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1. Introduction 
Metallocene dihalides and pseudo halides (Cp2MX2, 

Cp refer to cyclopentadienyl, M is Mo, Ti, Nb, V) possess 
biological propensity for a huge range of human and 
murine tumors [1-8]. It is well known in this regard that,  
Cp2Ti2+ hydrolyzes extensively under physiological 
conditions, whereas Cp2Mo2+ is hydrolytically stable [9, 
10]. In this years have been prepared several thiol 
derivatives of molybdenocene and studies on cell uptake 
and cytotoxicity of them were pursued [11]. In a research, 
biological Interaction of Cp2MoCl2 with Bovine Serum 
Albumin Using Fluorescence Spectroscopy has been 
reported [12]. 
Interactions of nucleobases of DNA and RNA with 
metals [13-15] and anticancer drugs has been examined 
with computational methods [16-19]. For the reason that 
DNA is frequently the assumed target for metal-based 
drugs, various researches have dedicated on nucleobase 
interactions [20-22]. The aqueous nucleobase and 
nucleotide coordination chemistry of Cp2MoCl2 has been 
investigated [23]. In regard to the nucleobases, N-
methylcytosine and N-methyladenine (to simulate the N-
functionalized coordination environment in DNA, were 

used N-methylated nucleobases, were formed cyclic 
chelates of strained four-membered Mo(IV) with one 
amino proton deprotonation and concurrent coordination 
to both the amine (exo-) and heterocyclic (endocyclic) 
cytosine and adenine nitrogen atoms. 
In the base of our knowledge., interaction of 
molybdenocene dichloride anticancer agent with thymine 
has been not studied. Therefore, we interested to 
illustration of computational study of the binding of this 
drug to thymine. Solvent impact on dipole moment 
values of the systems was illustrated. Interaction region 
indicator (IRI) and energy decomposition analysis (EDA) 
provided deep insights into the nature and the strength of 
the interaction. Charge decomposition analysis (CDA) 
was used to illustrate charge transfer among two 
fragments. 
 
2. Computational Methods 

For calculations the package of Gaussian 09 software 
was used [24]. For the main groups of elements standard 
6-311G(d,p) basis set [25-28] was used, while the Def2-
TZVPPD basis set was described for the Mo element  
[29]. To exclude correlation integrals related to 14 
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electrons of the Mo atom and direct calculation of the 
exchange, pseudo-potential effective core potential 
(ECP) was utilized on the Def2-TZVPPD basis set [30].  
Optimization of the geometry was applied using the 
parameter hybrid functional with correlation 
(mPW1PW91) and adapted Perdew-Wang exchange was 
considered [31]. 
To demonstrate that the optimization structures don't 
have imaginary frequency, harmonic vibrational 
frequencies were done. 
For the solvation impact study, a self-consistent reaction 
field (SCRF) approach was used in this paper through 
conductor-like polarizable continuum model (CPCM) 
[32, 33]. 
For illustration of the bonding interactions between the 
thymine… MoCp2 energy decomposition analysis (EDA) 
was studied with Multiwfn 3.8 software package [34]. 
The interaction energy (∆Eint) between the two fragments 
was evaluated as: 

∆Eint = ∆Epolar + ∆Eels + ∆EEx 
Where ∆Epolar is the electron density polarization term 
(the induction term), ∆Eels is the electrostatic interaction 
and ∆EEx, as the exchange repulsion terms, respectively. 
Interaction region indicator (IRI) [35], Quantum theory 
of atoms in molecules (QTAIM) analysis and Charge 
decomposition analysis (CDA) [36] by Multiwfn 3.8 

package were provided [34, 37]. VMD software was 
employed to the visualizations of the IRI graphs [38]. 
 
3. Results and discussion 
 
3.1 Energetic aspects 

Reaction of molybdenocene dichloride complex 
(Cp2MoCl2) as anticancer agent with thymine is 
considered as: 
Cp2MoCl2 + thymine → Cp2Mo…thymine + 2 Cl- 
 Five possible modes of the binding of thymine to 
MoCp2

2+ are indicated. In Table 1, these complexes 
energy and relative energy values are listed. It can be 
found the trend of stability of these isomers is: T5-O > 
T2-O > T1-N > T3-N > T4-C. Therefore, the most stable 
isomer is T5-O isomer. Also, C-PCM calculations are 
done on these molecules by considering water as solvent.  
Computed energy and relative energy values are listed in 
Table 1. Energetic changing trends are identical in gas 
and aqueous phase. Hydration energy values of the 
isomer are calculated by the following equation: 

∆Ehydration = E(Water) - E(gas) 
It can be seen, ∆Ehydration values increase as: 

T4-C < T2-O < T3-N < T5-O < T1-N 
 

 

 
Fig. 1. Five possible modes of the binding of thymine to MoCp2

2+. 
 
