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      In this study, electronic structures of ground state of pure vanadium sub-nano clusters, Vn (n = 2-5), and their interactions with small 
ligands, CO and triplet O2 molecules, are investigated using density functional theory (DFT) calibration at the mPWPW91/QZVP level of 
theory. The favorable orientations of these ligands in interaction with pure vanadium sub-nano clusters were determined. Multiplicities of 
these pure clusters are triple, doublet, singlet and doublet for dimer, trimer, tetramer and pentamer, respectively. While the CO molecule is 
associatively adsorbed on vanadium clusters, triplet O2 is dissociated over adsorption. Primary and secondary hyper-conjugation concepts 
have been employed to show stabilization of vanadium oxide complexes. Natural bond orbital (NBO) and natural resonance theory (NRT) 
analyses revealed that trimer, tetramer and pentamer clusters are relatively delocalized and have some resonance structures. 
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INTRODUCTION 
 
      About 90 years ago, the first publication concerning of 
synthesis of metal clusters was published [1]. Metal cluster 
means at least two metals directly are bonded [2]. Properties 
of metal clusters are affected by their size and composition 
[3,4]. One of the interesting aspects of metal clusters is that 
they somehow reproduce the behavior of metal surfaces 
despite some conspicuous and undeniable differences 
between these two entities. Among metal clusters, transition 
metal (TM) clusters have attracted significant attention due 
to their wide spread applications [5-15]. The TM clusters 
are largely used in organometallic compounds [10,16]. Our 
attention in this investigation is on small vanadium clusters. 
These types of organometallic compounds contain two to 
five and sometimes up to ten TM atoms [16] and have 
especial properties, such as drug [9] anticancer [10-12] 
catalysis [16], etc. 

Vanadium is an early (hypovalent) TM element which 
its  clusters  have   extensive applications  in  organometallic  
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compounds such as (arene)2V2 and Pn*2V2 (Pn* = C8Me6) 
[7,8]. Ozin and Andrews [7] mentioned that these 
complexes can be better formulated with having knowledge 
of electronic structure (type of bond, bond order, highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) of vanadium clusters. Since sub-
nano vanadium clusters are building block of some 
organometallic compounds [7,8], their structures and 
electronic properties of these small clusters are important. 

Theoretical studies have been extensively carried out 
on pure vanadium clusters in past years [17-20]. Structure of 
vanadium clusters has been studied using density functional 
theory (DFT) by Grönbeck and Rosen, [18] and by Wu and 
Ray [19]. Adsorption of ligand on TM clusters has a 
profound effect on catalytic reactions [13] magnetization 
[21] and reactivity [22]. Reactivity of vanadium clusters 
with small molecules such as CO, O2, N2, CH3OH and some 
organic molecules have been the subject of some recent 
studies [16,22-24]. Interaction of CO molecule with 
vanadium clusters can be used  to predict the metal-CO 
bond strength in organometallic complexes, and mechanistic 
steps in the chemical reaction pathways [25,26].  Vanadium  
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oxides as catalysts are very important in industrial processes 
[27] which help reaction of SO2 oxidation in the synthesis of 
the sulfuric acid [28], or reduction of NOx by ammonia 
[29,30]. Despite the abundance of theoretical works on 
vanadium clusters, the nature of metal-metal and metal-
ligand bonds in pure vanadium clusters and their interaction 
with small ligands have not been considered yet. 

Our approach for electronic structure is quantum 
chemical calculation by DFT procedure which determines 
the types of bonds, occupation, hybridization, HOMO and 
LUMO, charge transfer and their possible resonances 
structures. These properties can be more understandable for 
chemists in language of orbital localization. Therefore, a 
powerful localization procedure named “natural bond orbital 
(NBO)” is used [31,32]. Theoretical calculations give a 
complete picture of geometric and electronic structures of 
clusters and their complexes with small ligands. 
Accordingly, at first, through a DFT-based study, we search 
for geometric structures of pure vanadium clusters, Vn (n = 
2-5). At the second stage, we try to identify the favorable 
adsorption sites of neutral ligands such as CO and triplet O2 
on vanadium clusters. Finally, we will investigate the nature 
of metal-metal and metal-ligand bonds in pure vanadium 
clusters and their complexes with small ligands, 
respectively. 
 
