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Abstract: 

The determination of the electron and spin density distributions of the tetracarboxylato 

mixed-valent diruthenium(II,III) complex (NBu₄)[Ru₂VBr₂(O₂CC₃H₇)₄] was carried out 

using high-resolution X-ray diffraction and polarized neutron diffraction (PND) on single 

crystals. Experimental and theoretical spin distributions show that the spin density is 

predominantly localized on the ruthenium atoms with some delocalization onto bromide 

and carboxylate ligands. The charge-density analysis supports these findings, showing 

charge accumulation on the metal centres and typical donor–acceptor ligand–metal 

interactions. Experimental topological analysis of the Ru---Ru bond confirm an open-

shell metal-metal interaction. The local magnetic anisotropy was explored through angle-

resolved magnetic susceptibility measurements and PND. Magnetic data reveals 

significant magnetic anisotropy with an easy axis along the crystallographic c axis and 

the hard magnetization axis along the b crystallographic axis. Local magnetic 

susceptibility tensors derived from PND highlight pronounced planar magnetic 

anisotropy oriented along the equatorial Ru-O plane. The experimentally determined 

anisotropy parameters are in excellent agreement with ab initio calculations. 
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Introduction

The first mixed-valence tetracarboxylato diruthenium(II,III) compound 

[Ru2
V(O₂CCH₃)4Cl]n with a lantern-type structure of the tetra-n-butyratodiruthenium 

core, or paddlewheel structure as so-called today, was discovered six decades ago1. 

Analysis of the structural features from X-ray diffraction on single crystal showed the 

two ruthenium ions to be equivalent at a short Ru-Ru distance (2.28 Å) suggesting an 

average oxidation state of +2.5 for each ruthenium ion and the presence of a Ru-Ru bond2. 

At this time, this brought a corner-stone to the freshly identified quadruple and  bonds 

by Cotton.3 4 Following there were a lot of investigations to elucidate the electronic 

configuration of such a system. This comprise electronic, Raman and EPR spectroscopies 

and magnetic studies, 5-9 as well the synthesis of many other diruthenium tetracarboxylate 

compounds with different carboxylates and with different anions in axial positions 10-12 

All studies agree with a delocalized mixed-valence type system ranging in the class III of 

the Robin-Day classification.13 The electronic configuration has been established as 

242(**)3 in the molecular orbital approach7, 14. That is, among the 11 electrons from 

the d5 and d6 configurations of the Ru(III) and Ru(II), 8 electrons fill the quadruple bond 

) leaving three remaining unpaired electrons distributed in the * and * orbitals, 

leading to a formal bond order of 5/2 in the ground configuration. The result is thus an 

unusual high-spin S=3/2 state for the whole diruthenium core. This is why it is better 

formulated as diruthenium(V) than diruthenium(II,III).  In addition, the three unpaired 

electrons in the accidentally degenerated * and * orbitals2 cause a large zero-field 

splitting (D = 60-80 cm-1) 2, 7, 9, 12, 15-17, 10-12.

The peculiar electronic structure of diruthenium tetracarboxylate compounds, combining 

a high-spin S=3/2 state with large ZFS together with the possibility to exchange the 

ligands in axial position, has prompted their use as building blocks of molecule-based 

magnets. One-, two- and three-dimensional systems have been reported built of 

diruthenium tetracarboxylate alone or bridged by paramagnetic linkers in axial position, 

such as nitroxide radicals or hexacyanidometalate ions [M(CN)6]3– 10, 15, 18-21. Among 

these systems, the one-dimensional chains present in the pivalate derivative 

(PPh4)₂[Ru₂(O₂C(CH₃)₃)₄W(CN)₈], previously reported by our group, exhibit a high 

ordering temperature (Tc = 44 K)20 and represent one of the best examples of high-spin 

diruthenium(V) tetracarboxylate compounds. Improving the performance of these 

molecule-based magnets requires a detailed knowledge of magneto-structural 
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relationships at the molecular level, and this raises two main questions that we address in 

this paper. 

