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Abstract: 
   The topological indices of the "[(µ3-2, 5-dioxyocyclohexylidene)-bis ((2-hydrido)-nonacarbonyl-

triruthenium]” were studied within the quantum theory of atoms in the molecule (QTAIM), clusters are 

analyzed using the density functional theory (DFT). The estimated topological variables accord with prior 

descriptions of comparable transition metal complexes. The Quantum Theory of Atom, in molecules 

investigation of the bridging core component, Ru3H2, revealed critical binding points (chemical bonding) 

between Ru (1) and Ru (2) and Ru (3). Consequently, delocalization index for this non-bonding interaction 

was calculated in the core of Ru3H2, the interaction is of the (5centre–5electron) class. 
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Introduction: 

Polynuclear metal clusters represent a large 

category of coordination combinations with plentiful 

applications in catalysis. The organometallic 

catalysis mononuclear and polynuclear clusters may 

be implemented in homogeneous solution 1. The 

major objective of the fields is the inspection of the 

new strategies to develop catalytic 2. The electrical 

structures of low valent transition metal clusters 

receive a lot of attention 3,4 due to their importance 

as catalysts in industries and the atypical nature of 

metal-metal bonds, which are still unexplained to 

several extent 5,6. A variety of experimental charge 

density experiments on M-M bonded compounds 

have been conducted in response to this interest 7,8.  

The powerful method for studying chemical 

bonding that employs topological evaluation of 

electron density in this setting of QTAIM 9, analyses 

on systems that contain lighter atoms (transition 

metals in the periodic table) have resulted in critical 

investigations of bonding types and topological 

electron density characteristics 10. M-M bonds in 

transition metals have taken the topic of many 

experimental and theoretical researches to get deeper 

information about it such as the reactivity and 

physical properties like (M-M bond distances, 

magnetic properties, ionizations, electronic 

transitions, and redox potential). 

Because of the chiral nature of Triruthenium 

clusters, it is important to use Ruthenium metal 

clusters as a catalyst. For example, that it is used as a 

catalyst precursor in the hydrogenation of 

unsaturated substrate asymmetrical isomers. 

Therefore this type of cluster under study in many 

researches11 -12. 

Cabeza and et al., used QTAIM within AIM to 

investigate N-heterocyclic carbene ligand 

(MeImCH) face - capping in Triruthenium Clusters 

[Ru3(μ-H)2(μ3-MeImCH)(CO)9]13. In  1997, Hsiu-Fu 

Hsu et al.,  studied some structural properties for big 

Triruthenium ligand [Ru3(CO)9}x(m3-𝜂2 , 𝜂 2 , 𝜂 2-

C70)] (x = 1, 2)14. Muhsen Al-Ibadi and his coworkers 

studied the nature M-M bond for this type of clusters 
3,15,16. 

This paper reported QTAIM topological 

investigation for the electron density of di hydride 

Triruthenium clusters [(µ3-2, 5-

dioxyocyclohexylidene)-bis(µ2-hydrido)-

nonacarbonyl-triruthenium] to study the properties 

the nature of M-M, M-H and M-C bonds. Also, 

studying the delocalization index for the bond order 

of these bonds17, a trinuclear cluster that is closed and 

has twin hydride-bridged carbon and oxygen atoms, 

as well as a face-capping binding with Ru-C and 

RuO interactions Fig. 1. As a result, it is possible to 

compare the topological features of comparable and 
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different atom-atom bonding within the same 

molecule, such as the hydride-bridge Ru-H against 

Ru-C and Ru-Ru contact. These clusters are selected 

because of no previous QTAIM researches. Also, 

allowing a better comparisons of different 

topological properties between two M-M 

interactions, such as Ru-Ru bonds, H-bridged and 

ligand-unbridged Ru-Ru interactions.  

 

Figure 1. structure of [(µ3-2, 5-

dioxyocyclohexylidene)-bis (µ2-hydrido)-

nonacarbonyl- Triruthenium]. 