COMPUTATIONAL METHODS 
 
      Geometric and electronic structure calculations were 
performed using Gaussian 09 program package [33] based 
on DFT methods, which is known as an appropriate tool to 
study the first row TM clusters [34-37]. DFT would provide 
an exact solution if we know xc-functional. Since the exact 
xc-functional is not known until now, the approximate one 
is always used, therefore, DFT is not variational. We search 
to find appropriate xc-functional and basis set for our case, 
this procedure is called calibration, which will be discussed 
with more details in results and discussion part. So, 
mPWPW91 xc-functional [38,39] within the generalized 
gradient approximation (GGA) [40] was chosen as a proper 
functional for vanadium cluster and their complexes. 
Gaussian basis set of quadruple zeta valence polarize 
(QZVP) [41] quality was chosen also for these calculations. 
Frequency  calculations  were  performed  

 
 
for all species to ensure that all the optimized geometries 
have no imaginary frequencies. 

Assignment of the ground spin state (definite 
multiplicity) is another point which has been always a 
controversial aspect of TM clusters, even for the smallest 
ones. This difficulty is due to the nearly degenerate energy 
levels of TMs, which make the identification of ground state 
very difficult. Accordingly, for each cluster, optimization is 
performed for possible spin multiplicities until the lowest 
spin contamination (accuracy 10-2) is reached. This 
guarantees having pure spin state wave function. 

The bond dissociation energy (BDE) and adiabatic 
ionization potential (IPad) are used in DFT calibration 
section. The BDE is defined as the required energy to 
fragmentize the Vn cluster into Vn-1 and V atoms. The BDE 
and IPad of clusters are evaluated by 

nnatom VVVBDE EEEE 


)(
1

 and 
nn VVad EEIP   equations, 

respectively. Neutral (Vn clusters and V atom) and charged 
(cationic clusters) species are in the lowest energy 
structures. In complexes, binding (adsorption) energy, 
interaction energy, and Gibbs free energy were calculated. 
The thermodynamic stability of the system is described by 
binding energy: 

 
Ebind = Ecomplex – (Ecluster + Eligand)                                (1) 
 

where Ecomplex is the total energy of complex, Ecluster and 
Eligand are total energies of cluster and ligand. Due to the 
deformation of the species, this equation does not describe 
the quality of interaction well. So, interaction energy, Eint, is 
calculated as a function of bond strength [42-44] by Eq. (2): 
 
      Eint = Ebind – (ΔEcluster + ΔEligand)                                   (2) 
 
where Ecluster and ΔEligand  are the deformation energies of 
metal cluster and lignad, respectively. Deformation energy 
is calculated as the difference between the energy of the free 
molecule in the gas phase geometry and the energy of the 
isolated and distorted molecule in its complex. The more 
negative values of Eint and Ebind indicate the more stable 
adsorption.The change of Gibbs free energy, ΔG, occurs 
when a complex is formed from cluster and ligand in their 
most thermodynamically stable states, Eq. (3): 
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      ΔG = ƩΔGcomplex – Ʃ(ΔGcluster + ΔGligand)                      (3) 
 
where ΔGcomplex, ΔGcluster and ΔGligand are free energies of the 
complex, cluster, and ligand, respectively. 

The information about selected geometries of Vn (n = 
2-5) clusters and VnL complexes (L: CO and O2 molecules) 
are completed by the results of the NBO analysis. NBO 
gives the information of type of the bond, bond order, 
HOMO and LUMO, occupancies, depletion of occupancies, 
percent of localization or delocalization (Lewis and non-
Lewis) and stabilization energies (E2

ij) [31,32]: 
 

      
ij

ij EE

jHi
E




2

2
ˆ

                                                               (4) 

 
where Ĥ  is interaction Hamiltonian, Ej and  Ei are orbital 
energies, and jHi ˆ  is the matrix element. 

