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Abstract

Structural, electronic, and optical properties of a series of p-conjugated chain type oligomers composed of the bipyridyl, ethynyl and thio-
phenyl fragments are studied by advanced quantum chemical methods. The properties of the P-oligomers (P1eP4, with 1e4 repeating units,
respectively) and the corresponding DP-oligomers (DP2eDP4, with 2e4 repeating units, respectively, but without the terminal thiophenyl frag-
ments) are compared. The geometry optimization results at B3LYP/6-31G level show that all the fragments involved in both the P-oligomers and
DP-oligomers in the ground state exhibit a zigzag chain within the molecular plane. The TD-DFT calculations reveal that the dipole-allowed
lowest-lying X1A / A1B absorption band of each oligomer possesses the p / p* transition characters. The geometry structures of P1, P2
and DP2 in the excited state have been studied by the CIS method, the fluorescence of them revealed by TD-DFT method is originated
from the 1[pp*] excited state. Upon increasing the number of the repeating unit, there is a progressive lowering in HOMOeLUMO gaps, being
consistent with the red shifts in the lowest-lying absorptions and fluorescence. The ionization potentials (IPs) and electron affinities (EAs) of the
polymer are obtained by the extrapolation method. The calculated IPs of DP-polymer are lower than those of P-polymer and the EAs of DP-
polymer are higher than those of the P-polymer, which indicates that the DP-polymer is more suitable for electron transferring and hole creating
material.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past few decades, much attention has been paid to the
study of the optical properties of the p-conjugated organic
oligomer and polymer materials. Such great interests have
been motivated by their extensive applications such as semi-
conducting devices [1], photovoltaic components [2], organic
light-emitting diodes (OLEDs) [3], and field-effect transistors
[4]. Indeed, the rich electrical and optical properties of these
materials are originated from their special and tunable elec-
tronic structures. For example, the energy gap, which
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determines the optical properties of LEDs, can be regulated
by the attached p-conjugated fragments. Therefore, the theo-
retical investigations on the geometry structures and the elec-
tronic structure of the materials in the ground and excited
states are of practical significance. Ionization potentials (IPs),
electron affinities (EAs), electron-extraction potentials (EEP)
and hole-extraction potentials (HEP) indispensable of organic
compounds are important parameters to evaluate the xerogra-
phy, photography or electroluminescence properties. These pa-
rameters are valuable to access the abilities of the materials to
transport and inject electrons and/or holes. In fact, these im-
portant electronic structural parameters can be obtained by
means of theoretical calculation. On one hand, the theoretical
calculation results can rationalize the properties of the mate-
rials, on the other hand, the calculation results provide
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Fig. 1. Sketch structures of the P-oligomer and DP-oligomer.
guidance to experimental work. However, it is impossible to
take the real polymer systems as the theoretical model object
due to the limitation of the theory level and the vast size of the
systems. This question was solved in 1987 by Lahti, who ex-
plored the extrapolation method [5] to investigate the excita-
tion energy (Eg) of several potentially conducting conjugated
polymers, in which a series of oligomers with different chain
lengths were calculated, then the chain lengths were infinitely
extrapolated to estimated the properties of the polymer. This
approach is theoretically reliable since the conjugated oligo-
mers have the characteristic to converge either in geometry
structure or electronic structure as well as the spectroscopic
properties.

So far, many p-conjugated oligomers have been studied
and appear to be attractive luminescence materials [6e9]. In
this family, most of the objects are P-type oligomers, where
all the involved fragments are unsaturated groups. So far,
a new type oligomers defined as DP-oligomers attract people’s
attention. In contrast to P-oligomers, the DP-oligomers are
with a hydrogen atom to substitute the terminal unsaturated
group in P-oligomers. Therefore, the electronic structures
and the macroscopic properties of the DP-oligomers should
have some change or be improved compared with the P-
oligomers.

Recently a series of P-oligomers and corresponding DP-
oligomers were synthesized by Ziessel and co-workers [10].
The oligomers are composed of the bipyridyl, thiophenyl,
and ethynyl three groups (name as BTE) in each basic repeat-
ing unit. The defined P-oligomers are with the thiophenyl
group as the end and the DP-oligomers terminate on ethynyl
group. The UVevis absorptions and fluorescence of these
oligomers were investigated and showed a red-shift with the
increase of the repeating units, but neither the electronic struc-
tures of the oligomers nor the properties of the polymer were
reported.

