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Abstract 11	

The results of the structural determination, magnetic characterization, and theoretical calculations of a 12	

new Ru oxo complex, Li4[Ru2OCl10] •10H2O, are presented. Single crystals were grown using solvent 13	

methods, and the crystal structure was characterized by single crystal X-ray diffraction. Li4[Ru2OCl10] 14	

•10H2O crystallizes into a low symmetry triclinic structure (S.G. P-1) due to the much smaller Li+ 15	

compared to K+ in the tetragonal K4[Ru2OCl10] •H2O. The X-ray photoelectron spectra confirms only 16	

the single valent Ru4+ in Li4[Ru2OCl10] •10H2O even though two distinct Ru sites exist in the crystal 17	

structure. Magnetic measurements reveal the diamagnetic property of Li4[Ru2OCl10] •10H2O with 18	

unpaired electrons existing on Ru4+. Furthermore, the molecular orbital analysis matches well with the 19	

observed UV and magnetic measurements.  20	
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1 Introduction 21	

The material community constantly explores the limits and boundaries of existing compounds 22	

to understand their structural stabilities and functional behaviors, which provides a platform for 23	

designing novel materials with better optimized properties (Butler et al., 2018; Zhuo et al., 2018; 24	

Curtarolo et al., 2013; Rivero et al., 2017) The Ruddlesden-Popper perovskite family Sr(n+1)RunO(3n+1) 25	

(n = 1,2,3,….) is a characteristic example that has demonstrated interesting properties ranging from 26	

superconductivity (Maeno et al., 1994), metallic ferromagnetism (Fobes et al., 2007) to 27	

antiferromagnetic conductors (Huang et al., 1998). Among them, Sr3Ru2O7 containing two layers of 28	

RuO6 octahedra connected by an apical oxygen atom is a paramagnetic metal in its ground state 29	

(Ikeda & Maeno, 1999). The two RuO6 octahedra exhibit a unique twisting formation in Sr3Ru2O7, 30	

where one RuO6 is rotated clockwise by 8.05° and the other is rotated counter-clockwise by the same 31	

degree (Rivero et al., 2017) about the connecting oxygen atom. Due to this unique structural feature, 32	

defects can occur within the structure and lead to different electronic and magnetic properties with 33	

applied external parameters such as temperature (Stone et al., 2006), composition (Steffens et al., 34	

2009) and magnetic field (Perry et al., 2000; Grigera et al., 2003). Recently, the 4d/5d-based 35	

compounds with a strong spin-orbit coupling (SOC) effect has attracted a lot of attention because their 36	

electronic ground state can generate various unconventional physical phenomena such as quantum 37	

spin liquids (QSL), axion insulators, and so on (Zhou et al., 2017; Li et al., 2010; Pesin & Balents, 38	

2010). Most experimental and theoretical studies focus on d5 systems with S=1/2, for example, a-39	

RuCl3 (Okamoto et al., 2007; Banerjee et al., 2016). The resulting magnetic moments originate from 40	

the unpaired electrons in the d-orbitals of the transition metals in these magnetic insulating solids 41	

(Coey, 2010). For some of them, magnetic interactions will not order even at low temperatures due to 42	

the frustrated lattice geometry (Nakatsuji et al., 2006). An outstanding example of magnetic 43	

frustration is the Kitaev model in the honeycomb lattice, which forms a quantum spin liquid state 44	

(Banerjee et al., 2016; Kitaev, 2006). Geometric magnetic frustration is well-observed in solids with 45	

triangular geometry. Ba4NbRu3O12, with its magnetic moment originating in the Ru3O12 trimers, has 46	

attracted a lot of attention in exploring QSL materials with novel geometric frustrations (Nguyen et 47	

al., 2018). The Ru3O12 trimers in Ba4NbRu3O12 and the RuO6 dimers in Sr3Ru2O7 inspired us to 48	

investigate the magnetic properties of magnetic molecules consisting of transition metal oxo 49	

