 

group elements have been studied previously, including 

MA3Sb2X9 (X = Br or I),59,60 [C(NH2)3]3M2I9 (M = Sb or Bi),61 

MA3Bi2X9 (X = Br or I).62 Some of these hybrids adopt A3M2X9-

type layered structures63,64 of the type shown in Fig. 1, while 

others contain dimeric M2X9
3- anions comprising two face- 

sharing MX6 octahedra. Compound 9 contains one [Ru2Br9]3- 

dimer oriented along the crystallographic c-direction and two 

crystallographically independent methylammonium cations 

(Figs. 9a, b). One type of methylammonium cation lies in the 

lateral spaces between the dimers, while the other type is 

present at both ends of the dimers. As in the other compounds 

described in previous sections, the methylammonium cations 

form hydrogen bonds with the halide ligands (Fig. 9c, Table S2). 

Unlike the very regular RuX6 octahedra in 1 through 8, the 

RuBr6 octahedra in 9 are slightly distorted with Brb-Ru-Brb bond 

angles > 90 ° and Brt-Ru-Brt bond angles < 90 ° (b and t indicate 

bridging and terminal ligands, respectively) (Table S6). They also 

show three slightly different Ru-Br bond distances; Ru-Brb 

(2.503 Å×2, 2.483 Å×1) and Ru-Brt (2.493 Å×2, 2.483 Å×1). The 

most striking structural feature, however, is the very short 

Ru···Ru distance (2.789 Å) in the [Ru2Br9]3- dimer (Fig. 9b). This 

bond length is even shorter than the Ru···Ru distance in the 

previously reported hybrid ruthenium halide phase, [l-ethyl-3-

methylimidazolium]3Ru2Br9, (2.880 Å).39 Both of these 

compounds have M···M distances that are strikingly shorter 

than those in the Sb and Bi mentioned earlier, which are 

typically around 3.3 Å, providing compelling evidence that the 

ruthenium compounds are exhibiting Ru-Ru bonding. There are 

several inorganic compounds containing the Ru2X9
3- dimers 

 

Fig. 9. Crystal structure of MA3Ru2Br9 (9). (a) The unit cell. (b) The 

[Ru2Br9]3- dimer. (c) 1D chains formed by hydrogen bond interactions 

between methylammonium and the bridging bromides. The red 

dotted bonds are drawn between N and Br.   

that are also believed to exhibit metal-metal bonding. Because 

of the metal-metal interaction, Ru ions are not at the centers of 

their octahedra but are slightly displaced towards the center of 

the dimer. In light of the very high ligand field stabilization 

energy that would prefer to make the RuX6 units regular, we 

must conclude that the Ru-Ru bonding interaction is a 

significant stabilizing factor. This may be why the dimeric 

structure appears to preferred in the hybrid ruthenium 

compounds, rather than the layered A3M2X9 structure.   

 The optical properties of 9 reveal two intense double bands 

centered around 4.0 and 2.3 eV (Fig. 10). These bands arise from 

LMCT and →transitions and are commonly found in Ru3+ 

dimers with the significant metal-metal interactions.57 The 

magnetic moment of Ru3+ in MA3Ru2Br9 deviates substantially 

from the ideal d5 Ru3+ single-ion behavior (Fig. 5), with a 

dramatically lowered, temperature-independent moment 

compared to the predicted Kotani behavior for low-spin d5. This 

observation cannot be accounted for by changing the spin-orbit 

coupling constant or adjusting the background from the sample 

holder within reasonable limits, so we ascribe this lowering of 

the effective magnetic moment to metal-metal bonding within 

the Ru2Br9 dimers, as discussed above. 
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Fig. 10. Kubelka-Munk absorption spectrum of MA3Ru2Br9 (9).  

Conclusions 

The conclusions section should come in this section at the end 

of the article. 
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