 
RESULT AND DISCUSSIONS 
 
      In this part, you will see the results of calibration in 
Tables 1 and 2, the results of geometry optimization of 
vanadium clusters, BDE, IP, EA and bond length in Table 4, 
and the results of NBO containing NBO bonds, percentage 
of metal-metal hybridization, energy, and shape of bonding 
orbitals in α-and β-spin parts in dimer in Table 3 as a 
sample. Other clusters are presented in supplementary file 
as Tables 1s, 3s and 4s for trimer, tetramer and pentamer 
vanadium cluster, respectively. The results of vanadium 
clusters with CO and O2 are presented in Tables 5 and 6. 
The primary and secondary hyper-conjugations for charge 
transfer in the VnO2 (n = 2-5) complexes are shown in Table 
7. The  remaining figures include the resonance structures of 
V3 and V4 clusters.  
 
DFT Calibration for Vanadium Clusters 
      Despite its widespread applications of DFT [34-36], 
DFT-based calculations strongly depend on the xc-
functionals and basis sets. In other words, different xc-
functionals have different predictions of TM properties. 
Therefore, we calibrate different xc-functionals 
recommended for vanadium clusters with different basis 
sets  in  order to find the best results according to the correct  

 
 
multiplicity (where experimental multiplicities were 
available) with 10-2 deviation, positive frequency and 
experimental geometry. In calibration process, we have 
compared our results with some reported experimental 
values for vanadium dimer: (spin multiplicity is triplet, bond 
length is 1.774 Å, vibrational frequency is 634.6 cm-1, BDE 
is 2.74 eV, and  IPad is 6.64 eV [4,17,45,46]). Table 1 shows 
that the appropriate xc-functional and basis set would be 
mPWPW91/QZVP. Further support for our choice of this 
xc-functional and basis set is provided by calculating BDE 
and  IPad for vanadium clusters containing more atoms, Vn 
(n = 3-5). The results presented in Table 2 confirm that we 
can rely on the mPWPW91/QZVP level of theory to provide 
reliable results. 
 
Geometric and Electronic Results 
      V2 Cluster. The results of V2 are considerably discussed 
in calibration (calibration section). Our calculated bond 
length and vibrational frequency are 1.774 Å and 634.6   
cm-1, respectively, which are in good agreement with Roos 
et al.’s results done by MCSCF [47], 1.77 Å and ν = 593.6  
cm-1 for bond length and frequency, respectively. NBO 
analysis considers ten valence electrons for this small 
cluster; six electrons in α-spin (two non-degenerate sigma 
(σ), two degenerate pi (π), and two degenerate delta (δ) and 
four in β-spin part, (two non-degenerate σ and two 
degenerate π), and it does not have nonbonding (NB) 
orbital. The results are shown in Table 3. The β-spin part is 
more stable than the α-spin part, (15.31 kcal mol-1). The 
HOMO belongs to two degenerate δ-bonds with 0.1518 a.u. 
energy in α-part, and two different directions which are 
perpendicular to each other (dxy

100.0-dxy
100.0 and dx2-y2

100-dx2-

y2
100). The idealized natural Lewis-like structure is found to 

be quite high as 99.89 and 99.88% in α- and β-spin parts, 
respectively, indicating that a majority of electrons are 
localized. High localization of this system is further 
supported by the complete occupancy of NBOs where no 
significant charge transfer is observed between orbitals. 
      V3 Cluster. Different initial geometries of trimmer, 
linear, bent, and isosceles triangle structures, were 
optimized for different multiplicities (2, 4, 6 and 8). 
Isosceles triangle (C2v) of V3 is in real minimum, while 
linear and bent structures show imaginary frequencies. 
Results    of     our     calculations,    including    geometrical  
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parameters and energy information (BDE, IPad and EA), are 
shown in Table 4. These results show that there are two 
equal long bonds, 2.203 Å, a short bond, 1.864 Å, and apex 
angle, 50.0°, in doublet spin state with BDE and IPad of 2.04 
eV and 6.16 eV. These results are close to other reports 
[4,17-19], as shown in Table 4.  
      The  results of NBO calculations are  collected  in  Table 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1s. The largest multiplicity of the bonds is observed in β-set 
for V(1)-V(2) which is quadruple, and other bonds are single 
or double in character in either spin-set. NBO shows that 
total Lewis electron densities for α- and β-spin parts are 
97.17 and 96.71%, respectively. This reduction in Lewis 
density caused by depletion of occupancies of molecular 
orbitals means that there are delocalization, significant total 

