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Introduction

The ability of Ru to exist in many oxidation states is an 
important property of this element which plays an important 
role in its applications [1]. Ru forms compounds in -2, 0, +2, +3, 
+4, +6, and +8 oxidation states. -2 and 0 oxidation states are 
unusual oxidation states (Scheme 1). Day-to-day expanding 
in the chemistry of Ruthenium and its complexes is due 
to their applications directly or indirectly pre-requisite for 
many of today’s problems related to anticancer drugs [2-8], 
polymers [9], materials science [6,8], and nanoscience [6,10-
12] (Scheme 2). This is due to its versatile electron-transfer 

pathways [13-18]. Survey of literature shows that ruthenium 
and its compounds now used: in solar cells [19,20], as catalyst 
[2,3,7-23], as determination of calcitonin level in blood [6], in 
Eleecys folate RBC assay to estimate folate deficiency in RBC 
[6], as immunosuppressant [6], as antimicrobial agents [24], as 
antibiotic agents [25], as inhibitors to inhibit over production 
of nitric oxide in biological cell [2,3], as metallopharmaceuticals 
in treatment of various diseases including cancer [2,3], radio 
sensitizers complexes with ruthenium are used in radiation 
therapy, as anti-metastasis drugs [2-8]. Dragutan et al. in 
editorial special issue review wrote “The valorization of 
Ru complexes in photochemistry and agrochemicals will 
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undoubtedly be forthcoming” [26]. Various complexes of Ru(II) 
with their various applications are described here. Poursharifi 
et al. have their focus on encapsulating Ruthenium-based 
carriers of nanosized structures or adduct with various macro 
biomolecules to generate efficacious anti-cancer therapies [6]. 
Ruthenium based complex compounds have also been used as 
drugs to activate or help to generate redox reactions [13-17]. 
As most of the Ruthenium complexes are less toxic than their 
Platinum counter parts, this offers development of Ruthenium-
based anticancer drugs. (imidazole-H)[trans-RuCl4(dmso-S)
(imidazole)] has entered onto phase-I clinical trial and showed 
anti-cancer activity against solid tumor metastasis [27]. Some 
bidentate N-donor or arene ligands, when complexed with 
Ru(II) have also been found to show significant anti-cancer 
activities [2-8]. Ruthenium(II) complex, “[Ru(tBu2byp)2-(2-
appt)](PF6)2” has been shown to exhibit moderate cytotoxicity 
towards several established various human cancer cells 
[21]. Sun et al. [4] examined nucleotide binding properties 
and cytotoxicity of several ruthenium(II) complexes with 
quinonediimine as auxiliary ligand. Ruthenium(II) complexed 
with ligand 9,10-phenanthroquinonediimine has highest 
DNA binding constant attributed due to its flat and large 
surface area, which provide a geometry that permits sizeable 
overlap with DNA base pairs. It has mild cytotoxicity with 50% 
inhibitory concentration of ~200 μM against carcinoma cell 
lines. The cell growth inhibition activity of complex [Cl(terpy)
(tmephen)Ru]+ is due its binding affinity towards purines sites 
of nucleotides of DNA, and this depends upon chloride ligand. 
Binding of the trans-[Cl4(Im)2Ru]− to apotransferrin for its anti-
tumor activity takes several hours, but its Ind-derivatives, 
trans-[Cl4(Ind)2Ru]− showed very fast action in few minutes. 
To kill the undesired cells in the body using N-heterocyclic 
ligands complexed with Ru(II) has also been reported in 
literatures. This photodynamic therapy (PDT) activity of agents 
depends on their ability to associate with biopolymers or cell 
membranes or DNA [28]. The radiophysical properties of 97Ru 
are nearly ideal for some type of radiodiagnostic imaging [8]. 
Ruthenium-oxo oxalato cluster Na7[Ru4(μ-O)4(C2O4)6] exhibited 
promising anti-HIV-1 activity over 98% inhibition [8]. The IC50 
of this compound to reduce the catalytic activity of reverse 
transcriptase enzyme of human immunodeficiency virus-1 