A first question concerns the spatial distribution of the unpaired electron density, both 

between the ruthenium atoms, and how much it is delocalized onto the carboxylate and 

axial ligands. Early theoretical calculations have tentatively answered this question7, and 

we also previously reported a 13C NMR study which agreed with some spin delocalization 

onto the carboxylate groups.22 We now revisit this question by probing the experimental 

mapping of the electron and spin distributions in one diruthenium(V) tetracarboxylate 

compound (NBu₄)[Ru₂V(O₂CCH₃)₄Br₂] using high-resolution X-ray diffraction (XRD) 

on single crystals and Polarized Neutron Diffraction (PND). High-resolution XRD is a 

powerful crystallographic technique which enables precise experimental model of 

electron density distributions within the crystal using a multipole refinement.23-25 The 

resulting deformation density, that is the deviations from the spherical atom model, 

allows for visualization of the bonding and charge localization.26 This may be 

complemented by calculating the Laplacian (∇²ρ) of the electron density to highlight 

regions of charge concentration and depletion, to have an insight into bond character.27 

Also complementary, the topological analysis based on quantum theory of atoms in 

molecules (QTAIM) 28  identifies especially critical points corresponding to bonding 

interactions and give access to atomic charges.29 A full multipolar model can also give 

access to a precise calculation of the electrostatic potential, providing insights into 

interatomic electrostatic interactions, including energetic aspect.30 PND on single crystal 

is another powerful crystallographic technique to probe magnetic compounds at the 

atomic level.31 PND proved to be particularly powerful to map the spin density in 

molecular and coordination compounds, where it may spread outside of magnetic centres, 

such as in ligands.32 Beyond this, PND provides direct information on the relationships 

between the crystal structure and the magnetic interactions pathways.33-37

A second important question, with diruthenium tetracarboxylate compounds, is how large 

is the molecular magnetic anisotropy and how are oriented its principal magnetic axis 

with respect to the molecular geometry. This determines how large could be the remnant 

magnetization and the coercive field of the molecule-based magnets38, 39. As molecular 

magnetic anisotropy is related to the ZFS, we know the molecular magnetic anisotropy is 

large in these diruthenium(V) tetracarboxylate compounds, and its size may be measured 

by different experimental techniques such as electron paramagnetic resonance (EPR). 
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However, determination of the principal magnetic axis orientation is tricky. To address 

this question we used also PND data on single crystal within the local susceptibility tensor 

approach40. We have shown previously that this allows the fine determination of the 

direction and strength of the local principal magnetic anisotropy axes on the metal ions41-

46. Supported by quantum mechanical calculations, our results reveal an unprecedented 

view of the charge and spin distribution as well the magnetic anisotropy in diruthenium 

tetracarboxylate systems. 

Results and Discussion

We started the study with the tetra-pivalate diruthenium dithiocyanato compound, 

[NBu₄][Ru₂V(O₂C(CH₃)₃)₄NCS₂],20 then the tetra-acetate dichloro derivative, 

[NBu₄][Ru₂V (O₂CCH₃)₄Cl₂].22 Both could be grown as large single crystals suitable for 

PND. However, they incorporated crystallization solvents that escaped during the 

experiments, preventing reliable data collection. Driven by our continued interest in 

diruthenium tetracarboxylate systems, we then turned to the n-butyrate derivative with 

bromido ligands in the axial positions, which finally yielded large solvent-free single 

stable crystals of (NBu₄) [Ru₂V (O₂CCH₃)₄Br₂] enabling successful neutron diffraction 

measurements. Moreover, this compound is one of the few diruthenium tetracarboxylates 

featuring bromido ligands.47-51

High-resolution X-Ray diffraction crystal structure: Tetra-n-butylammonium tetra-n-

butyratodibromidodiruthenium (NBu4)[Ru2
V(O2CC3H7)4Br2] crystallises in the triclinic P

_

1 space group. Crystal data and structure refinement parameters, obtained from high-

resolution XRD on single crystal at 100K, are summarised in Table S1. The asymmetric 

unit comprises two halves of centrosymmetric diruthenium anion complexes 

[Ru2
V(O2CC3H7)4Br2]- labelled A and B and one tetra-n-butylammonium counter-cation 