 

Computational Methods 
       Via GAUSSIAN0918, the electronic structure of 

a chemical was computed using a computer based on 

both the experimental (X-ray diffraction data) and 

theoretically optimal structure. These calculations 

were carried out using density functional theory '' 

DFT ''. The hybrid PBE1PBE functional was 

evaluated 19. The 6-31G (p, d) basis set was used for 

all-electron C, H, and O atoms used the basis sets 

LanL2DZ for checking the Ruthenium atoms. WTBS 

(Huzinaga et al.) for Ru atoms and 3-21G (p, d) basis 

set  for other atoms for AIM investigations 20. The 

ground state was estimated  by electronic wave 

functions, that is optimized, which used then for AIM 

topological theoretical computations of  (ED) by 

AIM2000 package 21. The precision for the 

integrated features is set at 1.0×10-4 (for Laplacian 

integral electron density) as well as the accuracy for 

the local features is  given at 1.0 × 10-10  that used the 

gradient of charge density for points critical bonds. 

 

Discussion and Conclusions: 
1. Topological Electron Density Properties 

          The integral collection of the bond critical 

points (BCP; (3, 1)) is defined by two negative 

curves (maximum) and one positive curve 

(minimum), as well as ring critical points (RCP; (3, 

+1)). With two positive curves and one negative 

curvature. Bond pathways (BP) are the lines of 

greatest electron density that connect two interacting 

atoms.  Cage critical point (CCP) has the form (3,+3) 

within the AIM paradigm22–24.  A molecular graph is 

defined as the topology gradient of bonds and ring 

critical points, as well as the line that connecting 

between the atoms 25,26. The complex's molecular 

graph picture is presented in Fig. 2. BCP values were 

determined for the Ru-C (10 BCP), Ru-H (2 BCP), 

C-O (9 BCP), and Ru-O (1 BCP) bonds. The BCP 

likewise discovered atoms of Ru (1) and Ru (3) and 

between the Ru (1), Ru (2) and Ru (3). There are no 

critical points and bond paths. Four RCPs were 

definitely recognized in the structure, corresponding 

to the Ru(2)-H(1)-Ru(1)-Ru(3)-H(2), Ru(3)-C(2)-

H(2)-Ru(2), Ru(1)-O(1)-C(1)-C(2)-Ru(3), and 

cyclohexylidene rings. A gradient trajectory map in 

the Ru (1)-Ru (2)-Ru (3) plane depicts the QTAIM 

analysis Fig. 3 .The total electron density indicates 

the BCPs and bp across Ru (1)-Ru (3)-H (2)-Ru (2), 

along with atomic basins with all atoms on same 

surface. The results showed that bp's and bcp's 

connect H (1) and Ru (1). 

  The total electron density difference trajectory map 

in the O (1)-Ru (1)-H (1) plane  showed that not only 

bp's, bcp's, and rcp's linked to ring, but also bp's, 

bcp's of Ru(1) to the RuOC ligand C (1) atoms and 

Ru(3) interactions with Ru-CC ligand C(2)C(1) 

atoms as shown in Fig. 4 . Furthermore, Ru (1) and 

Ru (3) include a Trans to O - CO ligand (1). The 

cyclohexylidene plane has the hydride H (1), but it 

not bonded to any of the plane's atoms. 
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Figure 2. (A) Structure optimization of [(µ3-2, 5-dioxyocyclohexylidene)-bis (µ2-hydrido)-

nonacarbonyl-triruthenium]. (B) The molecular graphs of the complex, with straight lines denoting 

bond paths and bright red and yellow circles denoting bond and ring critical locations, respectively. 

 

 
Figure 3. Graph indicates the total ED of atoms in 

the Ru (1)-Ru (2)-Ru (3) plane, bond paths (black 

path), bcps (red dots), and an RCP are displayed 

(yellow dots) 

 

 
Figure 4. Total ED of atoms in the O (1)-Ru (1)-H 

(1) plane, bond paths (black path), bcps (red 

dots), and an RCP are displayed (yellow dots). 

         The QTAIM used Bader’s strategy 10 as shown 

in Table. 1 uses charge density analysis to examine 

atom bonding. This method of topological analysis 

proposes reducing difference between the theoretical 

results and the experimental ones in calculations of 

charge density, ρ(r). Moreover,  it is also  Laplacian, 

∇2ρ(r), H(r)   G(r), V(r), and H(r), total energetic 

densities and the kinetic energy  for the combination 

under investigation27, all of them show the difference 

respectively . 

The charge density concentration towards 

atomic interaction lines ∇2ρb < 0. This concentration 

of charge minimizing Orthogonality of ρb in the 

bond interaction and reduce the potential energy. 