in nanomolar is 1.9 as reported by Sun et al. [4]. This activity 
of this compound is ten times more than the most used drug 
3’-azido-3’-deoxythmidine-5’-triphosphate (AZT-TP) whose, 
IC50 in nanomolar is 68. Further, this compound was able to 
show only antiviral activity instead of killing the host cells 
[4,5]. Anti-microbial activities in both bacterial and fungal 
cells of “octahedral polypyridyl ruthenium(III) complexes” were 
also reported by Yang et al. [24]. It is worthwhile mentioned 
that “octahedral ruthenium(II) complexes” have remarkable 
applications in Bio-medical sciences [24,25]. Early metathesis 
catalysis formed in situ from transition-metal halides has their 
limitation due to their high compassion and lower easiness. 
Ruthenium based catalysts have remarkably high compassion 
and lower easiness. In 1960s first catalytic activity of Ru based 
complex has been reported in literature and this was due to the 
RuCl3(H2O)n  metathesis. The catalysis of “areneruthenium(II) 
complexes” ranges from hydrogen transfer to ring-closing. 
García-Peňa et al., have made solventless synthesis of Ru 
nanoparticles along with the use of polyphosphorhydrazone 
dendrons as coatings leads to Ru nanoparticles in zero 
oxidation state which are air stable, and proved to be very 
good nanomaterials for hydrogenation catalysis [9]. Santoro 
et al., have developed tris(1,10-phenantroline)ruthenium(II)
(Ru(phen)3)+2 as a thermometer of nanosized doped with 
nanosized silica, applicable to monitor the temperature of 
membrane surfaces in real membrane process [11,12]. These 
workers also developed nanoparticles that have application for 
high photochemical and strong phosphorescence activity with 
respect to Ru(phen)3)+2. Millett and Durham have developed 
a new method to study intracomplex electron transfer that 
utilizes a photoactive tris(bispyridine)ruthenium group [Ru(II)] 
which was covalently attached to a protein (cytochrome 
c) [18]. Application of ruthenium based sensitizers having 
thiocyanate and other ligands have been reviewed by Qin 
and Peng for dye-sensitized solar cells (DSSCs), among them 
several sensitizers have 10% more efficiency with respect to 
available sensitizers [18-20]. The aim of present study is to 
study the atomic and sub-atomic i.e., electronic structure of 
ruthenium(II) halides by evaluating eigenvalues, eigenvector, 
and overlap matrix of molecular orbitals [29-32]. During the 
study, three objectives arose: (i) to draw the 3D structure 

Scheme 1. Various oxidation states of Ru. Scheme 2. Applications of Ru and its compounds.
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of all the compounds and to optimize their geometry (ii) to 
evaluate the eigenvector, overlap matrix, and eigenvalues of 
the compounds and (iii) build up molecular orbital diagram 
of compounds that at a glance provides clear cut electronic 
picture of the molecule, which more precisely can explain or 
help to explain the various properties of the molecule. The 
basic picture of these halides help to achieve the goal for other 
complexes of Ru(II) those are vital for the society. A survey of 
literature also shows that designing of new ligands that can be 
complexed with ruthenium in different oxidation states can 
lead to development of new materials. For new materials of 
diverse applications there is and will be a continuous step-by-
step study to discover new ligands and their new ruthenium 
complexes. Newly designed complex compounds can be 
synthesized from their halides or by substitution reactions 
from known complex compounds. 

Material and Methods

The study material are ruthenium(II) halides. These halides 
have been classified in to two groups: simple ruthenium 
dihalides and mixed dihalides (Scheme 3). Three simple 

ruthenium dihalides exist. These are ruthenium(II) chloride, 
ruthenium(II) bromide and ruthenium(II) iodide, except 
ruthenium(II) fluoride which does not exist. Three ruthenium 
mixed dihalides are also possible. These are Br−Ru−Cl, I−Ru−
Br, and I−Ru−Cl. The adopted methods for various calculations 
of ruthenium dihalides are based on Mulliken’s population 
analysis [23]. Mulliken defined iφ  (molecular orbital), ,r in

 
 

(the contributions of electrons in each occupied MO) and nr-s,i  
(overlap population that explain bonding, antibonding and 
nonbonding nature of bond), as below: 

here in   is the number of electron in φ, i = 1-17, ric   is 
the coefficient of atomic orbitals for Ru-atom, sic   is the 
coefficient of AOs for other atom  (Cl-2 or Cl-3) and rsS   is 
the overlap  integral between the two AOs (one of an atom 
Ru-1 or Cl-2 and one of another atom Cl-2 or Cl-3). In order 
to obtain minimum energy structure, we optimized the 
geometry of each halide by opting Extended Hückel Theory 
(EHT). All the calculations were performed on CAChe software 
[33,34]. From minimum energy structure we have extracted 
values of eigenvectors, overlap matrix, and eigenvalues. By 
submitting the values of eigenvector and overlap matrix in 
eqn.3, we have derived the values of overlap population and 
tabulated in Tables 1 and 2 for halides and mixed dihalides, 
respectively. And the summation of values of overlap 
population was obtained to describe bonding, nonbonding, 

Table 1. Quantitative and qualitative nature of occupied molecular orbitals of ruthenium dihalides.