   Table 1. Bond length, d, (Å), Vibrational Frequency, ωe, (cm-1), Bond Dissociation Energy, BDE,  
           (eV), and Adiabatic Ionization Potential,  IPad, (eV), Employed for Triplet V2 Cluster 

 

Method Basis set 
d 

 (Å) 

ωe  

(cm-1) 

BDE  

(eV) 

 IPad  

 (eV) 

Ref. 

EXP. - 1.774a 535.1a 2.753b 6.350b,c [45]a 

mPWPW91 QZVP 1.774 634.6 2.742 6.643 - 

BP86 QZVP 1.773 637.4 4.265 6.789 [4]b 

BPW91 QZVP 1.775 634 2.537 6.599 [46]c 

M05 DGDZVP2 1.778 658.4 1.904 6.572  

TPSS QZVP 1.777 641.7 2.581 6.412  

TPSS TZVP 1.764 658.2 3.041 6.215  

BPL 6-311+G* 1.761 625.6 3.181 6.947  

TPSSh QZVP 1.758 665.5 1.384 6.205  

B3LYP QZVP 1.670 767.8 0.468 6.102  

BLYP QZVP 1.786 622.6 3.254 6.611  

BPL QZVP 1.791 614.4 2.954 6.948  
 
 
                            Table 2. Calculated Bond Dissociation  Energy,  BDE, (eV), Adiabatic  
                                           Ionization Potential, IPad (eV) for Vn (n = 3-5) at mPWPW91/ 
                                           QZVP Level of Theory 

 

Vn BDE EXP.a IPad EXP.a Ref. 

3 2.04 1.42 ± 0.1 6.16 5.49 ± 0.05 [4] a 

4 2.93 3.67 ± 0.11 4.93 5.63 ± 0.05  

5 3.02 3.08 ± 0.18 4.83 5.47 ± 0.05  
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                 Table 3. NBOs, Orbital  Hybridization  in Percentage,  Energy, and  
                                Shape of NBOs in Triplet V2 Cluster 

 

NBO bonds hA-hB 

(%) 

Energy 

 (a.u.) 

NBO picture 

α-spin part 

σ V(1)-V(2) s99.4-s99.4 -0.3345 

 

σ V(1)-V(2) d z2
100.0

- d z2
100.0 

-0.1962 

 

π V(1)-V(2) dxz
98.4-dxz

98.4 -0.1958 

 

π V(1)-V(2) dyz
98.4-dyz

98.4 -0.1958 

 

δ V(1)-V(2) dxy
100.0-dxy

100.0 -0.1518 

 

δ V(1)-V(2) dx2-y2
100-dx2-y2

100 -0.1518 

 

β-spin part 

σ V(1)-V(2) s99.4-s99.4 -0.3349 

 

σ V(1)-V(2) d z2
100.0

- d z2
100.0

 -0.1762 

 

π V(1)-V(2) dxz
98.4-dxz

98.4 -0.1782 

 

π V(1)-V(2) dyz
98.4-dyz

98.4 -0.1782 

 
                          *Occupancy of all bonds is one. 
 



 

 

 

Pakiari & Eshghi/Phys. Chem. Res., Vol. 5, No. 3, 601-615, September 2017. 