While the ∇2ρb > 0 denotes that the electrons density 

is concentrated towards each nucleus 28. To 

distinguish any interaction as covalent or ionic and 

into closed-shell versus open-shell by the sign of 

Laplacian can be better characterized by H(r) = G(r) 

+V(r) 29. This formula is the balance between the 

kinetic G(r) and V(r) detects the nature of 

bonding(3). The sign of ∇2ρb and the sign of H(r), 

respectively. Pure closed-shell interactions are 

indicated when both ∇2ρ(b) and H(r) are positive; 

transit closed-shell interactions are indicated when 

both∇2ρ(b) and H(r) are negative; and pure shared 

shell interactions are indicated when both ∇2ρ(b) and 

H(r) are negative.30,31. 

As a result of our analysis for the electron 

density (ED) for cluster under study, we observed 

that, basing on the facts on its topological and 

energetic local features, the metal-metal bond and the 

hydride H bridge Ru-H are classed as Pure closed-

shell interactions between covalent bonds. Both C1-

C2 and Ru-O bonds are transit closed-shell 

connections, because they have opposite charges for 

∇2ρb and H(r). The low values of 𝜌BCP are similar to 

those for an ionic bond, but the negative HBCP agrees 

with a covalent contribution32.  
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The charge distribution was measured by the 

bond ellipticities (εrb). Results showed high 

magnitude for Ru (n)-H (8.78, 8.400, 5.564 and 

9.347) for all bonds and the average bonds 

ellipticities of Ru-CO while the magnitude of Ru-Ru 

and Ru-C have low value. This difference is 

according to the electronegativity of the atoms33.   

  

Table 1. Topological parameters of the cluster's bonds critical points, electron densities, Laplacian of 

the electron densities (∇2ρ), kinetic energy densities (Grb), potential energy densities (Vrb), total energy 

densities (Hrb), and ellipticities (𝜺𝒓𝒃),  (εrb).decolazation index 𝜹(A, B). 
Bond 𝝆𝒓𝒃(e𝑨°−𝟑) 𝛁𝟐

ρrb(e𝑨°−𝟓) Grb(he-1) Hrb (he-1) Vrb (he-1) 𝜺𝒓𝒃 𝜹(A, B) 

Ru1-Ru3 0.0412 0.0510 0.0205 0.0075 0.0281 1.2290 0.3890 

Ru1-H1 0.0827 0.2320 0.0807 0.0223 0.0223 8.7850 0.4340 

Ru2-H1 0.0782 0.2560 0.0790 0.0193 0.0991 5.5640 0.6760 

Ru2-H2 0.0768 0.2390 0.0782 0.0183 0.0966 8.4000 0.3600 

Ru3-H2 0.0759 0.2310 0.0760 0.0182 0.0943 9.3470 0.4100 

Ru1-O1 0.0640 0.4450 0.1038 -0.0070 0.0960 6.5650 0.3600 

Ru3-C2 0.0833 0.3120 0.9640 0.0181 0.1146 2.6970 0.5280 

Ru2-C2 0.0845 0.3190 -0.0982 0.0183 0.1160 2.1390 0.5300 

Ru-CO* 0.1340 0.5290 0.1810 0.0940 0.2300 6.0010 1.0900 

C1-O1 0.3570 0.3060 0.6443 0.5670 1.2120 3.9990 0.9630 

C1-C2 0.2980 -0.7120 0.1032 0.2810 0.3850 2.0340 1.0890 

 

Figure 5 a graph of the Laplacian of the 

charge densities estimated to planes containing Ru1-

Ru2-Ru3, which is very relevant for analysing Ru-

Ru and Ru-H bonds. Because of their pseudo-

octahedral coordination, the valence shell charge 

depletion (VSCD) of all Ru atoms results in a perfect 

cubic form in the cluster34,35. 

Furthermore, a valence shell charge concentration 

(VSCCs) for hydro as bridge atoms is oriented 

toward the Ru atoms. 

    The result of the absence of a bond path with 

critical points in the shape of the Laplacian 

distribution among Ru(1)-Ru(2) and Ru(2)-

Ru(3)atoms indicated that  there was no bonding 

electron pairs between these transition metal atoms36. 

The map shows the unavailability of a critical bond 

point and the disappearance of a bond line in the form 

of the Laplacian distribution of the middle Ru(1)-

Ru(2) and Ru(2)-Ru(3) atoms ,so no bonding 

between these transition metal atoms is found . 