MO
No.

RuCl2 RuBr2 RuI2

Σnr-s,i sign MOs Σnr-s,i sign MOs Σnr-s,i sign MOs

φ1 0.1924 + BMO 0.2091 + BMO 0.3042 + BMO

φ2 0.1237 + BMO 0.1371 + BMO 0.1742 + BMO

φ3 0.4502 + BMO 0.2487 + BMO 0.0936 + BMO

φ4 0.2226 + BMO 0.1395 + BMO 0.0936 + BMO

φ5 0.2228 + BMO 0.1395 + BMO 0.1248 + BMO

φ6 0.0000 0 NBO 0.0000 0 NBO 0.0000 0 NBO

φ7 0.0000 0 NBO 0.0000 0 NBO 0.0000 0 NBO

φ8 0.2853 + BMO 0.3256 + BMO 0.3359 + BMO

φ9 0.1182 + BMO 0.0941 + BMO 0.1849 + BMO

φ10 0.1202 + BMO 0.0940 + BMO 0.0783 + BMO

φ11 0.0735 + BMO 0.1433 + BMO 0.0783 + BMO

MOs is molecular orbitals, BMO is bonding molecular orbital, ABMO is antibonding molecular orbital, and NBO is nonbonding molecular 
orbitals

Scheme 3. Classification of ruthenium (II) halides.
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and antibonding molecular orbitals have also been presented 
in these tables, respectively. After that using all above along 
with eigenvalues, molecular orbital diagram has been drawn 
(Figures 1-6). Finally topological data have been extracted to 

describe the feasibility of the breaking and making old and 
new bond formation, respectively. Before all these, we have 
also examined the nature and contribution of atomic orbitals 
and then their mixing (valence bond theory) or overlapping 

Table 2. Quantitative and qualitative nature of occupied molecular orbitals of ruthenium mixed dihalides.

MO
No.

Ru(II)BrCl Ru(II)IBr Ru(II)ICl

Σnr-s,i sign MOs Σnr-s,i sign MOs Σnr-s,i sign MOs

φ1 0.1604 + BMO 0.1358 + BMO 0.1585 + BMO

φ2 0.1719 + BMO 0.2496 + BMO 0.2527 + BMO

φ3 0.3051 + BMO 0.2372 + BMO 0.2523 + BMO

φ4 0.1949 + BMO 0.1442 + BMO 0.1848 + BMO

φ5 0.1949 + BMO 0.1471 + BMO 0.1848 + BMO

φ6 0.0000 0 NBO 0.0000 0 NBO 0.0000 0 NBO

φ7 0.0000 0 NBO 0.0000 0 NBO 0.0000 0 NBO

φ8 0.2422 + BMO 0.1698 + BMO 0.1824 + BMO

φ9 0.0504 + BMO 0.0064 + BMO -0.0105 - ABMO

φ10 0.0495 + BMO 0.0063 + BMO -0.0105 - ABMO

φ11 0.1626 + BMO 0.2292 + BMO 0.2270 + BMO

MOs is molecular orbitals, BMO is bonding molecular orbital, ABMO is antibonding molecular orbital and NBO is nonbonding molecular 
orbitals

Figure 1. MO diagram of RuCl2 along with energy of AOs and MOs in eV as show in parenthesis.
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Figure 2. MO diagram of RuBr2 along with energy of AOs and MOs in eV as show in parenthesis.

Figure 3. MO diagram of RuI2 along with energy of AOs and MOs in eV as show in parenthesis.
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Figure 4. MO diagram of Ru(II)BrCl along with energy of AOs and MOs in eV as show in parenthesis.

Figure 5. MO diagram of Ru(II)IBr along with energy of AOs and MOs in eV as show in parenthesis. 
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(molecular orbital theory). V.B. Theory and M.O. theory on 
their refinements gave same wave function for the molecule 
but they differ in their approximations only. Mulliken (1955) 
also correlated the bonded interaction of V.B.T. with positive 
overlap population and non-bonded repulsion of V.B.T. with 
negative population analysis [29-32].