 606 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   Table 4. Calculated Parameters of Equilibrium Geometry (Bond Length, d, in Å and Angle in Degree), the  BDE,  
                 (eV), the  IPad  (eV), and Relative Energy (ΔE) (kcal mol-1) of Trimer to Pentamer 

 

Optimized structure Mul ΔE 
dV1-V2 

dV1-V4 

dV2-V3 

dV3-V4 

dV1-V3 

dV1-V5 
BDE IPad EA 

Ref'. 

 

2a, c 0.00 1.864 2.203a 2.203 2.04 6.16 0.97 [18]a 

 

 

Distorted 

tetrahedron 

1b,c 0.00 2.259b - - 2.93 4.93 1.27 [19]b 

 

Rectangle 

1a,c 3.6 1.757c 2.422 - - - - This workc 

 

Rhombus 

1b, c 1.3 2.091c 2.340 2.303 - - - [4]d 

 

Distorted trigonal bi-

pyramid 

1a, c 0.0 2.541 

2.453 

2.410 

- 

2.453 

2.410 

3.02 

(3.08)d 

4.83 

(5.47)d 

1.25 

(1.22)e 

[17]e 

 

Non-planar square 

pyramid 

1c 10.9 - 

2.500 

2.500 

- 

1.954 

1.954 

- - - - 

     aApex angle of trimer (∠V1-V3-V2) is 50.0°.  bAll bonds  of  distorted  tetrahedron  have  the  same  bond  length. 
    cRectangle and rhombus have two short bonds and two long bonds.  
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Table 5. Gibbs Free Energy, Binding (Adsorption) Energy, and Interaction Energy (kcal mol-1) and Bond Length, d,  
                (Å) of the most Stable Vn-CO (n = 2-5) Complexes  

 

CO Structure 2S+1 ΔG ΔEmetal ΔEligand Ebind Eint dC-O dV(1)-C dV(2)-C
a 

V2 

(Top) 
 

3 -26.1 0.9 2.8 -26.1 -29.8 1.213 2.397 1.929 

V3 

(Top) 

 2 -39.9 4.4 7.4 -50.9 -62.8 1.247 1.902 2.215 

V4 

(Hollow) 
 

1 -53.0 0.0 9.2 -49.2 -58.4 1.317 1.877 2.026 

V5 

(Equatorial) 
 

2 -74.2 7.2 29.1 -74.2 -110.5 1.358 1.925 2.009 

     aThe number of vanadium atom in trimer and tetramer is 3. 
 
 

Table 6. Interaction  of  the  most  Stable Vn (n = 2-5) Clusters  with Oxygen Molecule, Gibbs  Free  Energy, Binding  
               (Adsorption) Energy, and Interaction Energy (kcal mol-1) and Bond Length, d, (Å) 

 

O2 Structure 2S+1 ΔG ΔEmetal ΔEligand Ebind Eint dO-O 

V2 

(Bridge) 

 
5 -164.2 86.7 154.2 -163.9 -404.7 3.103 

V3 

(Top)  
 4 -209.5 9.4 153.6 -214.0 -377.0 3.278 

V4 

(Hollow) 
 3 -216.6 2.5 150.6 -216.3 -369.4 2.891 

V5 

(Equatorial) 
 

8 -221.4 7.5 144.9 -232.6 -385.0 3.572 
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donor acceptor interaction 264.1 kcal mol-1 (see Table 2s). 

Alternative structures for the reference NBO structure 
are expressed in the language of natural resonance theory 
(NRT) [48-50]. The NRT, implemented in the program 
package GenNBO [51] in which adding the resonance and 
reference structures [52] is a correction for the single NBO 
description. Four and three reference structures were 
introduced for highly delocalized V3 cluster, as shown in 
Fig. 1. Many structures with very low percentages are not 
shown in this figure. As judged by weightings of NRT, in α-
part, the percentages of resonance structures are 22.9, 20.90, 
18.18 and 12.74, and for β-spin part, the corresponding 
values are 35.75, 17.60 and 17.60, respectively 