complexes for example, ruthenium-oxo complexes (Ru-O-Ru).  50	

The importance of molecule-based magnets has emerged with various potential applications, 51	

such as quantum computing. Generally, there are two families of molecule-based magnets. One is the 52	

single-molecule magnet (SMM), which hosts superparamagnetic behaviors below a certain blocking 53	

temperature at the molecular scale (Guo et al., 2018). The other is the conventional molecule-based 54	

magnet, which is typically associated with properties such as transparency, electrical insulation, and 55	

even photo-responsiveness.  56	



3	
	

The di-metallic molecular clusters bridged by oxo, hydroxo or even water molecules are 57	

usually classified into conventional molecule-based magnets. Such materials are interesting due to 58	

their structural simplicity for studying the exchange pathway in magnetochemistry without the 59	

inherent complications coming from different ions simultaneously in multinuclear compounds 60	

(Overgaard et al., 2014; Walsh et al., 2014; Gorun & Lippard, 1991). Most oxo-di-metallic molecular 61	

clusters have been well studied for their catalytic properties and medicinal applications (Zimmermann 62	

et al., 2018; Arii et al., 2000; Kurtz, 1990; Engelmann et al., 2016). However, limited research has 63	

been conducted to understand their magnetic properties (Sessoli et al., 1993; Singh & Rajaraman, 64	

2019; Lang et al., 2018; Barman et al., 2019). Even though solid conclusions on magneto-structural 65	

correlations are skeptical and largely differ from system to system, up to date studies reveal that the 66	

bridging bond angle is a crucial parameter in this context. The bridging angle is corelated with the 67	

sign of the magnetic exchange interaction (Boeer et al., 2011; Crawford et al., 1976) and has been 68	

used to support the hypothesis of the super exchange pathways occurring, for example, via the 69	

bridging water molecule in dinickel carboxylate complexes (Walsh et al., 2014). In addition, it 70	

suggests that smaller M-O-M angles give rise to ferromagnetic (FM) interactions while larger angles 71	

give rise to antiferromagnetic (AFM) interactions (Walsh et al., 2014). Furthermore, a recent study 72	

has shown that with a slight variation in chemical composition and structure in a class of water 73	

bridged dimer compounds, contrasting exchange interactions of AFM or FM exists, which was 74	

discovered without a clear understanding for the reason behind this behavior (Boeer et al., 2011). The 75	

other common correlation parameter of the metal to bridge bond distance has been well established by 76	

Gorun and Lippard(Gorun & Lippard, 1991) using 36 di-nuclear complexes that has been further 77	

confirmed by later studies as well (Halcrow et al., 1995). 78	

With this motivation in mind, we focus on studying the magnetic interactions in a ruthenium 79	

oxo dimer molecule moving away from the complexity in the crystalline solids with the Ru-O-Ru 80	

octahedral units. The previously reported complexes in the family of A4[Ru2OCl10] (A= K and Cs) 81	

possess a linear Ru-O-Ru bond rather than a twisted octahedra geometry. The question is whether a 82	

new compound from the same family can host any possible twisted octahedra as observed in 83	

Sr3Ru2O7. Herein, we used the smaller cation Li+ to replace K+ and Cs+. As a result, a lithium 84	

counterpart and novel di-metallic ruthenium complex, Li4[Ru2OCl10]•10H2O, was discovered. The 85	

structure and magnetic properties were characterized with a combination of experimental and 86	

theoretical assessments to clarify the intrinsic interplay of electrons and spin.  87	

88	
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2 Experimental Parts 89	
2.1 Synthesis:   90	

The purchased RuCl3 • nH2O (Emsure, Sigma Aldrich, powder) was dried in an oven at 91	

110°C for 12 hours. 5 mmol (1.0426 g) was weighed immediately after being removed from 92	

the oven and dissolved in 25 ml absolute ethanol (Emsure, Sigma Aldrich) to make Solution 93	

1. The Solution 2 was prepared by mixing 35 mmol (1.5010 g) of anhydrous LiCl (99%, Alfa 94	

Aesar, crystals), 30 mmol (3.5420 g) of succinic acid (99+%, Alfa Aesar, crystals), 6 mmol 95	