Herein, we report the theoretical work on the oligomers
containing the BTE units. We selected the theoretical models
with 1e4 repeating units which are marked as P1 (P-mono-
mer), P2 (P-dimer), P3 (P-trimer) and P4 (P-tetramer), and
corresponding DP2 (DP-dimer), DP3 (DP-trimer) and DP4
(DP-tetramer). A sketch of the chemical structure of the oligo-
mers is depicted in Fig. 1. This work explored the geometry
structures, electronic structures and the optical properties of
the oligomers theoretically, aiming at providing an in-depth
understanding on the correlation of the electronic structures
with the properties. Through the comparison between the P-
oligomers and DP-oligomers, the unusual and favorable prop-
erties of the DP-oligomers are revealed. Furthermore, the
structures and the properties of the polymer are probed, which
is of practical importance.

2. Computational details and theory

In the calculation, C2 symmetry is adopted to settle the con-
formations of all the models both in the ground and in the ex-
cited states. As shown in Fig. 2, all of the oligomers are with
the planar structure and display as the zigzag arrangement in
the plane with the increase of the BTE units. To save the com-
putation resources, we use the hydrogen atoms to replace the
dibutyl group on the thiophenyl fragments appearing in the
Fig. 2. The optimized geometry structures of P4 and DP4 in ground state at B3LYP level.
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real molecules [10] since the dibutyl substituent can improve
the solubility of the oligomers but hardly influence the spectral
properties [10b]. In addition, the calculated low-lying absorp-
tion of P1 just deviates 0.09 eV from that of the real monomer
with dibutyl substituent on thiophenyl fragments. Therefore,
the replacement of dibutyl with hydrogen doesn’t change the
intrinsic nature of the transition characters. Indeed, it is a gen-
eral technique to employ the hydrogen atom to replace the
methyl, phenyl, butyl, etc. in the calculation [11e13] for the
simplification.

In our calculation, IPs, EAs, EEP and HEP are the differ-
ences of the energies between the ionic and the neutral mole-
cules. The vertical IPs and EAs (labeled as v) are calculated
with the optimized geometry of the neutral molecule while
the corresponding adiabatic data (labeled as a) are obtained
with the optimized geometry of the neutral and ionic mole-
cules, respectively, the HEP and EEP are based on the geom-
etry of the optimized cation and anion molecules, respectively.
Energy gaps of the oligomers are always estimated by the
energy difference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). In this work, we also employ the extrapolation ap-
proach to acquire certain property of the polymer. Convention-
ally, the extrapolation approach adopted a linear-fitting
scheme [5,6b]. However, we found that the present systems
are more suitable for the binomial mode defined as
Y¼ aþ bXþ cX2, where X is equal to 1/n and is the reciprocal
of the repeating unit numbers n, and Y is the value of certain
property. As shown in infra parts, the binomial mode can offer
the more precise extrapolation value in contrast to that of the
monomial mode. All parameters correlative to the electronic
structures such as IPs (a, v), EAs (a, v), HOMOeLUMO
(HeL) gap, Eg, etc., and the optical properties of the polymers
are obtained through the extrapolation project.

Previously, people studied the optical properties of p-con-
jugated oligomers with semiempirical methods such as AM1
and ZINDO approaches since these methods are not expensive
[6] and can be performed on the large molecular systems, but
the exact quantitative estimation of the electronic properties
can hardly be extracted due to not only the insufficient de-
scription of the electron correlation effects but also the use
of empirical parameters. In recent years, density functional
theory (DFT) method has attracted a lot of attention because
this method well considers the electronic correlation and can
be applied to the large systems. Recent studies by Orti and
Navarrete show that B3LYP (Becke’s three parameter func-
tional and the LeeeYangeParr functional) scheme is remark-
ably successful in resolving a wide variety of polymer systems
[14], and it can yield the similar and reliable geometries for
medium sized molecules as MP2 calculations did [15,16].

Configuration interaction singles (CIS) [17,18] method,
presenting a general zeroth-order treatment to excited state
just as HF for the ground state of molecular systems, is suc-
cessful in the structure optimization of the excited state proved
by many researchers [6,19]. The wave function, energy, and
analytic gradient of a molecule in an electronic excited state
are available for the CIS method [18,20,21]. However, the
transition energies obtained by the CIS calculations are usu-
ally overestimated since the CIS method uses the orbitals of
a HF state in an ordinary CI procedure to solve the higher
roots and only considered parts of the electronic correlation
effects via the mixing of excited determinants [20,21]. In
our work, we rectify the excited state properties by time-
dependent DFT (TD-DFT) method to compensate the flaw
of the CIS method.

