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 Introduction

Five-membered oligoheterocyclic compounds, such as
igthiophene, oligopyrrole, and oligofuran have raised an
tensive interest in the last decade because they display
scinating semi-conductivity, photo-conductivity, and
ctroluminescence properties [1,2]. Intrinsic conducting
lymers with conjugated double bonds are newly
nsidered as a very important class of electroactive and
otoactive materials. Some of these polymers exhibit
ysical properties that lend them to the development of

splay devices, transistors, sensors, etc. [3–5]. These
plications have received a great deal of attention from

both the academic and industrial research centres [6–9].
During the past decade, thiophene-based electronic
materials have been extensively investigated. The ease
in the chemical modification of the structures of these
materials can potentially allow us to fine-tune their optical
and electronic properties [10–14]. These properties
strongly depend upon the degree of electronic delocaliza-
tion present in such materials, effective conjugated length
(ECL), and introduction of substituents at specific posi-
tions. However, a significant drawback of oligothiophenes
is their low fluorescence and poor stability with respect to
the oligomers consisting of substituted derivatives [15].

In order to develop a higher performance of oligothio-
phene, several modified oligothiophenes have been
synthesized, and their electronic properties symmetrically
investigated. One approach is to substitute the side-chain
of the thiophene ring. Substituents at the b-position of
the monomer rings prevent the undesirable a-b couplings
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A B S T R A C T

The structures and electronic states of a series of phenyl-capped oligothiophenes (PnTs)

and their ionic species were investigated by means of the density functional theory (DFT).

The calculations were performed on the oligomers formed by n repeating units, where n

ranges from 2 to 6, using the B3LYP/6-31G** level of theory. The results obtained show that

the end-substitution plays a fine-tuning effect on the geometries, electronics, and

excitation states. It was found that the oligomers in the doped state have more satisfactory

structural and electronic characteristics for the conducting polymers. The conjugated

system in the doped oligomers has more aromaticity, with expanded and planar chains.

The calculated energy gap values between the frontal molecular orbitals for the PnTs

indicate that with increasing the oligomer chain length, the conductive band gap

decreases. The calculated first excitation energies of the PnTs at the TD-B3LYP/6-31G**

level reveal that the doped PnTs have lower excitation energies than the neutral states. The

oligomer chains with a phenyl ring as the end-capped group display red shifts in their

absorption spectra. The end-caped substituted oligothiophenes display better character-

istics than the unsubstituted ones. It could be anticipated that the phenyl-caped

substitution would be helpful to charge-carrier hopings between chains, and thereby,

enhance the conductivity.
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at decrease the conjugated length and solubility of the
olymers, and also the substitution plays an important role

 the electrical and electro-optical properties of the
olymers [16]. Conducting polymers with modified
olubility in some industrially important solvents have
ecently been synthesized by introducing a proper sub-
titution on the monomer ring [17,18]. It is clear that the
lectronic and structural properties of a substituent
ontribute to the delocalization of the polymer p-
onjugate system, and the introduction of an electron-
onating substituent at the b-position of the thiophene
ing might be an interesting strategy to prevent defects,
nd withhold or even surpass the desirable properties of
olymers [19–23].

The other approach is to synthesize the capped
ligothiophene, where both ends of the thiophene chain
re capped by the substituted groups [24–29]. The capped
ligothiophenes have a well-defined molecular size and a
igh chemical stability. Recently, it has been found that
henyl groups as the end-substituents have novel light-
mitting properties [24–29]. Although these features,
btained experimentally, are one of the interesting points

 capped-oligoheterocyclics, the electronic structures of
oth neutral and doped states of the capped-oligoheter-
cyclics are not clearly understood due to the lack of
eoretical works. However, in the last few decades,
eoretical calculations have been employed to investigate

ifferent aspects related to the molecular and electronic
tructures of thiophene and its b-position substituted
erivatives using ab initio and DFT calculations [30–37].

 our previous works [38,39], we studied a series of
ubstituted pyrroles as potential monomers for the synth-
sis of conductive polymers and the corresponding oligo-
ers with modified physical and electrical characteristics.