(0.6032 g) of succinic anhydride (99%, Alfa Aesar, crystalline flakes) in 75 ml of absolute 96	

ethanol.  The Solution 2 was added to the round bottom flask containing Solution 1 and 97	

refluxed at 70 oC for 3.5 hours in the stream of oxygen gas. The resulting dark brown solution 98	

was cooled to room temperature naturally and gravity filtered. The mother solution was 99	

placed in a loosely capped vial for about two weeks at room temperature to obtain the 100	

crystals. The brown colored crystals obtained were unstable in air outside of the mother 101	

solution. Therefore, the crystals were separated by removing the mother solution in an argon 102	

filled glovebox and dried in a vacuum for further studies.  103	

2.2 Structure Determination:  104	

 Several crystals were picked from the mother solution, protected by glycerol, and mounted 105	

on a Kapton loop. The measurements were conducted at 90(2) K with the liquid N2 protection 106	

in a Bruker Apex II diffractometer with Mo radiation (λΚα = 0.71073 Å). The exposure time 107	

and scanning 2θ width were set up as 10 s and 0.5° per frame, respectively. Direct method 108	

and full matrix least-squares on F2 model with the SHELXTL was used for the structure 109	

solving and refinement. The structure was refined with anisotropic thermal parameters for all 110	

non-hydrogen atoms in SHELXTL. Hydrogen attached to the considered oxygen atoms were 111	

determined geometrically using the peaks in the difference map and refined with fixed 112	

thermal parameter of Uiso(H)=1.2Ueq(O) (Sheldrick, 2015; Mousavi et al., 2012; Bai et al., 113	

2004; Lu et al., 2018) 114	

2.3 X-ray photoelectron spectra (XPS) Measurements:  115	

The X-ray photoelectron spectra was collected on crystals with a base pressure of 3.8×10-9 116	

mbar. The Scienta Omicron ESCA 2SR spectroscope was used with a mono Al anode of 15 117	

kV and 300 W. The analysis area is around 3 mm. The crystalline sample was mounted on 118	

carbon tape. Data analysis including calibration, deconvolution, and quantification was done 119	

using the Casa XPS software.  120	
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2.4 Physical Property Measurements:  121	

Magnetic properties were measured using a DynaCool physical property measurement system 122	

(PPMS) on a collection of samples, with a total mass of 10.9 mg, packed in an argon filled 123	

glovebox. The instrument was operated over a temperature range of 1.8-300 K and an applied 124	

field up to 90 kOe.  125	

2.5 Generation of the Molecular Orbital (MO) Diagram of Li4Ru2OCl10 •10H2O 126	

The molecular orbital diagram was generated using CEASER software with the extended 127	

Huckel method (Hoffmann, 1963; Naito et al., 2019; Gui et al., 2019). The parameters set 128	

used in the calculation is given in the Table 1.  129	



3 Results and Discussion 
3.1 Crystal Structure of Li4Ru2OCl10 •10H2O:  

Tables 2 and 3

Table S1

Table S2

Figure 1 

a bc
b c

ac d

P

Figure 1a

Figure 1b
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distinct Ru sites. Thus, the two distinct [Ru2OCl10]4- anions per unit cell are the key structural 151	

feature governing the magnetic properties in this compound, as depicted in Figure 1c. The 152	

anion [Ru2OCl10]4- is a vertex sharing octahedra via O atoms and shows a layered 153	

arrangement extending to 3-dimensional space. The two [Ru2OCl10]4- anions are in contrast to 154	

other reported A4[Ru2OCl10] compounds, which have only one Ru site in the crystal structure 155	

(McL Mathieson et al., 1952; Silva et al., 1999; Tebbe & Schnering, 1973; Glowiak et al.). 156	

Each [Ru2OCl10]4- complex is formed by two identical Ru atoms linked via an O-bridge 157	

leading to an inversion symmetry within the anion. Each Ru atom connects with five terminal 158	