Result and Discussion

It was Landis, who discovered sdn-hybridization (n = 1 to 5) 
along with molecular shape and bond angles in his seminal 
publications [35-37]. Further, he also explained co-relationship 
between sdn-hybridization and its bond angle by plotting a 
graph between energy and bond angle. In order to explore 
atomic orbitals detail with respect to hybridization, we have 

examined the contribution of 4d, 5s, and 5p AOs of Ru-1 in 
RuX2. For this only occupied MO (φ1-φ11) were considered. 
And values of ci of each χ of 5s, 5px, 5py, 5pz, 4dx2-y2, 4dxy, 
4xz of above eleven molecular orbitals were added and 
the results were tabulated in Table 3. Analysis of this table 
reflected that major contributions are from orbitals of 4d and 
5s. Among 4d-orbitals the contribution is: 4dx2-y2 > 4dxz > 
4dxy. The negligible contribution of 5s-orbutal has disclosed 
sd-hybridization (Schemes 4a and 5a). 

Further, we know that nephelauxetic series for a given 
metal ion are: F- < H2O < NH3 < en < ox < SCN < Cl- <CN- <Br- 

< I- [38]. To explain cloud expending effect of these halides, 
we have made summation of values of nr-s,i and the results 
were also sketched and presented in Scheme 3b and 4b 

Figure 6. MO diagram of Ru(II)ICl along with energy of AOs and MOs in eV as show in parenthesis.

Table 3. Summation values of varios AOs. of halides of Ru(II).

AO Ru(II)Cl2 Ru(II)Br2 Ru(II)I2 Ru(II)BrCl Ru(II)IBr Ru(II)ICl

Σ4dx2-y2 1.8387 1.9165 2.0004 2.4501 4.9002 9.8004

Σ4dxy 1.0407 1.1820 1.2399 2.1893 4.3786 8.7572

Σ4dxz 0.8364 0.9694 1.0145 2.1527 4.3054 8.2407

Σ5s 0.6598 0.6635 0.6742 1.1012 2.2024 4.4047

Σ5px 0.2471 0.2921 0.3385 0.7407 1.4814 2.8401

Σ5py 0.1477 0.1494 0.1498 0.6454 1.2908 2.5816

Σ5pz 0.1276 0.1254 0.1218 0.3866 0.7732 1.5464
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(ruthenium halides and ruthenium mixed dihalides).  In case 
of normal ruthenium dihalides the sequence is RuI2 > RuBr2 > 
RuCl2, which is in accordance to nephelauxetic series i.e. the 
effective positive charge on Ru(II) is reduced greater by iodide 
and lesser by chloride (Scheme 4b). In mixed dihalides the 
sequence is I−Ru−Cl (ΔχI−Cl = 0.5) > I−Ru−Br (ΔχI−Br = 0.3) > Cl−
Ru−Br (ΔχCl−Br =0.2). Here, the difference in electronegativity 
(Δχ) between X1 and X2 (X = Cl, Br, I) were used to explain the 
cloud-expending effect. Higher the value of Δχ greater will be 
the cloud-expending effect (Scheme 5b). 

After that values of overlap population of eleven MOs of 
RuX2 and RuXX’ have also been added (∑nr-s,i) (Tables 1 and 
2) to get a precise description of quantitative as well as 
qualitative nature of molecular orbitals and participating 
atomic orbitals. And the molecular orbital diagrams have also 
been constructed by using data of these tables along with 
eigenvalues. These values are also shown in parenthesis of the 
MO diagrams i.e. Figures 1 to 6. The AOs of respective atom 
involving in LCAOs are shown with their energy (in eV) and also 
the type of orbital combination that results in corresponding 
MOs (σBMOs, πBMOs, σABMOs, πABMOs, and NBOs). These 
diagrams at a glance provide very deep insight of the halides 
of Ru(II) in atomistic levels with LCAOs details. Table 1 also 
reflected that among the eleven molecular orbitalx, nine are 
BMO (φ1−φ5 and φ8−φ11) and two are NBO (φ6 and φ7) in simple 
ruthenium dihalides. In mixed dihalides as reflected by Table 
2 that among the eleven molecular orbitals, nine are BMO (φ1−

φ5 and φ8−φ11) and two NBO (φ6 and φ7) in Ru(II)BrCl as well 
as in  Ru(II)IBr. While in Ru(II)ICl, among the eleven molecular 
orbital, seven are BMO (φ1−φ5, φ8 and φ11), two are NBO (φ6 and 
φ7) and two are ABMO (φ9 and φ10). A close look on Schemes 
6 and 7, each of which explore magnitude of splitting of 
metal d-orbital in ruthenium(II) halide and mixed dihalides 
respectively, reflected the trends:  RuCl2 > RuBr2> RuI2 and 
Ru(II)ICl > Ru(II)BrCl > Ru(II)IBr. These are also in accordance 
with electrochemical series [39]. 