Theoretical investigations on a series of end-substi-
ted oligoheterocycles are thereby desirable for designing

ovel functional materials, which is the main purpose of
is work. In the present study, we investigated the phenyl

roup effect as the end-substitution on the structural and
lectronic properties of a series of oligothiophenes in the
round and exited forms and their doped states, as
btained with the aid of DFT calculations. To this end,
e investigated characteristics of the p-conjugate system

nd bond length alternation pattern, HOMO–LUMO gaps,
lectron affinity (EA), ionization potential energy (IP), and
e first excited energies of a series of PnTs including di-,
i-, tetra-, penta-, and hexamers.

. Computational details

The ground-state geometry of each oligomer studied in
is work was fully optimized using gradient procedures at
e hybrid density functional B3LYP level of theory. A

reliminary basis set test carried out for calculations on the
lectronic ground state showed that 6-31G** was the best
asis set that can be used within our available hardware/
oftware facilities within a reasonable time. Our previous
tudies [38,39] and reports by others [40–46] have shown

at the DFT appeared notably adapted to describe
ligoheterocyclics. Thus, the DFT-B3LYP level of theory
as selected for the present study of PnTs using the

6-31G** basis set as implemented in the Gaussian 03
program package [47].

The optimized geometries were calculated for both the
neutral and doped states of the oligomers. There was no
symmetric constraint on geometry optimization. The
nature of the optimized stationary point was characterized
by frequency calculations at the same level of theory with
the same basis set. The analysis of the obtained results
showed that all the optimized structures were obtained as
minima on the potential energy surface without any
imaginary mode. The energies of the different states in the
relevant geometries were obtained for calculating the IP
values using the Koopman theorem [48]. The time-
dependent density functional theory (TD-DFT) [49,50]
was employed to calculate the optical properties on the
basis of B3LYP/6-31G** optimized geometries. Ten lowest
excitation states of each compound were computed, from
which the excitation spectra were theoretically simulated
with a Gaussian broadening of 0.6 eV of full-width half
maximum.

3. Results and discussion

3.1. Molecular geometry

The sketch map of the structure for the hexamer type
(n = 6), P6Ts, is depicted in Scheme 1, as an example of the
PnTs. It is noticeable that the carbon atoms adjacent to the
heteroatom in the thiophene ring a positions are branch-
ing centers in the electropolymerizationelectro-polymer-
ization process, and thus controls the stereochemistry of
the polymer chains. Also, the b carbon atoms are in
appropriate positions for substitution. However, in this
study, the phenyl substitution was fixed at the head and
tail of an oligomer chain. It is known that the well-defined
polymer structure contains almost exclusively the head-
to-tail (HT) conformation, due to the a–a couplings
between adjacent heterocyclic monomers in the backbone
of polymer chains [38,39]. Thus, geometry optimization of
PnTs was performed on the HT conformation at the B3LYP/
6-31G** level of theory.

One of the important factors related to the extent of the
p-conjugation is the chain planarity, which can be
reflected by the tortional angle D, as defined in Scheme
1. Dihedral angles defining the torsion between two
adjacent building units along the oligomer chain for nTs,
PnTs, and their ionic species were collected in Table 1. The
calculations indicate that nTs and PnTs, in neutral states,
are non-planar structures, in which the phenyl ring
substituents are largely twisted from the plane of back-
bone structure of PnTs due to their steric hindrances. These
angles are largely changed in the ionic states. With
increase in the repeating units, there is a significant
reduction in the inter-ring torsion angle at the centre of the
oligomer, compared to the outside. It is interesting that the
doped oligomers have less torsion angles than the
corresponding neutral ones. It is known that the planarity
of the polymer chains plays an important role in their
electric conductivity. In general, crystalline oligothio-
phenes have been found to be nearly planar, as a result
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 more favorable crystal packing [51]. The DFT-optimized
ometries are in agreement with the solid-state structure.
Another important parameter of interest with respect to