Cl atoms and a bridging O atom, which results in a dimer with the neighboring Ru atom. The 159	

Ru-Cl bonding distances range from 2.3406(4) Å to 2.3646(5) Å for Ru1-Cl, and 2.3358(4) Å 160	

to 2.3922(4) Å for Ru2-Cl, respectively. The Ru1-O and Ru2-O distances are 1.7838(3) Å 161	

and 1.7808(3) Å. This indicates that the distortion of the Ru2 anion complex is comparatively 162	

higher than for Ru1.  163	

Li4Ru2OCl10 •10H2O crystalizes into a lower symmetry space group (P-1) compared 164	

to its family compounds, K4Ru2OCl10•H2O (I4/mmm) (McL Mathieson et al., 1952; San 165	

Filippo et al., 1977), Cs4Ru2OCl10 (Pbca) (San Filippo et al., 1977; Silva et al., 1999), 166	

K4W2OCl10 (I4/mmm) (Glowiak et al.) and Cs4Os2OCl10 (Pcab) (Tebbe & Schnering, 1973). 167	

The compounds share the common bi-nuclear [Cl5M-O-MCl5]4- (M= Ru, Os) anions with 168	

different degrees of distortions within the dioctahedral (McL Mathieson et al., 1952; Tebbe & 169	

Schnering, 1973; Glowiak et al.). The size of the cations is critical to induce the structural 170	

distortion in Li4Ru2OCl10•10H2O. More specifically, the bi-nuclear moiety in 171	

K4Ru2OCl10•H2O is sharing an exact D4h symmetry with Ru, O and Clax atoms on the 4-fold 172	

axis while Cs4Ru2OCl10 possesses a slightly distorted unit from tetragonal to orthorhombic, 173	

compared to K4Ru2OCl10•H2O (Silva et al., 1999). Furthermore, the same fragment in 174	

Li4Ru2OCl10•10H2O shows a significant distortion compared to K4Ru2OCl10•H2O and 175	

Cs4Ru2OCl10  referring to the bond angles and bond lengths given in Table 4. In the Ru1 176	

dimer, the Ru-Cleq bond length has a difference of ~0.008 Å while in the Ru2 dimer, this 177	

value is ~0.05 Å that is about ten times larger than the 0.004 Å bond length difference in the 178	

Cs4Ru2OCl10 Ru2 dimer. Therefore, with the substitution of the smaller Li cation in 179	

A4Ru2OCl10, the binuclear anion complex has been distorted considerably. Despite the overall 180	

distortion of the anion complex, the Ru-O-Ru unit is perfectly linear as observed in other 181	

compounds (McL Mathieson et al., 1952; Silva et al., 1999; Tebbe & Schnering, 1973; 182	

Glowiak et al.). However, a closer look at this structure shows that the adjacent [Ru2OCl10]4- 183	
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fragments are layered off set to each other and two dimers are arranged alternatively in the 184	

anion layers as shown in the Figure 1c, which likely occur to further enhance the crystal 185	

packing. Moreover, the cation network has intercalated between these layers of anion. The 186	

four Li+ cations are surrounded by the ten water molecules in the structure, which is in 187	

contrast to the previously reported A4[Ru2OCl10] compounds (McL Mathieson et al., 1952; 188	

Silva et al., 1999). The fact that Li4Ru2OCl10•10H2O is composed of more water molecules in 189	

its structure than in compounds with larger cations K+(151pm) (Rollinson & Adetunji, 2018) 190	

and Cs+(174pm) (Rollinson & Adetunji, 2018), can be explained as a way to compensate for 191	

the empty space around the much smaller Li+ (~59-76pm) (Rollinson & Adetunji, 2018) 192	

cation and thus stabilize the crystal structure. However, each Li+ ion coordinates differently, 193	

which has also been observed in Cs4Ru2OCl10 and Cs4Os2OCl10 (Silva et al., 1999; Tebbe & 194	

