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Oligothiophenes have been subjected to a vast number of
studies due to their intrinsic optical and electronic properties.’
Previous studies demonstrate evidently the importance of metal
coordination to oligothiophene in order to affect these proper-
ties.” Especially. the transition metal containing complexes with
conjugated ligands are of significance interest because they
allow the metal to influence the overall properties of these com-
plexes which may lead to numerous applications. For instance.
Stott er af. reported the variation in distance between oligothio-
phenes depending upon the tyvpe of metal used.” In this regard,
the interaction between the metal and conjugated ligand is of
fundamental importance. As. oligothiophene-based structures
illustrate variety of interactions which include van der Waals
interactions, #i-n stacking. weak hvdrogen bonding, and sulfur-
sulfur interactions (arising due to the high polarizability of the
sulfur atom in thiophene ring). So. it would be intriguing to exa-
mine as to how the alteration in terminal ligand environment at
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the metal center may result in the instigation of the §--8 inter-
actions in complexes having oligothiophene as bridging ligand.
Though, the S-S interaction is a weak attractive force in gas and
solution, it plays an important role in packing of molecules in
crystals. Especially. the S-S interactions are one of the major
forces which influence the structures of organic conductors.”

This theoretical study of Pd(II) complexes seems to be worth
carrving on the basis of following queries. i) What kind of sub-
stitution at metal centers incites the S-S interactions in oligo-
thiophenes? ii) Does the nature of the ligand is one of the major
factors that influenced the S--§ interactions between bridging
moieties? iii) Does any relationship between the S-S distance
and charge onthe S atoms of oligothiophene exist? Through
the use of various types of terminal ligands at metal centers in
our calculations. we sought to recognize the factors that affected
most the structural parameters and stimulated S-S interactions
in Pd(II) complexes.
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Figure 1. (a) Presentation of the $+ 8 mteractions in Pd complex along with terminal and bridging ligands. Here,n =1 - 3. (b) Variations in the
S--8 distance of PA(ID) complexes A (1-3), B (4-7) and C(8-15) with respect to the munber of thiophenes at the B3LYP/6-31g* (LANL2DZ for

Pd) level.
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PA(IT) complexes were first optimized with 3-21g* basis sct
at density Tunctional theory (B3LYP) level using Gaussian 03
package.™ Finally. the structures were optimized with 6-3 1g#
forC. P, H.O.Cl F. and N atoms and LANL2DZ for Pd atom.
Natural Bond Orbital (NBO) analy'sis was performed in order to
investigale the charge disinbution in all complexces. To confirm
the existence of stable structures. the harmonic vibrational fre-
quencies of the structures were analyzed at the B3LYP level.
Pd(11) complexes having phosphine-substituted monothiophene.
bithiophene. and teriluophence bridging ligands are designated
as a. b. and ¢. respectively.