e p-conjugation is the bond alternation parameter, d,
fined here as the bond length difference between two
jacent single and double bonds. A small d value may
rrespond to a good p conjugation [52]. Here, the two bond
ernation parameters, dintra and dinter, are defined as:

tra¼ rbb� rab and dinter¼ raa� rab (1)

here rab and rbb are the intra-ring bond lengths, and raa

notes the inter-ring bond length, as labeled in Scheme 1.
e average intra- and inter-ring bond alternation para-
eters for neutral, cationic, and anionic species are listed in
ble 2. The investigation of the bond alternation parameter
ows a decrease in phenyl-capped oligothiophenes,
mpared with the corresponding oligothiophenes. Thus,
enyl-capped oligothiophenes show a better p-conjuga-
n. In cationic and anionic species of oligomers, d̄intra and

ter are very little, as expected. It is clear that the doped
igomers show a better p-conjugation system, and the

gth of all singlet and doublet bonds in p-conjugated
ckbone come between the values for the singlet and
ublet bonds. Therefore, we expect a very little d̄intra and

ter for ionic species, in which the results of the bond
ernation parameter are in agreement with this subject.
Furthermore, the quinoid term refers to a structure in

hich the inter-ring bond has a greater double bond

character than that in the standard aromatic configuration,
and it is determined by the quinoid coefficient, fn [53–56].
This geometry parameter is defined as:

f n ¼
R̄single

R̄double

(2)

where R̄single and R̄double are the mean lengths for the single
and double C–C bonds along the conjugated p-system for
oligomer chain with n repeating units, respectively. It is
clear that a fn value closer to unity (fn! 1) corresponds to
an increase in the aromatic character of C–C bonds along
the conjugated polymer chain. The calculated values for
the quinoid coefficient for all PnTs and their ionic states are
reported in Table 2 (last column). As shown in this table,
with growth in the polymer chain, the quantity of fn

decreases towards the unit value. It is also evidenced that
the calculated results for the fn coefficient are consistent
with the behavior of bond alternation parameters for the
PnT species studied. Inspection of the quinoid coefficients
obtained show a decrease in the value of fn for the PnTs
compared with the corresponding nTs. In cationic and
anionic species, the value for fn is close to unity, as
expected. Compared to oligothiophenes, the presence of
phenyl groups as the end-caped substituents could
improve the electron delocalization along the p-conjuga-
tion system. Delocalization of the p-electron onto the
oligomer chain leads to satisfactory resonance structures

ββ

αβ

αα

Scheme 1. Structure and numbering scheme used for the phenyl-capped hexathiophene P6Ts.

ble 1

rsion angles for neutral and ionic species of the PnTs at the B3LYP/6-31G** level of theory.

pecies D1 D2 D3 D4 D5 D0 D00

Ts 21.9 — — — — — —

Ts 18.1 18.2 — — — — —

Ts 17.1 14.7 17 — — — —

Ts 16.4 9.8 9.7 16.3 — — —

Ts 16.4 10.3 0.3 10.7 16.6 — —

2Ts 13.8 — — — — 25.3 25.5

3Ts 12.8 12.9 — — — 25.9 25.8

4Ts 15.3 13.9 15.4 — — 26.4 25.8

5Ts 15.5 12.6 12.7 15.6 — 25.5 25.5

6Ts 15.6 12.5 12.6 12.5 15.5 26.3 25.6

2Ts(+) 0.1 — — — — 7.7 7.5

3Ts(+) 1 1 — — — 16.7 16.6

4Ts(+) 1.5 0.6 1.7 — — 19.8 19.5

5Ts(+) 2.8 0.5 0.6 2.9 — 21.2 20.8

6Ts(+) 3.2 0.4 0 0.4 3.2 22.1 22.6

2Ts(–) 0 — — — — 0 0

3Ts(–) 0 0 — — — 0.1 0.1

4Ts(–) 0 0 0.1 — — 0.1 0.3

5Ts(–) 1.3 0.1 0.2 1.4 — 6.8 7
6Ts(–) 2.3 0.1 0 0.1 2.4 11.4 11.3
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nd improves the stabilization of the PnTs species. It has
een shown that a small bond length alternation may
orrespond to the narrow gap for the highest occupied
olecular orbital (HOMO) and the lowest unoccupied
olecular orbital (LUMO), HLG, and low TD-DFT excitation

nergy, Eg [44,45].

