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Abstract: 
Ruthenium-Ruthenium and Ruthenium–ligand interactions in the triruthenium "[Ru3(μ-H)(μ3-κ

2
-

Hamphox-N,N)(CO)9]" cluster are studied at DFT level of theory. The topological indices are evaluated in 

term of QTAIM (quantum theory of atoms in molecule). The computed topological parameters are in 

agreement with related transition metal complexes documented in the research papers. The QTAIM analysis 

of the bridged core part, i.e., Ru3H, analysis shows that there is no bond path and bond critical point 

(chemical bonding) between Ru(2) and Ru(3). Nevertheless, a non-negligible delocalization index for this 

non-bonding interaction is calculated. The interaction in the core Ru3H can be described as a (4centre–

4electron) type. For Ru-N (oxazoline ring) bond, the calculated topological data propose a pure σ-bond. The 

computed topological parameters of oxazoline ligand reveal the presence of slightly some double bond 

characters within ligand ring. 
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Introduction: 

The properties of metal-metal interaction in 

clusters have been developed and widely studied as 

some important research dealt with the synthesis 

and characterization of the anionic complexes (1-5). 

Some were studies of cluster with low valent metal 

such as Fe2(CO)9, showed that the Fe-Fe separation 

was short enough to imply a M-M bond (6-11). The 

important development in the topological analysis, 

specifically, the atoms in molecules (AIM) theory 

which developed by Bader and his group, is to study 

both experimental and theoretical electron density 

distributions. Additionally, this approach provides a 

useful tool for studying various interactions in a 

molecular system(12-17). 

In this paper, we aim to study the nature of 

the interactions between the various Ru–Ru metal 

atoms and Ru–ligand in mono hydride triruthenium 

clusters "[Ru3(μ-H)(μ3-κ
2
-Hamphox-N,N)(CO)9] 

(H2ox = H2aminox)" (18), (Fig. 1), by applying 

QTAIM method. The Ru–Ru vectors are bridged by 

hydride ligands, rather than by the N-H group. In 

addition, one of the ruthenium atoms is attached to 

the N atom of the oxazoline ring.  
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This would then offer a good opportunity to 

examine the topological features of different 

bonding interactions inside the cluster. 

 
(i) 

 
(ii) 

Figure 1. (i) Two dimension structure and (ii) 

optimized structure of "[Ru3(μ-H) (μ3-κ
2
-

Hamphox-N,N) (CO)9]"(18).  

 

http://dx.doi.org/10.21123/bsj.2020.17.2.0488
https://creativecommons.org/licenses/by/4.0/
mailto:muhsen.alibadi@uokufa.edu.iq
https://orcid.org/0000-0001-8639-4888


Open Access     Baghdad Science Journal                                P-ISSN: 2078-8665 

2020, 17(2):488-493                                                            E-ISSN: 2411-7986 

 

489 

Computational Methods: 

The optimization of the cluster, where the 

X-ray diffraction structure was used as a starting 

point(18), was carried out using PBE1PBE 

functional as implemented in the GAUSSIAN09 

(19). The LANL2DZ basis set (20) was applied for 

Ru and 6-31G(d,p) basis set for other atoms(21). 

The geometry optimization with no restrictions was 

carried out and stationary points were confirmed to 

be real minima by computation of its vibrational 

frequencies. The topological parameters of the 

optimized structure were computed with the 

PBE1PBE functional and WTBS basis set for Ru 

(22) and 6-31G (d, P)for other atoms using the 

AIM2000 programs (23). 

 

Results and Discussion: 
The topological analysis of the electron 

density offers a deep investigation of the nature of 

interactions in the clusters. A chemical bond, 

according to this analysis, is characterized by a line 

called bond path (bp) which binds the nuclei of two 

bonded atoms through a bond critical point (bcp). 

Fig. 2 shows the molecular graph of the cluster 

which was obtained by using the QTAIM method. 

In this Figure, the bond paths, bond and ring critical 

points have easily been observed. Interestingly, all 

Ru-Ru and Ru-ligand bcps and bps were exist 

except for the Ru(3) and Ru(2) interaction which 

was not observed. Also, five ring critical 

points(rcpt) corresponding to the N(1)-C(1)-O(1)-

C(2)-C(3), C(4)-C(5)-C(6)-C(7)-C(8)-C(9), Ru(2)-

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

Ru(1)-Ru(2)-N(2)-Ru(3) were observed. 

 
Figure 2. The molecular graph of the "[Ru3(μ-

H)(μ3-κ
2
-Hamphox-N,N)(CO)9]" cluster (the 

bond paths, bond and ring critical points, which 

are shown as gray lines ,red and yellow circles, 

respectively). 
  