(NBu4) for electroneutrality. One terminal carbon atom (C4) of a butyl chain of the 

tetrabutylammonium cation (NBu4) was refined as disordered on two positions. Each of 

the tetra-n-butyratodirutheniumdibromido anion complex units [Ru2
V (O2CC3H7)4Br2]-, 

A and  B, have a crystallographic inversion centre at the midpoint of the diruthenium core 

with the two equivalent ruthenium ions coordinated in the equatorial plane by four 

bridging tetra-n-butyrato ligands in the so-call paddlewheel fashion. As shown on Figure 

1 and Figure S1 for unit A and B, bromido ligands complete the coordination of both 

ruthenium ions in axial position. The major difference between dinuclear units A and B 
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lies in the conformation of the n-butyl chains of the n-butyrato ligands, which show the 

cis and trans-conformation for A, but only the trans-conformation for B (Figure S2). The 

structural features are very close to those reported by Cotton for the first tetracarboxylato 

diruthenium complex as well for other tetracarboxylato diruthenium complexes.2 The 

four oxygen atoms, located in the equatorial plane of each ruthenium, are strictly coplanar 

and the ruthenium ions are slightly out of the plane (Ru1A: 0.035Å, Ru1B: 0.033Å). 

Consistent with earlier studies the Ru-Ru distances exceed the mean O-O distance in the 

carboxylate group (Table S2) and are in the range of those observed for 

diruthenium(II,III) tetaracarboxylato complexes (2.27—2.31 Å). 10-12, 47-51 The Ru-Br 

bond lengths (Table S2) are similar to those in other 

tetracarboxylatodibromidodiruthenium complexes.47-51 Comparatively they are larger 

than the Ru-Br bond lengths usually observed in bromido complexes of Ru3+ and Ru2+ 

complexes. This makes the substitution of the axial ligands easy as early pointed by 

Cotton.2 Moreover, the Ru-Br bonds in the dibromido isolated complexes are 

comparatively shorter than those of the bromido-bridged chain complexes making the 

Ru-Ru distances in dibromido isolated complexes (2.2998(19)-2.3124(11) Å) a little 

longer than those found in bromido-bridged chain compounds (2.2850(6)-2.2906(7) 

Å).47-51 

Figure 1: a) Representation showing the [Ru2
V(O2CC3H7)4Br2]- anion complex unit 

labelled A. b) View along the c axis of diruthenium A and B in unit cell. Hydrogen atoms 

are omitted for clarity.

Electron density model: The static deformation density maps calculated as the 

difference between the multipolar and independent atom models show positive 
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deformation densities along the C-O and C-C bonds of the carboxylate ligand as expected 

(Figure 2a and Figure S3a-d)52. For both diruthenium complexes A and B, the lone pairs 

of the oxygen atoms are pointing toward ruthenium centre. We can notice (Figure 2a and 

Figure S3) an accumulation of the charge density of the ligands pointing toward depletion 

at the metal centres as has been reported for other metal complexes and in agreement with 

the concept of donor-acceptor ligand-metal bond.26, 53, 54 The charge density over each of 

the ruthenium centres is similar in both A and B diruthenium complexes and has a cross 

shape comprising six negative lobes and four positive lobes (Figure S4). Five negative 

lobes point toward the ligands while the sixth is pointing directly toward the Ru---Ru 

bond. The four positive lobes (Figure S3e-f) have diagonal directions (Figure S4). 

Looking at the Ru---Ru bond there is no sizeable charge accumulation.55 

Figure 2:  a) Static deformation density map of dimer A (blue = positive, red = negative, 

yellow = zero contour). Isocontour lines are separated by 0.05 e/A3. b) Laplacian of the 

electron density of diruthenium A (blue = positive, red = negative; contour at ±2, 4, 8×10n 

with n = -1, 0, 1, 2).