      V4  Cluster.  Three initial geometries,  tetrahedron, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rhombus, and rectangle, have been considered for V4 
cluster. A series of possible spin multiplicities (1, 3 and 5) 
were examined for all initial structures of these clusters. 
Contrary to some reports [18,19], our results show that the 
singlet distorted tetrahedron with C1 symmetry and positive 
frequency is very close to regular tetrahedral which is the 
most preferred structures for V4 cluster. Thus, the results 
suggest that equilibrium geometry of this structure has the 
same bond length equal to 2.259 Å, and different bond 
angles 59.9º and 60.1º. BDE and  IPad of V4 cluster are 2.93 
eV and 4.93 eV, respectively. The other isomers of V4, 
rhombus and rectangle, are found to be 1.3 and 3.6 kcal/mol 
higher than ground state, respectively, see Table 4. 
The    NBO   descriptors   of    the    singlet    ground     state 

       Table 7. Primary and Secondary Hyper-conjugations in the VnO2 (n = 2-5) Complexes 
 

Complexes Spin set Primary E2 secondary E2 

V2O2 α -  nO(3)→σV(1)-V(2) 29.9 

V3O2 β σV(2)-V(3)→π*V(1)-O(5) 11.7 σV(2)-V(3)→σ*V(1)-O(4) 22.4 

  - - σV(2)-V(3)→σ*V(1)-O(5) 24.4 

  - - nO(5)→σ*V(1)-V(2) 13.2 

V4O2 α πV(1)-O(5)→σ*V(2)-O(6) 5.5 - - 

  πV(3)-O(60→σ*V(2)-O(5) 5.5 - - 

 β - - σV(1)-V(3)→σ*V(2)-O(6) 3.9 

  - - σV(1)-V(4)→σ*V(2)-O(5) 3.5 

  - - σV(1)-O(5)→σ*V(2)-V(4) 3.2 

  - - σV(2)-V(4)→σ*V(1)-O(5) 3.5 

  - - σV(3)-V(4)→σ*V(2)-O(6) 3.8 

V5O2 α - - nO(7)→σ*V(1)-V(2) 7.9 

  - - nO(7)→σ*V(1)-V(5) 8.4 

 β - - nO(6)→σ*V(1)-V(2) 4.8 

  - - nO(6)→σ*V(1)-V(5) 4.8 

  - - nO(7)→σ*V(1)-V(2) 4.8 

  - - nO(7)→σ*V(1)-V(5) 4.8 
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structure show six degenerate σ bond orbitals and four 
degenerate three center/two electron (3C/2e) bonds for 
tetramer cluster, as shown in Table 3s, and they have a  little 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
depletion in occupancies. The four 3C/2e bonds are 
HOMOs with the same occupancy (1.946) and the same 
energy,  -4.98 eV.  The  localized  Lewis-like description  of  

α set 

  
  

β set 

 
  

 

 
Fig. 1. The quantitative NRT resonance weightings for reference structures in the equilibrium V3  

                          geometry on two spin sets. 
 

   

  

 

 
Fig. 2. The NRT descriptions of V4 cluster for different reference structures. 
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density was found to be reasonably high (98.92%), which 
are relative good localized. All orbitals have significant 
depletion in occupancies and therefore cause twelve equal 
donor acceptor interactions from σ-bonds to the NB* 
orbitals of vanadium atoms with total energy of 248.4 
kcal/mol. These are indication of existing resonance 
structures. The NRT descriptions with significant weight 
percentage of structures (25.70, 16.40, 13.20, 12.10 and 
10.40) are also shown in Fig. 2. 
       V5 Cluster. Our calculations started with two structures 
in pentamer cluster, distorted trigonal bi-pyramid (DTBP) 
and non-planar square pyramid (NPSP), with possible 
multiplicities 2, 4 and 6. The equilibrium geometry, energy 
properties (BDE, IPad and EA) and spin multiplicity of these 
clusters are shown in Table 4. Doublet DTBP structure was 
optimized as ground state with C1 symmetry, and NPSP 
structure lies 10.9 kcal mol-1 above the DTBP structure. 