Fig. 3 shows the a gradient map of the 

Ru3H core, where the critical points positions in 

Ru(1)-Ru(2) and Ru(1)-Ru(3) interactions are 

indicated as well as the bond paths and its atomic 

basin. Conversely, the interaction between Ru(2) 

and Ru(3) the bps and bcps cannot be observed. In 

the same plane, the bps and bcps existed within both 

bridged ligand atoms (H(1) and N(2)) and Ru(2) 

and Ru(3) metals are also observed in the plot. 
 

 
Figure 3. Gradient trajectories map through a 

hydride bridged triruthenium core plane (Ru(1), 

Ru(2) and Ru(3) are in plane whereas H(1) and 

N(2) are out of plane). 
  

A gradient trajectory map of the NHC ring 

for the Hamphox ligand plane are presented in Fig. 

4. It shows critical points and bond paths between 

attractors in the ligand ring. The bp and bcp of the 

interactions of the N(1) atom of the amino 

oxazoline ligand with Ru(1) atom was also found. 

Furthermore, all bps and bcps as well as rcps in the 

rings made between Ru(1)-N(1)-C(1)-N(2)- Ru(2 

and 3) are also found. 
 

 
Figure 4. Gradient trajectories map through the 

plane of  Hamphox ligand ring (Ru(1), N(1), 

C(1), O(1), C(2), C(3), and N(2) are in plane 

whereas Ru(2) and Ru(3) are out of plane) 
 

Based on QTAIM, as presented in Table 1, 

the topological parameters for the cluster under 

study were studied. 
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Table 1. Calculated QTAIM parameters of triruthenium cluster. 

   Bond  ρBCP ∇2
ρBCP GBCP HBCP VBCP εBCP** 

Ru(1)-Ru(2) 0.436 0.679 0.248 -0.079 -0.327 0.062 

Ru(1)-Ru(3) 0. 442 0.684 0.252 -0.081 -0.333 0.054 

Ru(1)-N(1) 0.784 3.895 1.053 -0.079 -1.132 0.070 

Ru(2,3)-N(2)* 0.779 3.720 1.017 -0.093 -1.110 0.018 

Ru(2,3)-H(1)* 0.765 1.796 0.671 -0.226 -0.897 0.071 

N(1)-C(1) 3.853 -10.339 4.185 -6.770 -1.955 0.031 

C(1)-O(1) 3.138 -3.426 4.159 -5.015 -9.174 0.038 

C(2)-O(1) 2.389 -3.712 2.392 -3.320 -5.712 0.014 

C(3)-C(2) 2.462 -5.720 0.556 -1.986 -2.542 0.044 

C(3)-C(4) 2.584 -6.284 0.590 -2.161 -2.752 0.035 

N(1)-C(3) 2.659 -7.452 1.238 -3.101 -4.340 0.027 

N(2)-H(2) 3.411 -18.034 5.461 -0.140 -5.601 0.021 

N(2)-C(1) 3.396 -12.713 1.831 -5.009 -6.840 0.014 

Ru-C* 1.465 -1.291 1.563 -0.983 -2.546 0.042 

C-O
* 

4.563 -2.998 10.489 -7.483 -17.973 0.001 
*Average values.  
** " (ρBCP)electron density(eÅ-3), (∇2ρBCP) Laplacian of the electron density(eÅ-5) (GBCP) kinetic energy density ratio (he-1), (VBCP) 

potential energy density ratio (he-1), (HBCP) total energy density ratio and (εBCP) ellipticity." 

 
In the Ru3H core, as mentioned above, no 

bond path or bond critical point was found between 

the hydride-bridged Ru(2)…Ru(3) interaction. For 

Ru(1)-Ru(2) and Ru(1)-Ru(3) interactions, 

presented in Tab. 1, the calculated values of ρBCP are 

[0.436 and 0.442 eÅ
-3

], respectively. Furthermore, 

the calculated Laplacian and Kinetic energy at the 

critical points of both bonds have small positive 

values, 0.679 eÅ
-5

, 0.248 he
-1

 and 0.684 eÅ
-5

, 0.252 

he
-1

, respectively, thus pointing out that both bonds 

have typical open-shell M-M interactions. Based on 

the computed ellipticity (εBCP), small values for both 

Ru(1)-Ru(2) and Ru(1)-Ru(3) bonds, 0.062 and 

0.054, respectively, are comparable to those 

previously published for Ru-Ru and Os-Os bonds 

(24, 25). The electron density value (an average 

0.765 eÅ
-3

) and its Laplacian (an average 1.796 eÅ
-

5
) associated with the Ru(2,3)-H(1) bonds indicate 

that the strength of these bonds is in agreement with 

those reported in numerous other research for pure 

covalent single bonds(8). Moreover, the average 

values of the ellipticity of Ru-H bonds is (0.071), 

which is close to the calculated value for Ru-H 

(0.086) in the "[Ru3(μ-H)2(μ
3
-MeImCH)(CO)9]" 

cluster (26). The core part, shown in Fig. 5, can also 

be analysed by looking at the plot of the laplacian 

distribution of the cluster in the plain contain Ru(1)-

Ru(2)-H(1)-Ru(3) part. In this plot, the Valence 

Shell Charge Concentration VSCC of the hydrogen 

bridge atom (H(1)) is polarized toward Ru(2)-Ru(3) 

edge. 