The geometry structures of P1eP4 and DP2eDP4 in the
ground and excited states were fully optimized at the
B3LYP and CIS level, respectively, with the 6-31G basis set
for H, C and N atoms and 6-31G* basis set with one d-polar-
ization function for S atom. Because the calculation to the ex-
cited state requires significantly more computational resource
than that to the ground state, so we only studied the properties
of P1, P2 and DP2 in the excited state as the prototype. IPs,
EAs, HEP, EEP and HeL gap are calculated by DFT method.
The absorptions and fluorescence are calculated by TD-DFT
approach on the optimized geometry structures in the ground
and excited states, respectively. All of the calculations are car-
ried out with Gaussian 03 software package [22] on an Origin/
3800 server.

3. Results and discussion

3.1. The ground state structural properties

The main optimized geometry structural parameters of P1e
P4 and DP2eDP4 are listed in Table 1. As examples, the
optimized geometry structures of P4 and DP4 are shown in
Fig. 2, and the Cartesian coordinates and energies for P1e
P4 and DP2eDP4 are available in Supplementary data. For
all the oligomers, the calculated dihedral angles of C(1)e
C(2)eN(4)eC(8)/C(14)eC(16)eC(17)eC(21)/N(3)eC(1)e
C(2)eC(6)/N(4)eC(8)eC(10)eC(12)/C(8)eC(10)eC(14)e
C(16)/C(17)eC(21)eC(20)eC(19) are almost 180.0� and/or
0.0�, meaning that BTE units keep the respective geometry
as free molecule upon aggregating to the oligomer. Therefore,
we can propose that the P-polymer and DP-polymers should
be planar due to the following two reasons: (1) the ethynyl
and bipyridyl substitutes in oligomers are rigid; (2) the pep
interactions between pyridyl groups tend to significantly re-
duce the torsion angles between the adjacent units [23,24],
the dihedral angles between the adjacent pyridine rings are
fixed up by bridge atoms, which tend to keep the planar
structures.

The calculated bond angles of C(2)eC(6)eC(12)/C(2)e
N(4)eC(8)/C(6)eC(2)eN(4)/C(8)eC(10)eC(12) in all the
oligomers are close to 120.0�, which indicates that the geo-
metry structures of the bipyridyl groups are hardly changed
with the increase of the chain length. As shown in Fig. 2, all the
oligomers display zigzag structures with the angle of 150.0�

between the two neighbor repeating units; we think this kind
of arrangement can reduce the steric effect and stabilize the
molecules at the largest extent.

The bond lengths in the bipyridyl and thiophenyl fragments
of P1eP4 and DP2eDP4 do not vary as the conjugated chains
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Table 1

The optimized geometry structural parameters of P1eP4 and DP2eDP4 in the ground state (X1A) under the B3LYP and the excited state (A1B) under CIS level

P1 X1A/A1B P2 X1A/A1B P3 X1A P4 X1A DP2 X1A/A1B DP3 X1A DP4 X1A

Bond length (Å)

C(1)eC(2) 1.474/1.421 1.474/1.462 1.474 1.474 1.475/1.465 1.474 1.474

C(2)eN(4) 1.360/1.367 1.360/1.345 1.360 1.360 1.36/1.344 1.360 1.36

C(9)eC(13) 1.418/1.396 1.418/1.426 1.418 1.418 1.426/1.430 1.426 1.426

C(10)eC(14) 1.417/1.400 1.417 1.417 1.417/1.400 1.417 1.417

C(22)eC(23) 1.766/1.749 1.766/1.741 1.766 1.766

C(13)eC(15) 1.223/1.215 1.223/1.200 1.223 1.223 1.215/1.196 1.215 1.215

C(14)eC(16) 1.223/1.219 1.223 1.223 1.223/1.220 1.223 1.223

C(16)eC(17) 1.403/1.376 1.403 1.403 1.403/1.374 1.403 1.403

C(17)eC(18) 1.762/1.758 1.762 1.762 1.762/1.759 1.762 1.762

Bond angle (�)

C(2)eC(6)eC(12) 119.3/119.7 119.3/119.3 119.3 119.3 119.3/119.3 119.3 119.3

C(2)eN(4)eC(8) 119.2/120.3 119.2/120.5 119.3 119.2 119.2/120.5 119.2 119.2

C(6)eC(2)eN(4) 121.4/120.2 121.4/120.8 121.4 121.5 121.5/120.9 121.5 121.5

C(8)eC(10)eC(12) 117.0/116.8 117.0/116.8 117.0 117.1 117.1/116.8 117.1 117.1

C(10)eC(14)eC(16) 179.8/179.9 180.0/180.0 179.9 179.9 179.9/180.0 179.5 179.4

C(14)eC(16)eC(17) 179.5/180.0 179.8/179.8 179.6 179.4 179.4/179.8 179.8 179.4

Dihedral angle (�)