Schnering, 1973).    195	

Overall, by solely looking at the refined formula for the compound, the two Ru atoms 196	

can have either a +4 oxidation state or mixed oxidation states of +3 and +5 on each Ru atom. 197	

However, the nearly equal Ru-O bond lengths indicates a similar oxidation state in both Ru 198	

atoms rather than a mixed oxidation state (Sharninghausen et al., 2016). 199	

 200	

Figure 2 201	

XPS spectrum of Li4Ru2OCl10•10H2O with its simulated peak fitting of Ru 3d (Inset: Ru 3p fitting). 202	

3.2 Oxidation States of Ru in Li4Ru2OCl10 •10H2O:  203	
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UV-Visible absorption spectra of Li4Ru2OCl10•10H2O.   226	

3.3 UV-Visible Absorption Spectra of Li4Ru2OCl10 •10H2O:  227	

The UV-Vis spectra of the complex were collected using absolute ethanol and the result is 228	

shown in Figure 3. According to the Beer Lambert law the absorption is directly proportional 229	

to the concentration of the solution. The concentration of the original sample is ~0.007 M. 230	

The concentrated solution of the compound shows two major peaks in the visible range at the 231	

wavelengths of 575 nm and 745 nm. The peak at 575nm is sharp and intense while the peak 232	

at 745 nm is broader and weaker in intensity. These two absorption peaks observed in the 233	

visible region can be assigned to the metal d-d transition - dxz/dyz to dxy and to a higher energy 234	

orbital dz
2 for 745 nm and 575 nm, respectively. In addition, the absorbance near the UV 235	

region is saturated at ~ 3.0 absorbance units with the concentration ~0.007 M. To obtain a 236	

clear spectrum in the UV region the same solution was diluted by 30 times. Upon dilution, 237	

the peaks observed from the visible region were diminished due to low absorbance, while the 238	

higher energy peaks close to the UV region became unsaturated and prominent. The high 239	

energy, high intensity peak arising with a maximum around 245 nm can be attributed to the π 240	

to π* type transition of Ru-Cl. On the other hand, the absorption peak observed around 400 241	

nm can be assigned to the metal to ligand charge transfer transitions (Maroń & Małecki, 242	

2014; Ishiyama, 1969). The shoulder peak observed around 500 nm can be coming from Ru-243	

O-Ru chromophore (San Filippo et al., 1977). The shape and the wavelength of this peak is 244	

slightly different from the reported data for K4Ru2OCl10, where a sharp narrow peak at 479 245	

nm is observed. According to the electronic and vibrational spectra of K4Ru2OCl10, the 246	

absorption at 479 nm, coming from the electronic transition, is coupled with the Ru-O-Ru 247	

symmetric stretching (San Filippo et al., 1977). The shift to a lower energy absorption might 248	

be related to the structural symmetry difference between these two compounds. The 249	

K4Ru2OCl10 structure is higher in symmetry (space group, I4/mmm) with a perfect D4h 250	

symmetry in the dimer compared to our compound Li4Ru2OCl10•10H2O, which possesses a 251	

lower symmetry (space group, P-1) (McL Mathieson et al., 1952). 252	
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	253	
Figure 4 254	
The temperature dependence of magnetic susceptibility measured at 10 kOe for Li4Ru2OCl10•10H2O. The red 255	
line shows the as measured magnetic susceptibility while the blue squares represent corrected data after 256	
subtracting a paramagnetic contribution from a small amount of RuCl3 impurity (see text). 257	

3.4 Magnetic Properties of Li4Ru2OCl10 •10H2O:  258	

The magnetic susceptibility for the compound Li4Ru2OCl10•10H2O is presented in Figure 4. 259	