The Laplacian maps (Figure 2b, Figure S5) clearly evidence the valence shell charge 

concentrations (VSCC) and valence shell charge depletions (VSCD). The C–O bond 

shows the expected feature of a normal covalent bond52 and the valence shell charge 

concentration (VSCC) of a carbon and oxygen atom is indicated as an sp2 valence 
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configuration. The donor character of the lone pair toward the Ru atom is confirmed by  

the  charge concentrations of oxygen atoms, as expected for a metal-ligand coordination 

bond.52 For both A and B diruthenium complexes there are four VSCCs and six VSCDs 

around each Ru atom, visible on Figure 2b, Figure S5a-d  with the VSCCs located in 

between the Ru–O bond directions.55 The valence shell of the ruthenium atoms reflects 

the uneven population among the five d-orbitals and indicates the preferred population 

on t2g and eg orbitals.54, 56 

The topological analysis of the electron density29 of Ru-O and Ru-Br interactions is in 

agreement with polar covalent bonds (Table S5). Considering the middle of the bonds, 

the positions of the bonds critical points (BCPs) of the Ru-O bonds have an average shift 

of 0.7 Å away from Ru atoms and toward O atoms, indicating a slight polarization.53 The 

metal-ligand bonds have similar topological properties at BCPs with an average density 

ρ =0.32 e.Å-3 for Ru-Br and ρ = 0.70 e.Å-3 for Ru-O, with positive Laplacian  (∇2ρ = 3.9 

e.Å-5 for Ru-Br and ∇2ρ = 11 e.Å-5 for Ru-O). The value of the ellipticity 𝜺 with an average 

of 0.01 for Ru-Br and 0.12 for Ru-O is in agreement with a single covalent bonding. The 

topological properties of the Ru-L bonds are comparable to those of other related metal-

ligand interactions. 53, 54, 57 For the Ru---Ru interactions, the BCP is localized at the 

midpoint between the two ruthenium atoms. The small value of the electron density at 

BCP (ρ=0.50 e.Å-3), the positive value of the Laplacian (∇2ρ = 8.3 e.Å-5), the positive 

value of Gcp/ρ (0.19 he-1) but smaller than unity and the small negative value of Gcp/ρ (-

0.02 he-1) are consistent with an open-shell metal-metal interaction.58, 59 The high value 

of the Laplacian (∇2ρ > 1 e.Å-5) appears inadequate for the classification of the M-M 

bond, but increase of the Laplacian at the BCP as already reported for metal–metal bond 

orders greater than unity.60, 61  An experimental value of ∇2ρ = 31.62 e.Å-5 has also been 

reported in the study of quintuply-bonded dichromium complex Cr2(dipp)2.52 

The complementary analyses of the experimental electron density in 

(NBu4)[Ru2
V(O2CC3H7)4Br2], derived from high-resolution XRD, provide a detailed 

mapping of the electron distribution that agrees well with previous studies on 

tetracarboxylato diruthenium(V) complexes and  a delocalized class III mixed-valence 

system in the Robin-Day classification.13  The electron distribution in both A and B 

diruthenium moiety was found to be largely similar, as were atomic charges (Table S4). 

The main difference was found in refinement of the parameter κ' (Table S3), which 

converged to a slightly higher value for Ru1B (1.41) than for Ru1A (1.20). Since the κ 
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and κ’ parameters control the radial expansion/contraction of the outer shell within the 

multipole model, this higher value for Ru1B reflects a more contracted outer shell than 

Ru1A.23-25 It is all the more notable that this is consistent with a similar difference 

between Ru1A and Ru1B that we observed in the refinement of magnetic anisotropy from 

the PND data reported below.

Magnetic studies: Magnetic measurement on a polycrystalline sample gave a value of 

the product of magnetic susceptibility with temperature (T) of 2.16 cm3 K mol-1 at 300 

K (Figure 3a). This is close to the spin-only value for three unpaired electrons (T= 1.875 

cm3 K mol-1) in accordance with the electron configuration of 222(**)3. Upon 

cooling the T product decreases continuously down to 1.40 cm3 K mol-1 at 2 K (Figure 

3a). 

Figure 3:  a) Experimental (○) temperature dependence of MT of 1 and b) field 

dependence of the magnetization at 2K (○), 5K (󠆬󠆬) and 10K (◊).The red solid lines 

denotes the simulated value with parameters of g = 2.13, D = 83 cm-1, and zJ = 0 cm-1.  

The magnetization estimated by the local susceptibility tensors measured from PND data 

is shown by a star symbol.