C(1)eC(2)eN(4)eC(8) 180.0/180.0 180.0/180.0 180.0 180.0 180.0/180.0 180.0 180.0

C(3)eC(1)eC(2)eC(6) 0.0/�0.0 0.0/0.0 0.01 0.0 �0.0/0.0 0.1 �0.0

C(4)eC(8)eC(10)eC(12) �0.0/0.0 0.0/0.0 0.0 0.0 0.0/0.0 �0.0 0.0

C(8)eC(10)eC(14)eC(16) 0.2/�0.6 0.0/0.0 0.6 0.4 0.0/2.1 1.0 0.2

C(14)eC(16)eC(17)eC(21) 179.9/174.2 179.9/179.9 179.9 180.0 179.8/179.8 178.0 180.0

C(17)eC(21)eC(20)eC(19) 0.0/0.0 0.0 0.0 0.0/0.0 0.0 0.0
are elongated expecting that the bond lengths of C(9)eC(13)
and C(13)eC(15) in ethynyl units change somewhat from
P2eP4 to DP2eDP4. The single bond C(9)eC(13) is
1.418 Å in P1eP4 but 1.426 Å in DP2eDP4, while the triple
bond C(13)eC(15) is 1.223 Å in P1eP4 but 1.215 Å in DP2e
DP4. The bond length variation from the P-oligomer to
DP-oligomer is due to the presence of the tail thiophenyl frag-
ments in the P-oligomers which leads to the stronger conjuga-
tion effects compared with the DP-oligomers and results in the
relaxation of C(13)eC(15) bond and strengthening of C(9)e
C(13) bond.

3.2. The properties of the frontier molecular orbitals in
the ground state

The molecular orbital compositions of P1eP4 and DP2e
DP4 in the ground state are listed in Table 2. We note that
both the HOMOs and LUMOs of P1eP4 and DP2eDP4
spread over the whole p-conjugated backbones and have the
similar character. As examples, the HOMO and LUMO den-
sity diagrams of P1, P4 and DP4 are shown in Fig. 3. As
shown in Fig. 3, the HOMO displays antibonding character
between two adjacent fragments and bonding character within
ethynyl, bipyridyl and thiophenyl parts. But the LUMOs ex-
hibit the bonding character between the two adjacent frag-
ments. There is a tendency both in HOMO and LUMO for
either the P-oligomer or the DP-oligomer to populate the elec-
trons on the central chromophore. Taking P4 for example, in
the HOMO, MO 159a, with p character, the terminal thio-
phenyl groups take up only 17% of the whole MO, while in
the LUMO, MO 156b, with p* character, lying above the
HOMO by about 2.7 eV, just has the composition of terminal
thiophenyl groups of 11%. This indicates that the oligomers
show good p-conjugated effect.

The HOMO and LUMO energies have a trend to converge.
We find that the shift of HOMO energy (D3HOMO) drops from
an initial step of 0.122 eV (between P1 and P2) to 0.028 eV
(between P2 and P3) and to 0.007 eV (between P3 and P4).
The values of D3HOMO become smaller with the increase of
the chain length and the same variation trend is observed for
the LUMO. The LUMO of P1 is 0.3e0.4 eV higher than
that of P2, P3 and P4. Analyzing the orbital, the LUMO of
P1 is dominantly contributed from the bipyridine groups
with 60% compositions while the LUMOs of P2, P3 and P4
have a lower composition of the bipyridyl groups (50% com-
positions) (See Table 2).

Table 2 shows that whether in the P-oligomers or in the
corresponding DP-oligomers, the HOMOeLUMO gap is
narrowed gradually, which implies that it is easier to promote
an electron from the HOMO to the LUMO when the chain
length is getting longer. Moreover, the HOMOeLUMO gaps
of the P-oligomer are smaller than those of the corresponding
DP-oligomers, indicating that the intense p-conjugated inter-
action can lower the HOMOeLUMO gaps, which is in accor-
dance with the measured red-shifted absorption spectra as
the increase of the chain length [10]. Therefore, the electron
transition behavior can be adjusted through designing the
P-oligomer or DP-oligomers, so that the favorable optical
spectra can be obtained.