The compound shows a considerable negative signal and nearly constant magnetic 260	

susceptibility at 10 kOe suggesting a diamagnetic behavior in the compound. There is no 261	

significant difference in magnetic susceptibility between the zero-field cooling and field 262	

cooling measurements at 1 kOe (not shown). However, the increasingly positive magnetic 263	

susceptibility at low temperatures is characteristic of a paramagnetic behavior which can be 264	

either coming from a paramagnetic impurity or a more complex magnetic behavior from the 265	

compound itself. Assuming such a paramagnetic signal is coming from the RuCl3 impurity, it 266	

would constitute less than 2% of the total sample mass. In Fig. 4, the corrected magnetic 267	

susceptibility after subtracting the paramagnetic impurity contribution is shown by blue 268	

squares. It shows a strong temperature-independent diamagnetic behavior, which is 269	

reminiscent of the previously reported [Ru2OX10]4- type compounds (San Filippo et al., 1977; 270	

McL Mathieson et al., 1952; Dunitz & Orgel, 1953). The calculated core diamagnetic 271	

susceptibility for the Li4Ru2OCl10 •10H2O complex is about 4×10-4 emu/mol (Bain & Berry, 272	

2008). Comparing with experimental values, the observed strong diamagnetic signal likely 273	



 

Figure 4

 

Figure 5 

px py

3.5 Molecular Orbital (MO) Diagram of Li4Ru2OCl10 •10H2O:  
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measurements. The orbital distribution shows (Figure 5) there is no unpaired electron on Ru, 298	

an indication of a diamagnetic property in agreement with previous studies (Dunitz & Orgel, 299	

1953; Cotton, 1964, 2012). 300	

The bonding arrangement of the dimeric Ruthenium cluster [Ru2OCl10] can approximately be 301	

simplified by idealizing the dimer into a dioctahedral model bridged by the oxygen atom 302	

(Cotton, 1964). In each octahedral, the eg orbitals (4dz2, 4dx2–y2) and 5s, 5px, 5py, and 5pz 303	

orbitals from Ru atoms will interact with the five chlorine and one oxygen σ donor ligands. 304	

As a result, six bonding orbitals are formed, filled with donor ligand electrons by forming the 305	

octahedral metal-ligand σ bonding framework. The remaining t2g orbitals are involved in the 306	

metal-metal bonding bridged by the oxygen. If the symmetry of the [Ru2OCl10] cluster can be 307	

approximately treated as D4h symmetry while the symmetry of each Ru atom will be C4v. 308	

Thus, the orbital representations can be approximately marked as 3A1, B1, B2 and 2E. The 309	

chlorine donor ligands would occupy 2A1, B1, and E while the oxygen transforms as A1 in 310	

making the σ bond. For the [Cl5-Ru-O-Ru-Cl5]4- cluster, the symmetry would approximately 311	

be treated as D4h. The molecular orbitals arising from the two Ru atoms thus can be 312	

represented as B2g, B2u, Eg and Eu from D4h point group. The degenerate Eu orbital from Ru 313	

combine with the filled p(x,y) orbital forming a bonding orbital and an antibonding orbital in 314	

the Ru-O-Ru system (Dunitz & Orgel, 1953; Cotton, 2012). Accordingly, the molecular 315	

orbitals will be in the order of Eu, B2g, B2u, Eg and Eu* with ascending order of energy. The 316	

total electrons from two d4 Ru atoms, filled oxygen px and py orbitals are 12 which can be 317	

resided on the MO diagram as shown in the Figure 5. 318	

4 Conclusion 319	

A new ruthenium oxo complex, Li4[Ru2OCl10] •10H2O, was synthesized and characterized. 320	

Li4[Ru2OCl10]•10H2O adopts a different structure from K4[Ru2OCl10] •H2O and 321	

Cs4[Ru2OCl10] due to the smaller Li+. The Ru atoms on two distinct sites show the same 322	

oxidation state, Ru4+. The diamagnetic properties in Li4[Ru2OCl10] •10H2O indicate no 323	

unpaired electron on the Ru atoms in Li4[Ru2OCl10] •10H2O. Future studies focus on 324	

replacing the neutral water molecule with other anions or cations to tune the oxidation states 325	

and magnetic properties on Ru atoms.  326	
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Table 1	336	
Parameters used in the molecular orbital calculation using CAESER software (vers. 2.0, PrimeColor Software, 337	
Raleigh, NC, USA) with the extended-Hückel-tight-binding method for Li4Ru2OCl10•10H2O 338	
	339	