.2. Electronic properties

It is useful to examine the highest occupied orbitals and
e lowest virtual orbitals for these oligomers and

olymers because the relative ordering of the occupied
nd virtual orbitals provides a reasonable qualitative
dication of the excitation properties and the ability of

lectron or hole transport [57]. Since the first dipole
llowed electron transitions as well as the strongest
lectron transitions with largest oscillator strength corre-
pond almost exclusively to the promotion of an electron
om HOMO to LUMO, we calculated the HLGs for all the

tudied oligomers in both the neutral and doped states.
he HLG values for the neutral form are illustrated in Fig. 1
chematically. As we can see in this figure, reduction of
LGs for all oligomers becomes more obvious with
creasing the conjugation length. As shown in this figure,
e HLG values for the PnT species are less than those for
e corresponding nT species. According to this figure,

losing the end-sides of oligothiophenes by phenyl groups
estabilizes both the HOMO and LUMO levels. The results
btained show an increase in the HOMO orbital level and a
ecrease in the LUMO orbital level after closing the end-
ides of oligothiophenes by phenyl groups, and then, a
eduction value for the HOMO–LUMO gap for phenyl-
apped oligothiophenes.

In addition, another important tool to qualitatively
dge the excitation state is the TD-DFT technique. It is

lear that the low-lying excited states of the polymer,

the electron and hole conductivities. In particular, the first
excited state is strongly correlated with these transport
processes. Therefore, studying the excited states is
important in the elucidation of the mechanism of the
electron and hole conductivities in organic semi-conduc-
tors. Here, the excitation energies from the first to 6th
excited states of each oligomer are calculated at the B3LYP/
6-31G(d,p) level of theory. For instance, the simulated

2T 3T 4T 5T 6T P2Ts P3 Ts P4 Ts P5Ts P6 Ts

H
L
G
/e
V

-6

-5

-4

-3

-2

-1

0

2.672.853.133.56 44.353.4 3.07 2.85 2.68 2.57

Fig. 1. Variation in HOMO, LUMO, and HLG with the number of units (n)

for PnTs and nTs, schematically.

Fig. 2. Simulated absorption spectra for both hexamers 6Ts and P6Ts

able 2

ond alternation parameters and quinoid coefficients, fn, for neutral and

nic species of the PnTs at B3LYP/6-31G** level of theory.

Species d̄intera/Å d̄intra/Å fn

2Ts 0.052 0.073 1.0441

3Ts 0.046 0.069 1.0411

4Ts 0.042 0.066 1.0391

5Ts 0.04 0.066 1.0377

6Ts 0.038 0.063 1.0367

P2Ts 0.038 0.066 1.0347

P3Ts 0.036 0.064 1.0344

P4Ts 0.035 0.062 1.0342

P5Ts 0.034 0.062 1.0339

P6Ts 0.034 0.061 1.0337

P2Ts(+) 0.021 0 0.9902

P3Ts(+) –0.013 0.008 0.997

P4Ts(+) –0.008 0.014 1.0016

P5Ts(+) –0.003 0.019 1.0052

P6Ts(+) 0 0.023 1.0081

P2Ts(–) 0.006 0.066 0.9987

P3Ts(–) 0 0.064 1.0037

P4Ts(–) 0.004 0.062 1.0074

P5Ts(–) 0.007 0.062 1.0103

P6Ts(–) 0.009 0.061 1.0127
alculated at the Td-B3LYP/6-31G(d,p) level of theory.
ligomer, and organic semi-conductors are correlated with c
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citation spectra obtained using a Gaussian broadening
r six lowest excitation states of hexamers are described
 Fig. 2. The results obtained for the TD-DFT excitation
ergy (Eg) and the longest wavelength (lmax) of the
aximum absorption peaks with corresponding oscillator
engths (f) of each oligomer are collected in Table 3. For

 the oligothiophene derivatives, the calculated lmax

lues show the increasing order of dimer < tri-
mer < tetramer < pentamer < hexamer, which is in
od accordance with the corresponding reverse order