Table 1. Energy (E, a.u), relative energy (∆E, kcal/mol), dipole moment (µ, Debye), Electronic spatial extent (‹R2ρ(R)›,  a.u)  and 
hydration energy (∆Ehydratiom, kcal/mol) values of various interaction modes of thymine and MoCp2

2+ in gas and aqueous phases. 
   gas    Aqueous   

Molecule E ∆E <R2ρ(R)>   µ  E ∆E ∆Ehydration µ 
T1-N -908.9444 15.42 4556.87 2.79  -909.1912 18.33 -154.89 3.38 
T2-O -908.9594 6.04 6487.46 5.17  -909.2159 2.85 -160.99 9.04 
T3-N -908.9366 20.35 5089.85 3.65  -909.1898 19.22 -158.94 5.65 
T4-C -908.9009 42.70 4152.65 5.56  -909.1627 36.22 -164.28 8.09 
T5-O -908.9690 0.00 5790.43 2.81  -909.2205 0.00 -157.80 4.21 
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3.2 Polarity 

Calculated dipole moment values of the thymine and 
MoCp2Cl2 molecules are 4.21 and 7.24 Debye in gas 
phase, respectively. These values are 5.64 and 11.80 
Debye in aqueous phase, thymine and MoCp2Cl2 
molecules, respectively. Dipole moment values of five 
possible modes of the binding of thymine to MoCp2

2+ are 
gathered in Table 1 for gas and aqueous phases. It can be 
deduced, larger polarity in T2-O, T3-N and T4-C 
isomers in compared to thymine. In contrast, polarities of 
T1-N and T5-O isomers are smaller in compared to 
thymine. On the other hand, polarities of all isomers are 
reduced in compared to MoCp2Cl2 complex.  
It can be see, polarities of these molecules increase in 
aqueous phase than gas phase (Figure 2). Largest 
polarities are belonging to T4-C and T2-O isomers in gas 
and aqueous phases, respectively. Smallest polarity is 
belonging to T1-N isomer in gas and aqueous phases. 
 

 
Fig. 2. Diagram of changing of dipole moment values of five 
possible modes of the binding of thymine to MoCp2

2+ for gas 
and aqueous phase. 
 
3.3 Electronic spatial extent (ESE) 

Electronic spatial extent (‹R2ρ(R)›) is descriptor of 
the molecule size. ESE is evaluated as multiplication of 
the anticipation value of the electron density and the 
distance from the center of molecule mass. In addition, it 
is typical physical property of the electron density 
volume around the molecule. Defusing of electron clod 
increases with increasing of the extent value. Computed 
ESE of thymine molecule is 1125.81 a.u. computed ESE 
values of five possible modes of the binding of thymine 
to MoCp2

2+ are included in Table 1 for gas phase. It can 
be found, larger ESE values after binding of thymine to 
MoCp2

2+. 
 
3.4 Energy decomposition analysis (EDA) 

To clarify the nature of the interaction of thymine and 
MoCp2 complex, energy decomposition analysis (EDA) 
was used. The computed interaction energy data of the 
complexes in Table 2 are gathered. It can be observed 
most significance interaction occurs in T1-N-isomer.  
Computed polarization and steric energy (∆Epolar and 
∆Esteric) values are given in Table 2. The negative 
polarization energy values of stabilize thymine… MoCp2 
complex. However, the positive values of steric energy 
(sum of the exchanging and electrostatic energies) 
destabilize T2-O, T3-N, T4-C and T5-O complexes. The 
positive value of ∆Esteric stabilizes T1-N complex. 
 
Table 2. EDA results of various interaction modes of thymine 
and MoCp2 in gas phase (in kcal/mol). 

Molecule ∆Eint ∆Epolar ∆Esteric 
T1-N -94.66 -92.55 -2.10 
T2-O -86.87 -91.29 4.42 
T3-N -84.59 -91.58 6.99 
T4-C -66.75 -109.27 42.52 
T5-O -92.73 -99.27 6.54 

 
3.5 Bond distances 

In T1-N isomer, Mo-N and Mo-O bond lengths are 
233.19 and 216.95 pm, respectively. In T2-O isomer, 
Mo-O bond distance is 199.00 pm. In T3-N isomer, Mo-
N and Mo-C bond lengths are 236.76 and 217.68 pm, 
respectively. In T4-C isomer, Mo-C bond distance is 
233.31 pm. In T5-O isomer, Mo-O bond distance is 
197.05 pm. Shorter Mo-N bond of T1-N isomer than T3-
N isomer is compatible with significance interaction 
between MoCp2 and thymine in the basis of EDA results. 
Shorter Mo-O bond of T5-O isomer than T2-O isomer is 
well-matched with more effective interaction between 
MoCp2 and thymine in the basis of EDA consequences.   
 