Atom AO Hii (eV) ζ1 c1 ζ2 c2 

Ru s -10.4000 2.0800 1.0000   

 p -6.87000 2.0400 1.0000   

 d -14.9000 5.3800 0.5340 2.3000 0.6365 

Cl s -26.2999 2.1830 1.0000   

 p -14.2000 1.7330 1.0000   

O S -32.2999 2.2750 1.0000   

 p -14.8000 2.2750 1.0000   

Li S -5.40000 0.6500 1.0000   

 p -3.50000 0.6500 1.0000   

H s -13.6000 1.3000 1.0000   

	340	

Hii = -VSIP (valence-state ionization potential [eV]). The double-zeta (for Ru 5d) or single-341	
zeta (for the remaining orbitals) Slater type orbitals (STO's) are used; 342	

χµ (r, θ, φ) ∝ r(n-1) exp(- ζ r)Y(θ φ) (single-zeta STO) 343	

χµ (r, θ, φ) ∝ r(n-1) [c1 exp(- ζ1 r) + c2 exp(-ζ2 rI)] Y(θ,φ)  (double-zeta STO) 344	

c1 and c2 correspond to 1 and 0 in single-zeta STO, and c1 and c2 in double-zeta STO, 345	

respectively.  346	
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Table 2 347	
Single crystal structure refinement data for Li4Ru2OCl10•10H2O. 348	
	349	

Empirical formula Li4Ru2OCl10• 10H2O 
Formula weight (g/mol) 780.56 
Temperature (K) 90(2) 
Crystal system Triclinic 
Space group; Z P -1; 2 
a (Å) 8.0548(6) 
b (Å) 10.7806(8) 
c (Å) 13.720(1) 
α (°) 78.551(2) 
β (°) 80.825(2) 
γ (°) 72.163(2) 

Volume (Å3) 1105.3(2) 

Extinction coefficient None 
Theta range (°) 1.523 to 35.250 
No. reflections; Rint 63759; 0.0244 
No. independent reflections 9864 
No. parameters 308 
R1: ωR2 (I>2δ(I)) 
R indices (all data) R1: ωR2 

0.0201: 0.0393 
0.0269: 0.0416 

Goodness-of-fit on F2 1.106 
	350	

	351	

	352	

	353	

	354	

	 	355	
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Table 3 356	
Atomic coordinates and equivalent isotropic displacement parameters of Li4Ru2OCl10•10H2O system (Ueq is 357	
defined as one-third of the trace of the orthogonalized Uij tensor (Å2)). 358	
 359	

Atom Wyck. x y z Ueq 
Ru1 2i 0.37849(2) 0.10506(2) 0.58791(2) 0.00415(2) 
Ru2 2i 0.37460(2) 0.58995(2) 0.09582(2) 0.00429(2) 
Cl1 2i 0.63765(4) 0.14071(3) 0.62171(2) 0.00776(5) 
Cl2 2i 0.33886(4) 0.29470(3) 0.46345(2) 0.00802(5) 
Cl3 2i 0.63405(4) 0.61891(3) 0.13762(2) 0.00797(5) 
Cl4 2i 0.41256(4) 0.40056(3) 0.21788(2) 0.00836(5) 
Cl5 2i 0.10674(4) 0.56616(3) 0.06751(2) 0.00902(5) 
Cl6 2i 0.10692(4) 0.08117(3) 0.56365(2) 0.00820(5) 
Cl7 2i 0.22222(4) 0.71032(3) 0.22261(2) 0.00873(5) 
Cl8 2i 0.60009(4) 0.06856(3) 0.27564(2) 0.00807(5) 
Cl9 2i 0.22555(4) 0.24841(3) 0.70076(2) 0.00875(5 