NBO-based analysis shows that this cluster has only 
two center/two electron (2C/2e) bonds, as shown in Table 
4s. Almost all bonding and NB orbitals have considerable 
depletion in occupancies, specially NB orbitals in α-set and 
πV(1)-V(2) bond in β-set, which means that they have a 
considerable reactivity. In spite of the fact that the HOMO 
is NB orbitals of V(1) atom in α-set. 

Total Lewis of 96.8 and 95.3% in α and β-spin parts, 
respectively, and significant depletion of occupancy in 
bonding orbitals which leads to the significant donor 
acceptor interactions (totally 494.1 kcal mol-1), shown in 
Table 5s, are indication of a high delocalization in the target 
system. All these values show that vanadium pentamer has 
some resonance structures. The NRT calculation gives 1172 
resonance structures with very small contributions. 
 
Interaction of the Vn (n = 2-5) Clusters with Small 
Ligands 
      CO adsorption on the Vn (n = 2-5) clusters. In this 
part, possible adsorption modes of CO on the pure 
vanadium clusters (Fig. 3) are investigated. All of the 
possible spin multiplicities for complexes are examined. 
Our calculation reveals that spin multiplicity of the ground 
state complexes is the same as the pure clusters. The 
orientation of the ligand is a determining factor in  
probability of adsorption and the energy of interaction. The 
most  stable  vanadium  adsorption  structures are  shown in 

 
 
Table 5. 

One way to recognize the catalytic activity is 
determination of the bond length and vibrational frequencies 
of small molecules adsorbed on the metal clusters. The 
elongation of the C-O bond length confirms the adsorption 
of CO on the vanadium clusters. In optimized complexes, 
the elongations of the C-O bond length are about 0.085, 
0.119, 0.189 and 0.230 Å in VnCO (n = 2-5) complexes, 
respectively. Stretching mode of C-O depends on the size of 
vanadium clusters; i.e., it decreases significantly with the 
cluster size and causes the red shift. The vibrational 
frequency of the free CO molecule is 1976 cm-1, whereas it 
decreases to 1673, 1664, 1566 and 1410 cm-1 for VnCO (n = 
2-5) complexes, respectively. The amount of red shift of C-
O, shown in Fig. 4, also reflects the strength of the CO 
adsorption. This phenomenon can be explained by donation 
and back donation from NBO results, which all have 
stronger donation than back donation, see Table 6s. 

The more negative values of the Eint in the optimized 
structures indicate that the adsorptions are favorable and 
these sites are more active for interaction, as shown in Table 
5. Figure 5 shows decreasing of  Eint as a function of the size 
from V2 to V5 clusters. According to this figure, the 
significant  Eint belongs to the V5CO structure. 

The Lewis-like description of VnCO (n = 2-5) bonding 
is illustrated by the NBO analysis, see Table 7s. The Vn (n = 
2-5) clusters with partially filled orbitals act as donor in the 
interactions, while the CO molecule with special geometry 
acts as an acceptor ligand. The shifts of energies in 
vanadium clusters and CO lead to overall stabilization of 
complexes and π-back bonding of the CO ligand. 
      O2 Adsorption on V2 toV5 clusters. Interaction of 
vanadium cluster with oxygen molecule (triplet) is 
dissociative. Vanadium metal is oxidized very well. In a 
wide industrial application, vanadium oxide clusters can be 
employed as catalysis for  the chemical processes [53]. In 
this section, geometry, electronic structure, and bonding 
character of VnO2 (n = 2-5) complexes will be presented. 

The VnO2 (n = 2-5) complexes were optimized at 
different possible orientations, as shown in Fig. 3. 
According to Table 6, orientation of O2 molecule is suitable 
at bridge, top, hollow, and equatorial sites in V2 to V5 
clusters, respectively. The most stable configuration was 
found based on the lowest energy value. Remarkable energy  
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values of vanadium-oxygen complexes are due to the high 
deformation energies of the fragments. In general, 
restructuring of TM clusters over ligation is quite trivial 
except for V2 cluster. Deformation energy of oxygen 
molecule is noticeably high that indicate they have 
appreciably changed over adsorption. In dissociative 
adsorption, oxygen atoms in the O2 molecule are separated 
to large distance, as shown in Table 6.  The  V-O  stretching  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
frequency is higher for adsorption on stable mode with 
respect to other modes, indicating a stronger bond in these 
complexes. This supports the idea that oxygen is 
dissociatively adsorbed on vanadium clusters. The 
dissociative adsorption of the O2 molecule on the TM 
clusters is very important for heterogeneous catalysis, 
material processing, and the epoxidation of ethylene 
[42,43]. 