 Eg values. The obtained results show that the attachment
 phenyl groups to the end-sides of oligothiophenes leads

 an evident bathochromic shift and increase in the
tensity of the maximum absorption peak. This indicates
at PnTs will have large lmax values in the solid state due

 higher conjugation length and flat structures. Moreover,
 expected, the simulated absorption spectra and
havior of the maximum absorption peaks are qualita-
ely in agreement with the results obtained in studying
e HOMO and LUMO orbitals.
As mentioned in the introduction section, efficient

jection and transport of both holes and electrons are
portant parameters for the rational design of optimized
ht-emitting diodes, and lead to the good performance of
nductive polymers in device, such as organic light-
itting diodes (OLEDs) [52]. The ionization potential and
ctron affinity are closely related to the degree of
ctron extraction (hole injection) to form p-type semi-

nductors and electron injection to form n-type semi-
nductors [44]. Electronic energies for the neutral,
tionic, and anionic species of the oligomers were
lculated at the B3LYP/6-31G** level of theory, and used
r calculation of the ionization potential (IP) and electron
finity (EA) of each oligomer, which are listed in Table 4.
e results obtained for IPs and EAs show a decrease in the
ergy barrier for the hole and electron injection after
sing the end-sides of oligothiophenes by phenyl groups,
d show better p-type and n-type conducting for phenyl-
pped oligothiophenes than the corresponding oligothio-
enes. It was found that as the fraction of thiophene

creases, the IP values decrease, which corresponds to an
provement in the hole injection properties, and this is
o consistent with the trend of changes in the case of
Gs. With increase in the conjugated length, influence of

e substituent type is not considerable. It is known that
e formation of the intermediate radical cations from the

monomers, as the first step in the polymerization
mechanism of conductive polymers, has an important
role in their polymerization process. This reaction can be
considered as an ionization reaction [58–60]. In general, it
may be concluded that the initiation step of electropoly-
merization of PnT species requires a lower applied
potential. In other words, this potential is reduced when
the electron conjugation of molecules increases. This
behavior is in agreement with the lower oxidation
potentials measured experimentally [60].

The organic field-effect transistor and the organic light-
emitting diode experiments show that a Schottky-type
injection barrier for hoping-type carrier transport can
satisfactorily describe the charge injection properties of
electrode/organic interface [61,62]. Thus, for a given
electrode, the hole and electron injection rates are mainly
decided by the HOMO and LUMO levels. The relationship of
the charge carrier injection rate between the unsubstituted
and substituted molecules can be expressed as:

ysub
e

yunsub
e

¼ expðE
unsub
L � Esub

L

kT
Þ (3)

ysub
h

yunsub
h

¼ expðE
unsub
H � Esub

H

kT
Þ (4)

where ysub
e and yunsub

e are the electron injection rates for
the substituted and unsubstituted molecules, respectively;
Esub

L and Eunsub
L are the LUMO energies for the substituted

and unsubstituted molecules, respectively; ysub
h and yunsub

h

are the hole injection rates for the substituted and
unsubstituted molecules, respectively; Esub

H and Eunsub
H

are the HOMO energies for the substituted and

ble 3

e values of lmax, Eg and oscillator strength (f) of simulated absorbtion

ectra for the PnTs at B3LYP/6-31G** level of theory.

ompound lmax/nm Eg/eV f

Ts 301.5 4.11 0.41

Ts 369.88 3.35 0.8

Ts 424.78 2.92 1.2

Ts 472.66 2.62 1.58

Ts 511.2 2.42 1.96

2Ts 390.66 3.17 1.2

3Ts 441.61 2.81 1.57

4Ts 480.63 2.58 1.94

5Ts 515.17 2.41 2.28

Table 4

The values of ionization potential (IP) and electron affinity (EA) for the

PnTs at B3LYP/6-31G** level of theory.