Cl10 2i 0.67978(4) 0.20764(3) 0.01953(2) 0.00775(5) 
O1 1f ½ 0 ½ 0.0053(2) 
O2 1e ½ ½ 0 0.0057(2) 
O3 2i 0.49687(14) 0.05888(10) 0.89617(8) 0.01085(17) 
O4 2i 0.17528(13) 0.16393(10) 0.31415(8) 0.01017(17) 
O5 2i 0.84841(14) 0.30161(11) 0.18462(8) 0.01244(18) 
O6 2i 0.79176(14) 0.24741(10) 0.39722(8) 0.01057(17) 
O7 2i 0.26150(16) 0.22692(10) 0.07676(8) 0.01229(18) 
O8 2i 0.54028(14) 0.53273(10) 0.39270(8) 0.01096(17) 
O9 2i 0.09647(16) 0.02075(10) 0.14455(8) 0.01285(18) 

O10 2i 0.10876(14) 0.11580(10) 0.92567(8) 0.01240(18) 
O11 2i 0.13884(14) 0.61071(10) 0.46692(8) 0.01124(18) 
O12 2i 0.01296(16) 0.44837(12) 0.31953(10) 0.0195(2) 
Li1 2i 0.2961(4) 0.0471(4) 0.0217(2) 0.0142(5) 
Li2 2i 0.0140(4) 0.2890(4) 0.4167(2) 0.0150(5) 
Li3 2i 0.0835(4) 0.1884(4) 0.1848(2) 0.0135(5) 
Li4 2i 0.6352(4) 0.3665(4) 0.4937(2) 0.0153(5) 
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Table 4 361	
Comparison of the structural information of different A4Ru2OCl10 compounds with the Li4Ru2OCl10•10H2O. 362	
 363	

 
Li4Ru2OCl10• 

10H2O 
K4Ru2OCl10• 

H2O 
Cs4Ru2OCl10 K4W2OCl10 Cs4Os2OCl10 

Space 
Group 

P-1 I4/mmm Pbca I4/mmm Pcba 

Lattice 
parameters 

/(Å) 

a=8.0548(6) 
b=10.7806(8)  
c=13.720(1) 
α =78.5510(2) 
β =80.8250(2) 
γ =72.163(2) 

a = 7.097(2) 
c = 17.015(2) 
α =90 
β =90 
γ =90 

a=12.501(1)   
b=11.752(1)   
c=13.923(2) 
α =90 
β =90 
γ =90 

a = 7.132(2) 
c = 17.648(5) 
α =90 
β =90 
γ =90 

a = 12.521 
b = 13.994 
c = 11.798 
α =90 
β =90 
γ =90 

M-O bond 
length/(Å) 

Ru1: 1.7838(3) 
Ru2: 1.7808(3) 

1.8002(18) 1.7903(12) 1.8710(9) 1.7777(9) 

M-O-M 
bond 

angle/° 
180 180 180 180 180 

M-Clax/ Å 
Ru1: 2.3406(4) 
Ru2: 2.3358(4) 

2.362(3)Å 2.336(5) 2.407(6) 2.433(7) 

M-Cleq/ Å 
 

Ru1 
2.3646(5) 
2.3633(4) 
2.3608(5) 
2.3562(4) 

Ru2 
2.3489(5) 
2.3922(4) 
2.3763(5) 
2.3431(4) 

2.317(8) 
 

2.361(5) 
2.365(5) 
2.363(5) 
2.365(5) 

 

2.4095(16) 
 

2.367(7) 
2.371(7) 
2.370(6) 
2.376(6) 

 

M-Cleq 
diff/ Å 

Ru1: 0.008 
Ru2: 0.05 

0 0.004 0 0.009 

 
Equatorial 
Cl-M-Cl 

bond 
angle/° 

Ru1 
90.410(14) 
89.352(14) 
90.630(14) 
89.094(14) 

Ru2 
92.054(14) 
88.544(14) 
89.834(14) 
89.222(14) 

90 

90.35(17) 
89.32(17) 
89.26(17) 
90.36(17) 

90 

89.0(3) 
89.8(3) 
89.7(3) 
90.6(3) 
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