The magnetic data were well simulated using the conventional method with 

parameters, g = 2.16 and D = 83 cm-1 and the previously reported analytical expressions 

for diruthenium tetracarboxylate. 18 These values are similar to those reported for other 

lantern-type diruthenium(V) complexes9, 12, 15-17.  Implementation of intermolecular 

interaction between the diruthenium complexes, in the molecular field approximation 

(zJ),12, 62 did not improve the quality of the fit and was considered negligible as within 

the crystal the closest intermolecular Ru···Ru distance is 8.2935(11)Å.  The field 
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dependences of the magnetization at different temperatures are also well simulated 

(Figure 3b) with these parameters.

Further angle-resolved susceptibility measurements were performed on one single 

crystal of 3.5×2.5×1.5 mm3 at 2K under a magnetic field of 0.1T as shown in Figure S6. 

Rotation of the crystal around the a and b crystallographic axes perpendicular to the 

magnetic field clearly shows the existence of a significant magnetic anisotropy with the 

easy magnetization axis preferentially along the c axis. The hard magnetization axis is 

mainly along the b axis. However, due to the presence of two dimers A and B in the unit 

cell, the molecular magnetic principal axes of each dimer cannot be deduced from these 

angle-resolved measurements. 

Spin density model: Study of the spin density was carried out by polarised neutron 

diffraction (PND) as the best method to gain insight into the possible delocalisation of 

unpaired electrons towards the ligands and between the ruthenium atoms. Flipping ratios 

were collected on D3 diffractometer at Institute Laue Langevin (ILL) at 2K under an 

applied magnetic field of 9T.31 The nuclear structure factors were obtained from neutron 

diffraction measurements performed at the same temperature on D19 diffractometer at 

ILL.

PND data were analysed using the model-free Maximum Entropy Method (MEM), which 

is known to give much more reliable results than conventional Fourier syntheses by 

significantly reducing both noise and truncation effect.63, 64 However, it should be noted that 

in magnetically anisotropic compounds, MEM only reconstructs the component of the 

magnetization density along the applied magnetic field, which only allows for qualitative 

localization of unpaired electrons in the unit cell. As the local symmetry of the magnetic ion 

is the same as the overall symmetry of the crystal, the same symmetry paramagnetic group 

P
_

1 has been used in the reconstruction of spin density. The results of the reconstruction 

are presented in Figure 4 and Figure S7.
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Figure 4: Experimental spin density at 2 K under a field of 9 T applied nearly along the 

c-axis for diruthenium A a) projection around the Ru-Ru bond. b) Projection of the unit 

cell along the [001] direction. Contour levels are fixed at 0.035𝜇𝐵 𝐴3.

From distribution measured in saturated regime it appears that spin density is mainly 

located on the Ru atoms of the diruthenium complexes (Figure 4 and Figure S7) with 

almost no significant spin densities on the ligands.

Magnetic susceptibility tensor: PND was also used to determine the local magnetic 

anisotropy by the local susceptibility tensor method.40, 44 In these experiments, flipping 

ratios were collected on the D3 diffractometer at ILL at 2K under a magnetic field of 1T 

and for three different orientations of the crystal from which the magnetic susceptibility 

tensors of each Ru ion of the two A and B diruthenium complexes were determined:

𝝌𝑹𝒖𝑨 =
𝟎.𝟐𝟓(𝟑) 𝟎.𝟎𝟑(𝟑) 𝟎.𝟎𝟐(𝟐)
𝟎.𝟎𝟑(𝟑) 𝟎.𝟔𝟒(𝟕) ―𝟎.𝟎𝟏(𝟐)
𝟎.𝟎𝟐(𝟐) ―𝟎.𝟎𝟏(𝟐) 𝟎.𝟔𝟓(𝟏)

𝝁𝑩

𝑻  

𝝌𝑹𝒖𝑩 =
𝟎.𝟔𝟏(𝟑) 𝟎.𝟎𝟗(𝟑) ―𝟎.𝟎𝟒(𝟐)
𝟎.𝟎𝟗(𝟑) 𝟎.𝟎𝟕(𝟕) 𝟎.𝟏𝟎(𝟐)

