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Scheme 1. Schematic diagram of the charge transfer in Pd complex 
along with terminal and bridging ligands

Heterocyclic compounds such as thiophene and selenophene 
with their plane π-conjugated structures are of immense interest 
as they give rise to wide range of applications.1 The charge vari-
ations of X (X = S, Se) on the bridging ligand in Pd(II) metal 
complexes were influenced by the electron donating and/or 
withdrawing groups at the terminal ligands. Many researchers 
have used variety of electron-rich or electron-deficient substi-
tuent which induces intra-molecular interactions thus controlling 
the geometry of the structures.2-3 Therefore, rendezvous of suit-
able substituent is an important factor that can influence the 
intra-molecular geometry of the complexes via atomic charge 
variations between various substituents. Phetmung et al. indi-
cated the significant character of the S···S inter- and intra-mole-
cular interactions in controlling the reactivity of sulfur com-
pounds, the actual conformation, and crystal packing.4 In addi-
tion, Hayashi et al. reported the Se···Se contacts in structural 
and theoretical investigations which stabilized the structures of 
selenoxides.5 In an experimental study, Seppälä group showed 
the attractive Se···Se interactions between uncharged molecules 
which lead to the formation of dimmer in supra-molecular struc-
tures.6

The chalcogen have a strong inclination to act as bridging 
ligands and a number of bimetallic group 10 complexes with 
these bridging chalcogen have been characterized.7 The main 
goal of this research work is to theoretically investigate the vari-
ation of the atomic charges of X on bridging heterocyclic ligands 
along the electron donating and/or withdrawing groups at the 
terminal ligands. Whether the electron donating and/or with-
drawing groups at the terminal ligand instigate modification of 
the atomic charge of the X on bridging ligands? Are there any 
relationship between the electron-property of the terminal ligand 
and the (X…X) interaction of inta-bridging ligand? What are the 
effects of changing heteroatoms from sulfur to selenium? The 
research work reported here intends to counter all the above- 
mentioned queries.

Pd(II) complexes having oligothiophene were optimized with 
6-31g* for C, P, H, O, Cl, F, and N atoms and LANL2DZ for 
Pd atom at the density functional theory (B3LYP) level using 
Gaussian 03 package.8,9 While, Pd(II) complexes having selen-
ophene as bridging ligand were optimized with 3-21g* basis 
sets at the B3LYP level. Natural Bond Orbital (NBO) analysis 
was performed in order to investigate the charge distribution in 
all complexes. To confirm the existence of stable structures, the 
harmonic vibrational frequencies of the structures were anal-

yzed at the B3LYP level. The schematic presentation of the 
atomic charge transfer in Pd complex in conjunction with the 
terminal and bridging ligands is depicted in the Scheme 1. The 
total number of combinations of ligands which are applied as 
terminal ligand are 11. Pd(II) complexes can be classified into 
three types, which are depended upon the kind of terminal 
ligands as following: A (1~2) complexes with four electron- 
donating groups at the terminal ligands, B (3~5) complexes 
with four electron-withdrawing groups, C (6~11) complexes 
with two electron-donating and the other two electron-with-
drawing groups. Pd(II) complexes having phosphine-substituted 
monothiophene, bithiophene, and terthiophene bridging ligands 
are designated as a, b, and c, respectively.

Here, we have attempted to find out the influence of terminal 
ligands which is most suitable in instigating charge transfer 
and X···X distance. As in all Pd(II) complexes, the variation in 
terminal ligand environment has shown profound effect on 
structures of Pd(II) complexes. Therefore, an investigating piece 
of property data can be found by changing the atomic charge of 
X in Pd(II) complexes with different terminal ligands. Due to 
the substitution of terminal ligands of the A, B, and C types, 
the variations of the atomic charge of X and X···X distance has 
been observed. In optimized Pd(II) complexes, each metal cen-
ter adopts a square planer geometry in which two positions are 
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Figure 1. Variations of atomic charges of X (S, Se) in Pd complexes 
from the electron-donating terminal ligand to electron-withdrawing 
ligand. 4NH3: 1, 4OCH3

‒: 2, 4PH3: 3, 4Cl‒: 4, 4F‒: 5, 2NH3-2PH3: 6, 
2PH3-2Cl‒: 7, 2CH3-2PH3: 8, 2Cl‒-2F‒: 9, 2CH3

‒-2F‒: 10, 2OCH3
‒- 

2F‒: 11.
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Figure 2. Showing the variations of the X···X distances for the thio-
phene (c) and selenophene (d) bridging ligand in Pd(II) metal complexes
with respect to change in the electron donating and/or withdrawing 
terminal ligands.