 

Fig. 3. Possible adsorption sites as initial geometries of ligand on vanadium clusters. 
 

 

Fig. 4. The amount of red shift of carbon monoxide vs. number of vanadium atoms in the VnCO (n = 2-5) complexes. 
 

 
Fig. 5. The Eint values as a function of number vanadium atoms in the VnCO (n = 2-5) complexes. 
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      The σ-bond framework explains 6.6-100% of d-orbital 
character in hybridization in the VnO2 (n = 2-5) complexes. 
Because of high electronegativity of oxygen we expect 
greater d-orbital character in the V-O metal hybrid. The 
valence of oxygen is varying from one to four when 
combined with d-orbital-block elements, as shown in Table 
8s. 

To show contribution of appreciable resonance 
stabilizations, hyper-conjugation concept is used. [54,55] 
The hyper-conjugation is the interaction of the electrons in 
the σ and π bond or NB orbitals with an adjacent empty NB, 
σ, and π anti-bonding orbitals. The primary and secondary 
hyper-conjugation [52] are σ→π* or π→σ* and σ→σ* or 
n→σ* interactions, respectively. Primary and secondary 
hyper-conjugation in these complexes are summarized in 
Table 7. As seen in this table, hyper-conjugation 
interactions are considerably strong in V2O2 and V3O2 (11-
30 kcal mol-1), whereas in V4O2 and V5O2 are weak (3-8 
kcal/mol). These interactions in the VnO2 (n = 2-5) 
complexes typically polarize the V-O bonds, since these 
bonds have 6.6-23.8% metal character. 

Donor acceptor interactions in the V3O2 and V4O2 
complexes lead to depletion of occupancy of the occupied 
orbitals, and increasing occupancy of the unoccupied 
orbitals. Consequently, the bonds in these complexes are 
weakened. Significant charge transfers are πV(2)-O(6)→n*V(3) 

and σV(1)-O(5)→n*V(2) in the V4O2 and  V3O2 complexes, vs. 
πV(1)-O(3)→n*V(2) in the V2O2 with associated second-order 
delocalization energies 13.0 and 60.3 kcal mol-1. vs. 10.9, 
respectively. Therefore, strength of the V-O bonds in V2O2 
is more than that of the V3O2 and V5O2 complexes. 
 
CONCLUSIONS 
 
      We theoretically evaluated geometric and electronic 
structures of Vn (n = 2-5) clusters and VnL complexes (L: 
CO and triplet O2). The results show that vanadium clusters 
with number of even vanadium atoms have odd spin 
multiplicity, whereas those with number of odd vanadium 
atoms have even spin multiplicity. We also studied nature of 
chemical bonding of clusters and complexes by natural bond 
orbital (NBO) methodology. Natural resonance theory 
(NRT) method was also used to introduce resonance 
structures  in  pure  trimer  to  pentamer  vanadium  clusters.  

 
 
Interaction of ligands (triplet O2 and CO) with pure 
vanadium clusters was considered. These interactions are 
associative with CO while are dissociative with oxygen 
molecule. Interaction energy in VnO2 complexes is greater 
than that of VnCO complexes. Deformation energies of both 
vanadium clusters and CO ligand are very little in VnCO 
complexes, while in triplet O2 are high for ligand but very 
little for cluster, except for V2 in VnO2 complexes. 
 
Supporting Information 
      Supporting information (contains 8 Tables) is also 
available which includes significant charge transfers of pure 
vanadium clusters and NBO descriptions for complexes. 
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