3.6 Molecular Orbital analysis 

Figure 3 illustrates the plots of frontier orbitals for 
the studied systems. In T1-N isomer, MoCp2 fragment 
includes significance contribution in HOMO than 
thymine fragment. Reverse trend is shown for LUMO. In 
T2-O isomer, thymine fragment includes significance 
contribution in HOMO than MoCp2 fragment. Converse 
tendency is exposed for LUMO. In T4-C isomer, MoCp2 
fragment includes significance contribution in HOMO 
than thymine fragment. Two fragment reveal more 
contribution in LUMO. In T5-O isomer, MoCp2 
fragment includes larger contribution in HOMO and 
LUMO than thymine fragment. 
Table 3 shows the frontier orbital energy, HOMO-
LUMO gap, hardness, chemical potential and 
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electrophilicity values in the investigated systems. It can 
be seen, frontier molecular orbitals of the 
Cp2Mo…thymine complexes are more stabilize in 
compared to thymine. Also, there are smaller HOMO-
LUMO gap and hardness values in the Cp2Mo…thymine 
complexes than thymine.  

Chemical potential values decrease in the 
Cp2Mo…thymine complexes than thymine. In contrast, 
larger electrophilicity values are observed in the 
Cp2Mo…thymine complexes than thymine. 
 
 

 
Table 3. Frontier orbital energy. HOMO-LUMO gasp, hardness (η), chemical potential (µ) and electrophilicity (ω) values of various 
interaction modes of thymine and MoCp2

2+ in gas phase ((ω,in eV). 
Molecule E(HOMO) E(LUMO) Gap η µ ω 
Thymine -7.03 -1.05 5.98 2.99 -4.04 2.73 

T1-N -13.69 -9.83 3.86 1.93 -11.76 35.86 
T2-O -13.67 -10.57 3.11 1.55 -12.12 47.26 
T3-N -13.91 -9.82 4.10 2.05 -11.86 34.36 
T4-C -14.26 -10.34 3.92 1.96 -12.30 38.60 
T5-O -13.61 -10.35 3.26 1.63 -11.98 43.97 
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Figure 3. Frontier orbital plots of five possible modes of the binding of thymine to MoCp2

2+. 
 
3.7 Charge decomposition analysis (CDA) 

The theory of charge decomposition analysis (CDA) 
is useful methods to provide a better understanding of the 
electron transfer. CDA results of the thymine … MoCp2 
complexes are provided. CDA results show that orbitals 
47 of T1-N, 62 of T2-O, 48 of T3-N, 72 of T4-C and 65 
of T5-O lead 0.04123, 0.05459, 0.03375, 0.03216 and 
0.04327 electrons donate from thymine to MoCp2, 
respectively. It can be deduced, the most electron 
donation is occurred in T2-O isomer. 

 
3.8 QTAIM 

QTAIM computations are used to illustration of the 
bond critical points (BCP) of thymine…MoCp2 
complexes.  
Two bond critical points are identified between thymine 
and MoCp2 in T1-N isomer: BCP(Mo-N) and BCP(Mo-
O). ρBCP(Mo-N) and ρBCP(Mo-O) values of T1-N isomer 
are   5.90 × 10-2 and 7.87 × 10-2 e.Å-3, respectively. 
∇2ρBCP(Mo-N) and ∇2ρBCP(Mo-O) values of this isomer 
are  1.95 × 10-1 and 3.00 × 10-1 e.Å-5, respectively. These 
positive interactions are compatible with the Mo-N and 
Mo-O bonds closed-shell interactions. Density of total 
electron energy (H) at BCP(Mo-N) and also BCP(Mo-O) 
of this isomer are  -8.89 × 10-3  and -1.28 × 10-3   , e2.Å-4, 
respectively. The negative H values are considered as a 
covalency indicator [39]. The negative H values and 
positive ∇2ρ values of BCP(Mo-N) and BCP(Mo-O) are 
compatible with similar systems [40, 41]. These values 
are compatible with a combination of the closed-shell and 
shared interactions for the Mo-N and Mo-O bonds.  
One bond critical point is indicated between thymine and 
MoCp2 in T2-O isomer: BCP(Mo-O). ρBCP(Mo-O), 