Species IP/eV EA/ev

2Ts 7.11 –0.34

3Ts 6.49 –0.36

4Ts 6.14 –0.78

5Ts 5.9 –1.05

6Ts 5.74 –1.25

P2Ts 6.28 –0.63

P3Ts 6 –0.94

P4Ts 5.81 –1.15

P5Ts 5.67 –1.31

Table 5

Comparison of the carrier injection rates for PnTs respect to correspond-

ing nTs.

Compound n-type p-type

2Ts 1.00 1.00

3Ts 1.00 1.00

4Ts 1.00 1.00

5Ts 1.00 1.00

6Ts 1.00 1.00

P2Ts 1.06 � 107 1.78 � 108

P3Ts 7.11 � 103 2.794 � 104

P4Ts 2.04 � 102 3.29 � 102

P5Ts 26.15 26.15

6Ts 542.96 2.28 2.62 P6Ts 7.41 5.99
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nsubstituted molecules, respectively. Table 5 lists the
arrier injection rates for phenyl-capped oligothiophenes
elative to the corresponding oligothiophenes. Due to the
xponential dependence of carrier injection rate on the
jection barrier, DE, the difference of a few barrier heights

an significantly influence the injection rate. The results
btained show a large increase in the charge-carrier
jection rate for phenyl-capped oligothiophenes with

espect to the corresponding oligothiophenes. With an
crease in the chain length, the relative charge-carrier
jection rate decreases. It shows a larger charge-carrier
jection rate for the electron carrier than for the hole

arrier, which exhibits the phenyl-capped oligothiophene
ndency towards n-type transport. In practice, the

ubstitution technique is usually used to tune the doping
pes for designing novel materials with desirable con-

uctive behaviors. For example, the unsubstituted and
e–CH3/–CH3 end-capped oligothiophenes show p-type

onductivity [63–68], while the–CN/–CN end-capped
ligothiophenes exhibit n-type transport [69–72]. Our
ecommended polymer possessing phenyl group as end-
apped is a good candidate for the design of charge
ansport and/or solar cell materials. This study may be
elpful in further theoretical investigations on such kind of
ystems and also to the experimental study of charge
ansport and/or solar cell materials.

. Conclusion

In this work, the effect of the end-substitution of phenyl
roup on the geometry, electron conjugation and electro-
ic properties of oligothiophenes was investigated using
FT. The presence of the phenyl substituent at the ends of
n oligothiophene chain exerts fine-tuning effects on the
tructures, electronic and excitation states. The calcula-
ons carried out on both neutral and doped phenyl-caped
ligorthiophenes show that the doped oligomers have
ore satisfactory structural and electronic characteristics
r conducting polymers. The conjugated p-system in the

oped oligomers is expanded more, with a higher
lanarity, and the quinoid coefficient is close to unity.
he obtained results reveal that with increasing the
ligomer chain length, the bond alternation parameter

 a conjugated system tends towards zero, corresponding
 higher aromaticity. Also, the calculated energy gap

alues between the frontal orbitals, electron affinities, and
nization potentials indicate that with increasing the

ligomer chain length, the conductivity band decreases.
he absorption spectra were evaluated at the TD-B3LP/
-31G(d,p) level. Among the molecules investigated, those
erivatives with a phenyl ring as the end-capped group
isplay the largest lmax value, which is in good agreement
ith the results obtained for the HOMO–LUMO energies. In

ddition, all the PnTs investigated have better hole- and
lectron-transporting rates, and can act as nice ambipolar
aterials.
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