 

 
Figure 5. Plot of the Laplacian distribution in the 

triruthenium plane. 

 
A lack of a bcp and bond path between 

Ru(2) and Ru(3) limit an interpretation of any 

interaction properties between them. Therefore, to 

give more insight to this interaction, and also to 

Ru(1)-Ru(2,3) bonds, we calculated the 

delocalisation index δ(A,B) (27) which is a measure 

of the number of shared electrons. This index is an 

appropriate indicator of the interaction that does not 

depend on the presence of bond critical point. 

The numerical results in Table 2, show that 

the calculated delocalization indices of the Ru(1)-

Ru(2,3) bonds are 0.487 and 0.500, respectively. 

The results obtained are in agreement with the 

calculated delocalization indices for the M-M 

bonds(25, 28, 29). In contrast, the value of 

delocalization indices for nonbonding Ru(2)...Ru(3) 

is 0.202, which is in excellent agreement with 
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computed bridged-hydride Metal...Metal 

nonbonding interactions(25).  

 
Table 2. Calculated delocalization indices δ(A, B) 

of cluster. 

δAB** atom pairs δAB atom pairs 

0.846 N(2)-C(1) 0.500 Ru(1)-Ru(3) 

1.103 Ru-CO * 0.487 Ru(1)-Ru(2) 

1.520 C-O * 0.455 Ru(2,3)-H(1)* 

0.202 Ru(2)...Ru(3) 0.507 Ru(2,3)-N(2)* 

0.019 Ru(2,3)…C(1)* 0.510 Ru(1)-N(1) 

0.011 Ru(2,3)…H(2)* 1.050 N(1)-C(1) 

0.023 Ru(1)...C(1) 0.778 C(1)-O(1) 

0.027 Ru(1)...C(3) 0.079 C(2) -O(1) 

0.035 Ru(2,3)…N(1)* 0.008 C(2)-C(3) 

0.040 Ru(1)…N(2) 0.852 C(3)-N(1) 

0.192 Ru…OCO * 0.737 N(2)-H(2) 
*Average values. 

** (δAB) delocalisation indices 

  
As seen in Table 2, the average value of the 

calculated Ru-H delocalization index is 0.455, and 

is close to that computed by Cabeza et al(26) for the 

Ru–H bonds in the "[Ru3(μ-H)2(μ
3
-MeImCH) 

(CO)9]" cluster (0.474). Furthermore, the results 

obtained are in agreement with the few cases 

calculated for the M-H interactions(30). As it is 

expected, these data pointed out that the number of 

shared electron in the Ru-H bond is a half electron 

pair. Interestingly, comparing the data in Table (1) 

and Table (2) shows that the delocalisation index 

for Ru(1)-Ru(2,3) bonds is quite similar, whereas 

the topological parameters for these bonds show 

remarkable differences. The most significant 

observation is that the number of electron pairs in 

the Ru(1)-Ru(2)-H(1)-Ru(3) core is 2.1 electron 

pairs (summation of bonding and non-bonding 

delocalization indices). Our results indicate that a 

multicentre 4c-4e interaction exists in the bridged 

core parts. 

The calculated values of topological 

properties of the Ru-CO bonds are depicted in Table 

1 and are in line with the literature(30). Our results 

indicate that the average value of ρBCP for Ru-CO 

bonds (1.465 Åe
-3

) are significantly higher than Ru-

Ru bonds and are lower than the calculated value 

for covalent bonds between non-metal atoms. By 

reasons of π- back donation, that contains the 

M...OCO interaction, the computed delocalization 

indices have been taken as a proof for the existing 

of π-back bonding in Metal-CO bonds(31, 32). For 

the same reason, the M...OCO delocalization indices 

were calculated, see Table 2.  

In consequence, the calculated  value of 

δ(Ru...OCO) (in average 0.192) is found comparable 

to δ(M...OCO) for other metals such as Co, Ni, Fe, 

Ru and Os carbonyl complexes (with the range 

0.15-0.25)(29-31) ,in which a π-back donation was 

observed. By contrast, the values are between (0.04 

and 0.09) for H3BCO and [Cu(CO)2]
+
, respectively, 

due to the absence of π-back bonding(31). 