―𝟎.𝟎𝟒(𝟐) 𝟎.𝟏𝟎(𝟐) 𝟎.𝟔𝟔(𝟏)
𝝁𝑩

𝑻

The tensors are defined in the right-hand Cartesian coordinate system XYZ: 𝒁 is along 

the crystallographic axis c and 𝑿 is along the reciprocal crystallographic axis a*. The 

experimental error bars are given in brackets. They are represented in the form of 

magnetization ellipsoids in Figure 5. This clearly shows a planar-type anisotropy oriented 

towards the oxygen planes for both dimers and indicates a significant influence of oxygen 

on the magnetic anisotropy of Ru ions. 
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Diagonalization of magnetic susceptibility tensors give the following eigenvalues for the 

main axes of Ru1A and Ru1B magnetic anisotropy:

A1 = 0.24 µBT−1, A2 = 0.64 µBT−1, A3 =0.65 µBT−1

B1 = 0.04 µBT−1, B2 = 0.62 µBT−1, B3 =0.69 µBT−1

This confirms the planar magnetic anisotropy, which is almost “flat” for Ru1B, with the 

easy plane in the oxygen plane being around 0.65 μBT−1 for Ru1A and Ru1B, and a small 

transverse susceptibility for Ru1A (χA1 =0.24 μBT−1) but almost zero for Ru1B (χB1 = 0.04 

μBT−1). 

Based on the refined susceptibility tensors the estimated easy magnetization axis of the 

crystal is oriented mainly along the crystallographic axis c: ―0.01𝑿 +0.15𝒀 +0.99𝒁 

(blue arrow in Figure 5c), while the hard magnetization axis is mainly oriented along the 

𝒃 ― 𝒂 direction: ―0.46𝑿 +0.88𝒀 ―0.14𝒁 (red arrow in Figure 5c). 

From the summation of tensors, 𝜒𝑅𝑢𝐴 and 𝜒𝑅𝑢𝐵, the angular resolved susceptibility and 

magnetization of the sample have been calculated (see details in the supporting 

information). The estimated sample magnetization at the applied field (1T) along the main 

crystallographic axis agrees well with magnetic measurement in terms of error bars 

(Figure S6b). Simulation of angular-resolved susceptibility demonstrates quite a good 

agreement with experimental data measured at 0.1 T (Figure S6a).42 The orientations of 

the easy and hard magnetization axes are predicted correctly. The small disagreement in 

absolute values between predictions and experiment relates to the fact that the 

magnetization curve is outside of the linear region at field 1T at which the PND 

Figure 5: Magnetization ellipsoids on Ru site measured at 2K 1T in unit cell. Orientation of 

magnetization ellipsoid according the molecular frame is shown for the dimer A (a) and the 

dimer B (b). The easy and hard magnetization axes of the sample are indicated by blue and red 

arrows, respectively (c). 

a) b) c)
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measurements have been performed. The calculated powder averaged magnetization 

(0.48(7) 𝜇𝐵/ion) is in excellent agreement with the magnetization measured on the 

powder sample at 2K (Figure 3b). Thus, the local susceptibility tensors measured by PND 

well describe the magnetometry data.

It is important to emphasize that such a precise determination of the magnetic anisotropy 

is not possible by magnetometry. Only the PND can provide the local susceptibility 

tensors and the anisotropy on each magnetic ruthenium centre. Thus, if one would 

consider the mixed-valence diruthenium as being localised, class I or class II of the 

Robin-Day classification, with one Ru²⁺ and one Ru³⁺, their magnetic moments would be 

significantly different and could be distinguishable by PND. Moreover, such ordering 

would break the inversion symmetry of the dimer, leading to the loss of the symmetry 

centre. Nevertheless, decreasing the space group to P1 does not improve the quality of 

refinement. This is another confirmation that in each diruthenium the two ruthenium 

atoms are equivalent in full agreement with previous reports and with analysis of charge 

density distribution.1-12, 14 

However, although the two ruthenium atoms in each diruthenium are equivalent, there 

are differences between the two diruthenium units also in their (de)localised character. 