Pd(I[) complexes can be classified into three types. which are
depended upon ihe kind of terminal ligands as [ollowing: A
complexes with uncharged terminal ligands. B complexes with
uncharged and charged terminal ligands. C complexes with the
charged terminal ligands. The intriguing structural feature of
Pd(II) complexes 1s the distance between sulfur atoms of bri-
dging phosphine-substituted oligotliophenes which may result
in strong/weak S-S interactions. The presentation of the S-S
mnteractions 1n Pd(1l) complexes with such a distinctive motif 1s
presented in Figure 1(a). [n our optimized structures, the 88
distance lics in the range between 3.662 and 4.688 A as depicted
in the Figure 1(b). whereas twice the van der Waals radius of
sulfur atom is 3.70 A. However. due to broad potential of the
vander Waals [orees. the distances between sullur atoms longer
than their van der Waals radius could also result in the S8
intcractions. So. besides relatively stronger van der Waals §-+-8
interactions. weak van der Waals S-S interactions at longer
distance are also present in Pd(II) complexes. The trend inthe
S-S distance between bridging moictics of Pd(IT) complexes
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Figure 2. Showing the variations in (a) atomic charge on S atom of
thiophene und (b) LHHOMO-LUMO gap (ALY of PA(1L) complexes A A)
(1-3), B(®)(4-7) and C(m)(8-15) with respect to the number ot thio-
phenes at the BILYP/6-31g* (LANL2DZ tor Pd) level
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with vartous termunal higands 1s shown in the Figure 1(b). The
A (vpc complexes exhibit relatively smaller distance (3.662 0
4.071 A) between sulfur atoms than other complexcs. Especi-
ally, PH; with soft o-donor and m-acceptor properties of P. aug-
mented n-donation to metal as evident from minimum positive
charge (0.20 au) catricd by Pd atom adjacent to PHa, Morcover.
the maximum positive charge on S atoms in the A type con-
plexes depicted in Figure 2(h). as compared to other complexes
also marked enhanced z-donation from bridging oligothiophene
ligand to metal center. Thus. the stronger van der Waals S-S
interactions (3.662 A) along with slightly longer one (3.799 (o
4.071 A) than van der Waals radii of § atoms were observed in
the A (ype complexes. The S-S van der Waals interactions rang-
mg from 385 (0 4.29 A were also reported n experimental
studics. * While. existence of several long-range van der Waals
interactions along with strong S-S interactions which lead to
the formation of tubular structures were also reponed."}
However. incase of the B type complexes. the S-S distance
varies from 3.705 to 4.152 A. In these complexes. one of the
metal centers coordinates with charged higands through O. C. Cl,
and F atoms and more n-back donation from metal to anionic
terminal ligand and bridging oligothiophene accurs. Relatively
less positive charge carried by S atoms of (he B type complexes
than the A type complexes as shown in Figure 2(a). also indi-
cales this chargg trans(er to oligothiophenc, On (he other hand.
presence of neutral ligand at the other metal center in the same
structure resulted in more n-donation (0 ctal and shaped more
svmimetric structures. While, in the Ctype complexes. the S-S
distances varies from 3.84+4 to 4.688 A. The presence of anionic
terminal ligands at both inctal centers lead to the a-back donation
from metal to anionic terminal ligand more vigorously as com-
pared to other complexes. This better ni-back donation from me-
tal to anionic terminal ligand is quite evident from the maximum
average positive charge (0.54 au) on Pd atoms anchored with
anionic (crminal ligand. While. relatively high charge valucs
of negatively charged O. C. Cl. and F atoms of anionic ligands
also signify this increasc in r-back donation from metal (o ter-
minal ligands in (hese complexes. Morcover. minimum positive
charge on S atoms of the C type complexcs as compared (o other
complexes is also an indication of a better n-back donation in
the C tvpe complexes. Previous studies have also revealed the
clectron-withdrawing characteristic of anionic ligand coordi-
nated with Pd metal in oligothiophene containing complex. '"
The molccular obital variations (HOMO. LUMO) of PA(ID)
complexes were also exanuned meticulously. The gap between
HOMO and LUMO levels tends to vary along with the varia-
tions in termmal hgands and number of thiophenes as mamfesicd
1n Figure 2(h). The B tv pe complexes exhibit minimum energy
gap (0.19 1o 1.03 ¢V) as compared (0 other complexes. Inthese
complexes, HOMO 1s localized on metal and the anionic ligand
anchored with it and LUMOQ 1s composcd of the metal center
attached with ncutral tcrminal hgands. However. the A type
complexes displav an apparent reduction in HOMO-LUMO gap
from 3.20 to [.59 ¢V wilh the increase in number of (hiophenes.
HOMO and LUMO of these complexes comprise of bridging
oligothiophene units and nictal aloms. correspondingly. Ascom-
pared to other complexes, the C type complexes with charged
terminal ligands hold maximum energy gap varving from 2.72
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to 3.36 eV and HOMO and LUMO are confined to terminal
anionic ligand and metal atoms. respectively.

The geometrical features of thiophene in Pd(II) complexes
illustrate slight variation upon change in ligand environment
at metal center. The average bond lengths for thiophene rings
range from 1.736 to 1.758 A for C-S bonds, 1.376 t0 1.397 A
for C=C bonds. and 1.399 to 1.422 A for C-C bonds. These
bond lengths are comparable to those which are previously re-
ported in other complexes of this tvpe. "' The C-S bond lengths
are not equal in oligothiophene due to coordination of two rings
with P atom at one ¢-position. It has also been suggested that
enhanced n-back bonding with coordinated thiophene ring would
weaken the C-S bond."

In conclusion. this theoretical study reveals various trends in
S-S distances among Pd(II) complexes which signify' the major
influence of the nature of terminal ligands on the strength of
van der Waals S-S interactions. Moreover. a strong correla-
tion between the S-S interactions and charge on S atoms of
oligothiophene is also revealed. The A type complexes have
exhibited minimum S--S distance as compared to other com-
plexes. Consequently, it could be concluded that substitution
of uncharged terminal ligand may be more helpful to instigate
short sulfur-sulfur interactions in this motif of Pd(II) complexes
than charged & uncharged. and charged terminal ligand-con-
taining complexes.
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