occupied with bridging phosphine ligands and the other two 
positions are occupied by terminal ligands. The Pd(II) com-
plexes having thiophene oligomers as bridging ligands, show 
S···S distance ranging from 3.662 to 4.688 Å as shown in the 
previous paper.10 The existence of S···S interactions has been 
stated by various previous theoretical (RS···S ≈ 3.38 ~ 4.03 Å,11 
3.336 to 3.907 Å12) and experimental (RS···S ≈ 3.212 to 3.875 Å,13 
3.33 to 3.98 Å,14 and 4.027 ~ 4.281 Å15) works. The existence 
of several long-range van der Waals interactions along with 
strong S···S interactions which lead to the formation of tubular 
structures were reported.16

Whilst, in Pd(II) complexes with selenophene as bridging 
ligand, the distance between the Se atoms were RSe···Se ≈ 3.501 ~ 
3.810 Å. (van der Waals radius of selenium atom is 3.80 Å) The 
experimental value conducted by Davis et al. reported the dis-
tances (3.716 to 4.197 Å) between selenium atoms.17 The experi-
mental values for the Se···Se interactions were 3.78 Å18 for the 

chained structures and 3.42 to 4.72 Å19 (3.80 to 4.34 Å20) for 
the other experimental studies. Meanwhile, the charge transfer 
from the electron-donor/electron-withdrawing terminal groups 
results in more positive and negative atomic charges of the 
heteroatoms on bridging moiety. The characteristic of terminal 
ligands has persuaded the trends of the atomic charge of X as 
depicted in Figure 1.

As shown in Figure 1, the trends of the charge variation (n) of 
the sulfur atom are similar to those (m) of the selenium. Due to 
the electron-property of the terminal ligands, the charge vari-

ations of X were slightly influenced via the metal center. As the 
unit (n = 1 → 3) of bridging ligand increases, the distance bet-
ween the terminal ligand and phosphine-substituted thiophene 
and selenophene oligomers also increases gradually and charge 
variations on the S and Se atoms decreases simultaneously. In 
A type with the electron-donating group, the atomic charges of 
the X (X = S, Se) atoms are relatively negative, while, in B type 
with the electron-withdrawing group, the charges are relatively 
positive. The atomic charges of the C type give average level. 
Moreover, the Pd-P bond lengths are shorter in Pd(II) com-
plexes with the electron-donating terminal ligands than other 
complexes with the electron-withdrawing terminal ligands. The 
more charge transfer carried by the Pd atoms of the Pd com-
plexes with thiophene and selenophene bridging ligands also 
illustrates this enhanced π-donation.

As shown in Figure 2, the distance between heteroatoms (X) 
of bridging phosphine-substituted oligomer which can induce 
attractive/repulsive X···X interactions were depended on the 
property of the terminal ligands. It has been perceived that sub-
stitution of the terminal ligand invokes more charge transfer 
from ligands to the metal centers as evident form stronger bond 
between the metal and bridging ligand (Pd-P). That is, the charge 
transfer from the electron-donor/electron-withdrawing terminal 
groups results in widening the distance between heteroatoms 
of two bridging moieties. In A (electron-donator) and B (elec-
tron-withdrawer) types, the distance between heteroatoms (X) 
of bridging phosphine-substituted oligomer increases. Mean-
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while, the distance in the C type (one side is electron-donator, 
the other is electron-withdrawer) is average. With increasing 
n (n = 1 → 3), the distance of X···X increases gradually and the 
distance from S to Se increases simultaneously. That is, the 
Se···Se distance of the electron-rich selenophene oligomer con-
taining Pd(II) complexes are longer than those of thiophene 
oligomer containing Pd(II) complexes.

In conclusion, the present study indicates that nature of termi-
nal ligands have imperative effects on the atomic charge transfer 
from terminal ligand to heteroatoms (X) and the strength of 
X···X interactions. In the Pd(II) complexes, the electron-pro-
perty of terminal ligand well propagated to the heteroatom of 
bridging ligand via the Pd(II) metal center. Pd(II) complexes with 
four electron-donating or four electron-withdrawing terminal 
ligands showed longer X···X interactions. Moreover, another 
important finding of this research work is that X···X interactions 
become stronger on going from S to Se. This, trend of X···X 
interactions could be related to the electron-retaining ability of 
heteroatoms. Thus, it could be suggested that Pd(II) complexes 
substituted with neutral terminal ligands and having selenophene 
oligomer as bridging oligomer can activate short X···X inter-
actions in this motif of Pd(II) complexes.
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