As we have just seen, although the anisotropy of Ru1A and Ru1B are both planar, that of 

Ru1B is much flatter (Figure 5). Indeed, as with the determination of electron density, 

refinement of the magnetic anisotropy of ruthenium results in 𝑅𝑢1𝐴=1.03(1) and 

𝑅𝑢1𝐵=1.17(2) which indicates that it is slightly more contracted for diruthenium B than 

for diruthenium A. Given that the studies were conducted independently and on different 

crystals, a small one for charge density and large one for magnetic anisotropy, we believe 

that this difference between Ru1A and Ru1B is meaningful. Thus the contraction effect 

we observed in both experiments for Ru1B suggests that diruthenium B may be a slightly 

more localized than diruthenium A. In other words while still a delocalised mixed-valence 

of class III, with spin S=3/2 in agreement with magnetism, diruthenium B may be 

somewhat closer to a localised case, as has been argued for some other borderline mixed-

valence complexes.65
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Quantum mechanical calculations: The fine description of the nature of many-electron 

states in transition metal complexes may require the use of multiconfigurational quantum 

mechanical calculations. For the sake of having a qualitatively correct view on the 

bonding pattern in the complex of interest and also for an accurate description of the 

(molecular) anisotropy of the complex, we have therefore only employed 

multiconfigurational and multireference wave function approaches (see Supporting 

Information for the computational details).

We start our analysis by a bonding analysis in terms of effective bond order.66 As 

mentioned in the introduction, the ground electronic configuration in the valence space 

of the two ruthenium centres is 242(**)3, which corresponds to a formal bond order 

of 5/2 (8 bonding and 3 antibonding electrons). A state-specific complete active space 

self-consistent field (CASSCF) calculation based on 11 electrons to be spread amongst 

those 10 valence d orbitals of the metals for the ground quartet spin state allows one to 

revise this formal bond order to define an effective one. The electronic configuration of 

the ground state being 1.883.761.85*1.14 at the CASSCF level an 

effective bond order of 2.01 is found. The   and  (0.77) contributions to this bond 

order are in perfect line with what was previously found in diruthenium(II) cases,67 the 

extra electron withdrawal here favour the emergence of a  partial bond (0.36), resulting 

in a higher (effective) bond order. These results arise from calculation on diruthenium A. 

Results for diruthenium B are reported in Supplementary Information. No significant 

changes are observed in the computed properties of diruthenium B as may be expected 

because the two complexes (A and B) show minor structural differences (calculations 

were based on the experimental crystallographic structure).

Table 1: Atomic spin densities obtained at the CASSCF level and from spin-unrestricted 

DFT calculations with the B3LYP exchange-correlation functional.

complex Ru Br O C (carboxylate)

CASSCF 1.438 0.014 0.010 ; 0.011 0.003A
B3LYP 68-70 1.379 0.065 0.028 ; 0.030 –0.029

CASSCF 1.438 0.013 0.010 ; 0.011 0.003B
B3LYP 68-70 1.381 0.062 0.028 ; 0.030 –0.029 ; –0.030
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The Mulliken atomic spin densities have then been determined for this ground spin-orbit 

Free State at the CASSCF level and from spin-unrestricted DFT calculations with B3LYP 

24-26. 68-70 As expected, the spin density delocalizes more at the spin-unrestricted B3LYP 

level compared to what is observed at the CASSCF level. Nevertheless, both evidence a 

larger spin delocalization on each Br atom than on each O atom, meaning that these results 

are robust with respect to the applied quantum mechanical method.

It turns out that the spin density is essentially localized on the Ru atoms (1.438 each), and 

then moderately propagated on the ligands (0.014 per Br atom, 0.011 per O atom, and 

0.003 on each C atom bridging two coordinated O atoms). No distinction can be made 

between the two Ru atoms from the atomic spin densities: the system effectively behaves 

as a typical class III mixed-valence compound. Note that although the atomic charges are 

strongly dependent on the underlying charge model and also level of theory, the atomic 

spin populations are by experience less dependent on those choices and that therefore the 

observed trend (more delocalization on the Br vs. O atoms) is not expected to be biased 

by them.

In view of further computing the zero-field splitting of the ground S = 3/2 state by means 

of the established spin-orbit configuration interaction technique combined with the 

effective Hamiltonian theory,71 we have computed several excited spin-orbit free states. 