The six topological parameters in Table (1), 

i.e. ρBCP, ∇
2
ρBCP, GBCP, HBCP, VBCP and εBCP, show 

high similarities for both (1)-N(1) and Ru(2,3)-N(2) 

bonds. Importantly, the calculated ellipticity (εBCP) 

of Ru(1)-N(1) (0.070) is higher than the ellipticity 

of Ru(2,3)-N(2) (0.018) indicating that the former 

bond has a marginally greater double bond features. 

From Table 2, the calculated delocalization indexes 

for both Ru(2,3)-N(2) and Ru(1)-N(1) bonds are 

around 0.51. This indicates that the number of 

electron pair shared is 0.5. Fig. 6 shows the 

distortion in VSCCs for both nitrogen atoms in 

which linked to ruthenium metal atoms. 
 

 
Figure 6. Laplacian map through Ru-oxazolen ring. 

 

In a similar manner for Ru-CO calculations, 

the Ru(1,2,3)…C(1,3) delocalization indices were 

computed in order to confirm the existence or 

absence of π bonding in the Ru(1,2,3)-N(1,2) as 

presented in Table 2. Depending on small and 

nearly equal values in Table 2, one can conclude 

that there is no π-bonding features between Ru and 

oxazoline but only pure σ-donor.  

The trajectory map of the oxazoline ring 

ligand (the bcps, bps and atomic basins), which is 

presented in Fig.4, shows an interesting point. The 

bcps is shifted toward the less electronegative 

atoms, i.e. C(1,2,3). The topological values of O(1)-

C(1,2) and N(1,2)-C(1) pointed out that, those 

bonds have a slightly double bond characters.  

 

Conclusion: 
The interactions in the triruthenium 

"[Ru3(μ-H)(μ3-κ
2
-Hamphox-N,N)(CO)9]" cluster are 

explored by means of using topological indices 

derived from the QTAIM analysis. The AIM 
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analyses of the bridged core part Ru3H reveal the 

absence of a bond critical point and bond path in the 

Ru(2)…Ru(3) interaction. According to our 

calculations, the bridged core part a 4c–4e type is 

suggested to exist. The topological analysis of the 

Ru-N bond confirms the presence of σ-bond. The 

AIM analyses of the calculated topological indices 

of the oxazoline ligand suggest a substantial degree 

of π-electron delocalization within the ligand rings. 

The topological results for Ru–Ru and Ru–ligand 

bonds are comparable with those previously found 

for other compounds such as Fe, Co, Ni, Ru and Os, 

carbonyl complexes.  
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ثلاثي روثينيوم العنقوديدراسة نظرية حول الترابط الكيميائي للمركب الجسري هيدريد   

[Ru3(μ-H)(μ
3
-κ

2
-Hamphox-N,N)(CO)9] 

  

 دريد توفيق الكنبي       احلام حسين حسن  ابرار طه             محسن عبود محسن العبادي
 

 .نجف, العراقالقسم الكيمياء, كلية العلوم, جامعة الكوفة, 

 

 الخلاصة:
Ru3(μ-H)(μليكاند في المركب العنقودي ثلاثي الروثينيوم ] -والروثينيوم الروثينيوم  -تمت دراسة تأثرات الروثينيوم 

3
-κ

2
-

Hamphox-N,N)(CO)9 باستخدام نظرية دالة الكثافة. وتم تقييم المؤشرات التوبولوجية باستخدام ]QTAIM  نظرية الكم للذرات في(

 QTAIMقالية ذات الصلة والموثقة في الأدبيات. دلت نتائج تحليلات الجزيء(. المعلمات التوبولوجية المحسوبة تتفق مع معقدات المعادن الانت

, تم حساب معامل عدم التمركز لهذا التأثر على الرغم من ذلك .Ru3Hللمركز  Ru(3)و  Ru(2)اب الروابط او النقاط الحرجة بينعلى غي

(. وبالنسبة لتاصر 4C-4eكز رباعي الالكترون )الأساسي بكونه من نوع رباعي المر Ru3Hغير مرتبط. يمكن وصف التأثر الموجود في 

Ru-N  حلقة الأوكسازولين(, تقترح البيانات التوبولوجية المحسوبة ان نوع الأصرة هو سكما. وتكشف المعلمات التوبولوجية المحسوبة في(

 .)ليكاند الأوكسازولين عن وجود بعض الروابط المزدوجة داخل حلقة الليكاند

 

 . QTAIMمعدن, تحليل التاصر -اصرة معدن الروثينيوم العنقودي,الكلمات المفتاحية: 

 

 

 