    The delocalization index has been  calculated for 

unbridged Ru-Ru, Ru-H, Ru-O and Ru-CO bonds,  a 

resultant of Ru-H delocalization index is 0.47, which 

is comparable to the value estimated by Cabeza et al. 

(13) for the Ru–H bonds in the "[Ru3(-H)2(3-

MeImCH) (CO)9]" cluster (0.474). Importantly, the 

obtained statistics are consistent with the few 

examples expected for M-H interactions. 37. 

According to these investigations, the number of 

electron pairs in the Ru-H bond is a half electron pair. 

 
Figure 5. The electron densities inside this 

cluster's Ru (1)-Ru (2)-Ru (3) planar are 

represented by a Laplacian graphic. 

 

Table. 1, indicates that the delocalisation 

index for Ru (1)-Ru (2) Ru (3) bonds is somewhat 

close, but the topological parameters for these bonds 

differ significantly. The most important discovery is 

that when the bonding and non-bonding 

delocalization indices are summed together, there is 

number of electron pairs in the Ru (1)-H (1) –Ru (2) 

–H (2) –Ru (3) core is (2.1). In the bridged core 

portions, our data suggest a multicentre 5c-5e 

interaction. 

Table. 1, shows the estimated topological 

features of the Ru-CO bonds, which are consistent 

with the literature 37. According to our data, the 

estimated value of BCP for Ru-CO bonds (0.134Å-3) 

is substantially higher than for Ru-Ru bonds and 

lower than the projected value for non-metal atom 

covalent bonds. The calculated delocalization 

indices were used to demonstrate the existence of -
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back bonding in Metal-CO interactions owing to -

back donating, which includes the M...CO 

interaction. 

The Ru (2,3) ...C (1) and Ru (1) ...O (1) 

delocalization indices were computed in the same 

way as the Ru-CO calculations to indicate the 

existence or absence of bonding. As seen in Table 1, 

Ru is a pure -donor with no -bonding characteristic. 

 

 Conclusions: 
Topological indices produced from the 

QTAIM analysis are used to investigate the 

interactions in the triruthenium "[(µ3-2, 5-

dioxyocyclohexylidene)-bis (2-hydrido)-

nonacarbonyl-triruthenium]" cluster that is important 

in catalyst industrials and not found in the theoretical 

study for this compound. The AIM studies of the 

bridging core component Ru3H show that the Ru 

(1)...Ru (2) and Ru (2)...Ru (3) interaction lacks a 

BCPs and bond bp s. According to our estimates, 

because of their pseudo-octahedral coordination, the 

valence shell charge depletion (VSCD) of all Ru 

atoms results in a perfect cubic form in the cluster 

and the bridged core part is a 5c–5e type. AIM 

studies of the estimated topological indices of 

dioxyocyclohexylidene ligand indicate a significant 

degree of -electron delocalization within the ligand 

ring. 
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 للروثينيوم ثلاثي النوى مركب لتشخيصQTAIM استخدام   
 

 منال عبد محمد
 

  العراق. كربلاء، كربلاء،جامعة  الاسنان،الاساسية، كلية طب  الطبية قسم العلوم

 
 الخلاصة:

“[µ3-2 ،5-dioxyocyclohexylidene) -bis ((2-hydrido) -nonacarbonyl-triruthenium]”    مركبلـ الدراسات الطوبولوجية 

تتفق المتغيرات الطوبولوجية حيث  DFT مستوى ضمن )نظرية الكم للذرات في الجزيئات( تم تشخيص المركب QTAIMباستخدام نظرية  

وجود النقاط الحرجة  Ru3H2حيث أظهرت الدراسة لمكون الجسر الأساسي  المعدنية الانتقالية المماثلةعقدات للم الدراسات السابقةالمقدرة مع 

ونتيجة لتلك الدراسة تم حساب مؤشر عدم التمركز لها الترابط الكيميائي الخاص بمركز المعقد   Ru(1),  Ru(2),Ru(3)للرابطة بين الذرات 

 . 5C-5eحيث وجد ان نوع الترابط هو 

 
 عدم التمركز، لا بلاسين، روثينيوم كلوستر. ، دالة الكثافة، AIM جبرنام  الكلمات المفتاحية: 

 