The topology of theses halides are also studied and presented 
in Table 4, and predicted that it is very difficult to replace Cl 
atom from Cl−Ru−Cl (∑∑nr-s,i  = 1.8089) to form Br−Ru−Cl. But, 
it can be easily prepared from Br−Ru−Br (∑∑nr-s,i = 1.5309) by 
replacing one of its Br atoms by Cl atom through substitution 
reaction. Similarly, I−Ru−Br can be prepared easily by replacing 
one of the I−Ru−I (∑∑nr-s,i = 1.4678) by Br atom. And, I−Ru−Cl 
can be prepared easily by replacing one of the I−Ru−I (∑∑nr-s,i 
= 1.4678)by Cl atom than Br−Ru−Br. The study will be helpful 
in designing of new ligands that can form complexes with Ru 
in various oxidation states which can lead to development of 
new materials.

Conclusions

(i) The study well support the Landis concepts [35-37] of 
sdn-hybridation (here n = 1) as bond angle and contributions 
of s-orbital and d-orbital of Ru(II) is maximum with negligible 
contribution of p-orbitals.

Scheme 4. (a) bond length; bond angle and plot between energy 
and bond angle for sd-hybridization, (b) cloud expending effect 
and (c) splitting effect of atoms in halides of Ruthenium(II).

Scheme 5. (a) bond length; bond angle and plot between energy 
and bond angle for sd-hybridization, (b) cloud expending effect 
and (c) splitting effect of atoms in mixed halides of Ruthenium(II).
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Scheme 6.  Splitting of d orbitals in Ruthenium(II) halides.

Energy  (eV) Ru++ RuCl2 RuBr2 RuI2

-0.4521    4dxz, 4dxy    

-0.4579     4dxy, 4dxz  

-0.4725       4dxy, 4dxz

-0.5476 4dx2-y2, 4dz2, 4dxy, 4dyz, 4dxz 4dyz, 4dz2 4dyz, 4dz2 4dyz, 4dz2

-0.5560   4dx2-y2

-0.5702     4dx2-y2  

-0.5934    4dx2-y2  

Scheme 7.  Splitting of d orbitals in Ruthenium(II) mixeddihalides.

Energy (eV) Ru++ Ru(II)BrCl Ru(II)IBr Ru(II)ICl

-0.4541     4dxy, 4dxz  

-0.4559       4dxy, 4dxz

-0.4621    4dxz, 4dxy    

-0.5476 4dx2-y2, 4dz2, 4dxy, 4dyz, 4dxz 4dyz, 4dz2 4dyz, 4dz2 4dyz, 4dz2

-0.5632     4dx2-y2  

-0.5787   4dx2-y2

-0.5841    4dx2-y2  

Table 4. Summary of topology of Ruthenium(II) halides and mixeddi halides

Molecule ∑∑nr-s,i Bond Length (Å) Bond Length (Å) Bond Angle(°)

Cl−Ru−Cl 1.8089 Cl−Ru 2.238 Ru−Cl 2.238 179.99°

Br−Ru−Br 1.5309 Br−Ru 2.389 Ru−Br 2.389 179.99°

I−Ru−I 1.4678 I−Ru 2.579 Ru−I 2.579 179.99°

Br−Ru−Cl 1.5319 Br−Ru 2.389 Ru−Cl 2.239 179.99°

I−Ru−Br 1.3256 I−Ru 2.579 Ru−Br 2.389 179.99°

I−Ru−Cl 1.4215 I−Ru 2.579 Ru−I 2.239 179.99°

(ii) These halides also support the cloud-expanding effect 
with experimental data and also follow the nephelauxetic 
effect [38]. 

(iii) The results are also in agreement with spectrochemical 
series in connection with splitting effects [39].

(iv) This study of atomistic details of halides of Ru(II) 
compounds and construction of molecular orbital diagram 
that at a glance will provide an insight of physicochemical, 
biochemical, electrochemical, thermochemical, magnetic, 
spectrochemical,  catalytic, photoactive, and materialistic  
details. And this will help to solve the difficulties of synthesis 
of various complexes yet not synthesized.

(v) Topological data as presented in Table 4, will describe 
the feasibility of substitution reactions of halogens with other 

ligands to prepare various complexes yet not synthesized.
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