A good compromise between accuracy, computational cost, and limitation of state-

averaging artefact was found for a set of 13 S = 3/2 and 16 S = 1/2 spin-orbit free states 

(see Supporting Information for more details). At the N-electron valence state second-

order perturbation theory (NEVPT2) level,72, 73 the ground S = 3/2 state lies 0.91 eV below 

the first excited S = 3/2 state and 0.29 eV below the first (excited) S = 1/2 one. Once the 

spin-orbit coupling is introduced, the lowest-two Kramers doublets are split by 188 cm–1 

(23.2 meV) and the extracted zero-field splitting parameters are D = 94 cm–1 and E = 2 

cm–1, in good agreement with experiment. The hard axis of magnetization almost 

perfectly coincides with the Ru–Ru orientation, which is unsurprising given the 

paddlewheel structure. Furthermore, the composition of the lowest-two Kramers doublets 

being largely dominated by the spin components of the ground spin-orbit free state 

(96.6% and 99.1%, respectively), no significant reduction of the effective bond order by 

the spin-orbit coupling74 is here expected, meaning that the previous effective bond order 

picture holds: the system is thus indeed the subject of an effective double bond. 

Page 16 of 25Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 5
:4

5:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6DT00342G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00342g


17

Conclusion

Study of the spin density by PND and the electron density by high-resolution XRD, 

supported by ab initio calculation, provide complementary insights of the electronic and 

magnetic structure of the mixed-valent diruthenium(V) tetracarboxylate complex. The 

charge-density maps show the distribution of electron density, which is mainly localised 

on the ruthenium centres, with no significant density in between. However, they also 

indicate some delocalisation from the ruthenium centres towards the bromido and 

carboxylato ligands. Experimental topological analysis of the Ru---Ru bond shows an 

open-shell metal-metal interaction, in agreement with the 242(**)3 electronic 

configuration. In contrast, the spin-density maps show that the unpaired electrons are 

predominantly localized on the ruthenium atoms. Considering that quantum calculations 

indicate similar delocalized spin populations on both oxygen and bromido ligands, these 

observations suggest that the delocalized spin density lies beyond the detection limit of 

our PND experiment.

The local magnetic susceptibility tensors derived from PND show planar anisotropy 

aligned with the equatorial oxygen atoms and a hard axis along the Ru–Ru bonds, 

highlighting the strong influence of oxygen geometry on the anisotropy. These 

observations are fully consistent with bulk magnetic data, which show an easy 

magnetization axis along the crystallographic c axis and a hard axis along b, but provide 

a more detailed, atomically resolved description of the magnetic anisotropy. 

Moreover, the experimental electron density from high-resolution XRD and the 

experimental magnetic anisotropy from PND show that the valence shell of diruthenium 

B is more contracted and lead to hypothesize diruthenium B as a slightly more localized 

mixed-valence than diruthenium A but, still, a delocalised mixed-valence of class III with 

spin S=3/2. This result demonstrates the value and power of such a study, combining 

advance crystallographic methods for the determination of experimental electron and spin 

densities and magnetic anisotropy, which reveal such details that could not be obtained 

from a classical crystallographic structure even combined with magnetometry 

measurements.
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Data availability 

Electronic supplementary information (ESI) available report experimental details on synthesis,  

characterization and crystal growing of (NBu₄) [Ru₂VBr₂(O₂CCH₃)₄], High-resolution X-Ray 

diffraction crystal structure, Experimental electron density model, Magnetic measurements, 

Neutron diffraction, Polarized neutron diffraction, Experimental spin density model and 

magnetic susceptibility tensors determination, Quantum mechanical calculations 

complemented by additional Tables and Figures for crystal structures electron density, spin 

density and magnetism; The crystallographic information files (CIF), containing the X-ray 

crystallographic data with embedded multipole model and experimental structure factors and 

non-polarised neutron data has been deposited at The Cambridge Crystallographic Data 

Centre,12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033. (CCDC deposition 

number 2516707 and 2519322).   The authors have cited additional references within 

Supporting Information.23, 42, 66, 71-73, 75-90 
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