∇2ρBCP(Mo-O) and H(Mo-O) values are 1.11 × 10-1 e.Å-

3, 4.99× 10-1 e.Å-5 and -2.92 × 10-2 , e2.Å-4, respectively. 
Again, negative H values and positive ∇2ρ values reveal 
that mixture of the closed-shell and shared interactions 
for the Mo-O bond. 
Two bond critical points are identified between thymine 
and MoCp2 in T3-N isomer: BCP(Mo-N) and BCP(Mo-
O). ρBCP(Mo-N) and ρBCP(Mo-O) values of this isomer 
are   5.54 × 10-2 and 7.76 × 10-2 e.Å-3, respectively. 
∇2ρBCP(Mo-N) and ∇2ρBCP(Mo-O) values of this isomer 
are  1.78 × 10-1 and  2.98 × 10-1 e.Å-5, respectively. These 
positive interactions are compatible with the Mo-N and 
Mo-O bonds closed-shell interactions. Density of total 
electron energy (H) at BCP(Mo-N) and also BCP(Mo-O) 
of this isomer are  -7.70 × 10-3  and -1.17 × 10-2 , e2.Å-4, 
respectively. Again, negative H values and positive ∇2ρ 
values of BCP(Mo-N) and BCP(Mo-O) are compatible 
with combination of the closed-shell and shared 
interactions for the Mo-N and Mo-O bonds. 
Two bond critical points are identified between thymine 
and MoCp2 in T4-N isomer: BCP(Mo-C) and BCP(Mo-
N). ρBCP(Mo-C) and ρBCP(Mo-N) values of this isomer are   
6.66 × 10-2 and 6.25 × 10-2 e.Å-3, respectively. 
∇2ρBCP(Mo-C) and ∇2ρBCP(Mo-N) values of T4-N isomer 
are  1.30 × 10-1 and  2.31 × 10-1 e.Å-5, respectively. These 
positive interactions are compatible with the Mo-C and 
Mo-N bonds closed-shell interactions. Density of total 
electron energy (H) at BCP(Mo-C) and also BCP(Mo-N) 
of this isomer are  -1.84 × 10-2  and -8.83 × 10-3 , e2.Å-4, 
respectively. Again, negative H values and positive ∇2ρ 
values of BCP(Mo-C) and BCP(Mo-N) are compatible 
with combination of the closed-shell and shared 
interactions for the Mo-C and Mo-N bonds. 
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One bond critical point is indicated between thymine and 
MoCp2 in T5-O isomer: BCP(Mo-O). ρBCP(Mo-O), 
∇2ρBCP(Mo-O) and H(Mo-O) values are 3.32 × 10-1 e.Å-

3, -1.49 × 10-1 e.Å-5 and -5.09 × 10-1 , e2.Å-4, respectively. 
Negative H and ∇2ρ values reveal shared interactions for 
the Mo-O bond. 
 
3.9 Interaction region indicator (IRI)  

IRI is extremely useful in revealing all kinds of 
interaction regions of chemical system. IRI graphs of the 

investigated systems are presented in Figure 4. The 
graphical effect of the IRI map is obviously quite 
satisfactory. The weak interaction regions are exhibited 
nicely. The interaction region marked by green circle can 
be identified as vdW interaction region, which shows that 
the electron density in this region is low. The chemical 
bond regions are also clearly revealed by blue 
isosurfaces, indicating that electron density in these 
regions is very large and implying bonding effect is 
strong.  Steric effect exists within the rings because the 
color of corresponding isosurfaces is red.  

 

 
Figure 4. IRI graphs of five possible modes of the binding of thymine to MoCp2

2+. 
 
4. Conclusion: 

Computational investigation of thymine with 
MoCp2

2+ indicated the stability trend of these interactions 
was as: T5-O > T2-O > T1-N > T3-N > T4-C. EDA 
results revealed most significance interaction for in T1-N 
isomer. Polarity of T2-O, T3-N and T4-C isomers 
increased than thymine. In contrast, polarity of T1-N and 

T5-O isomers were smaller in compared to thymine. 
Largest polarities were belonged to T4-C and T2-O 
isomers in gas and aqueous phases, respectively. Smallest 
polarity was belonged to T1-N isomer in gas and aqueous 
phases. ESE values increased after binding of thymine to 
MoCp2

2+. CDA consequences showed the most electron 
donation of thymine to MoCp2 in T2-O isomer. QTAIM 
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computations illustrated mixture of the shared and 
closed-shell interactions for Mo-O and also Mo-N bonds 
in the studied systems. IRI graphs were revealed all kinds 
of interaction regions in the studied molecules. 
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