Fig. 4 shows that there is a good linear relationship between
the HOMOeLUMO gaps and the inverse repeating unit num-
bers 1/n for P-oligomers and DP-oligomers. Through the
extrapolation method, we obtain the very similar HOMOe
LUMO gap of the P-polymer (2.55 eV) and DP-polymer
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Table 2

The molecular orbital energies (eV) and compositions (%) of P1eP4 and DP2eDP4 in the ground state under the B3LYP calculations

Energy Bipyridyl Ethynyl Thiophenyl

P1 LUMOþ 1 (48b) �1.3540 19.8 16.2 64.0

LUMO (49a) �2.1886 60.3 13.9 25.8

HOMO (47b) �5.5438 36.9 25.5 37.6

HOMO� 1 (48a) �6.0198 16.8 27.4 55.7

P2 LUMOþ 2 (85b) �1.6014 26.6 17.9 55.5

LUMOþ 1 (86a) �2.0931 64.4 13.5 22.2

LUMO (84b) �2.5059 51.8 17.6 30.6

HOMO (85a) �5.4219 36.2 28.8 35.0

HOMO� 1 (83b) �5.7531 34.5 25.8 39.6

HOMO� 2 (84a) �5.9825 19.2 29.4 51.3

P3 LUMOþ 3 (122b) �1.7045 29.6 18.4 51.9

LUMOþ 2 (123a) �2.0518 66.7 13.3 20.1

LUMOþ 1(121b) �2.3704 51.9 17.2 30.9

LUMO (122a) �2.6142 51.4 18.2 30.4

HOMO (120b) �5.3944 36.2 29.4 34.4

HOMO� 1 (121a) �5.5653 35.2 28.6 36.2

HOMO� 2 (119b) �5.8402 31.4 26.9 41.7

HOMO� 3 (120a) �5.9675 20.2 30.2 49.6

P4 LUMOþ 3 (161a) �2.0303 68.1 13.1 18.8

LUMOþ 2 (157b) �2.2874 52.1 16.9 30.9

LUMOþ 1(160a) �2.5037 51.4 17.8 30.8

LUMO (156b) �2.6651 51.4 18.3 30.3

HOMO (159a) �5.3874 36.3 29.5 34.2

HOMOþ 1 (155b) �5.4899 35.7 29.1 35.2

HOMOþ 2 (158a) �5.6693 33.9 28.9 37.2

HOMOþ 3(154b) �5.8840 28.8 27.8 43.3

DP2 LUMOþ 1 (65a) �1.9932 82.0 13.7 4.4

LUMO (63b) �2.5214 53.3 18.6 28.1

HOMO (64a) �5.5629 35.8 30.7 33.5

HOMO� 1 (62b) �6.3221 68.9 26.9 4.2

DP3 LUMOþ 2 (102a) �1.9788 81.0 13.0 6.0

LUMOþ 1 (100b) �2.3620 53.3 18.4 28.4

LUMO (101a) �2.6363 52.0 18.5 29.5

HOMO (99b) �5.4644 36.1 30.2 33.7

HOMO� 1 (100a) �5.7068 33.1 31.3 35.6

HOMO� 2 (98b) �6.3496 68.2 26.0 5.8

DP4 LUMOþ 4 (138b) �1.6634 49.3 17.5 33.2

LUMOþ 2 (137b) �2.2689 52.9 18.2 29.0

LUMOþ 1 (138a) �2.5124 52.1 18.4 29.5

LUMO (136b) �2.6809 51.6 18.5 29.9

HOMO (137a) �5.4284 36.2 30.0 33.8

HOMO� 1 (135b) �5.5789 35.0 30.6 34.4

HOMO� 2 (136b) �5.7841 30.5 31.8 37.7
(2.57 eV). The HOMOeLUMO gap of polyfluorene calcu-
lated at B3LYP/6-31G level by Wang and Feng [6b] is
2.91 eV, 0.36 eV higher than our systems. So the conjugated
systems we studied are easier to promote the electron from
HOMO to LUMO than the polyfluorene. Hörhold and Opfer-
mann [25] reported that the band gap of PPV is evaluated at
2.4 eV using different experimental method, and Brédas
et al. [26] calculated a theoretical value of 2.5 eV, Okada
et al. [27] reported that the HeL gap of neutral polythiophene
is 2.1 eV. These reported systems are better electron-transport-
ing materials and have the similar band gap values as ours. So
the conjugated systems we studied are suitable for electron
transition.
3.3. Ionization potentials and electron affinities

The calculated IPs (v, a), EAs (v, a), HEP and EEP are
listed in Table 3. The values of the IPs (v, a) and HEP progres-
sively decrease while the EAs (v, a) and EEP turn high grad-
ually from n¼ 1 to n¼ 4. The values of IPs, EAs and
extraction potentials show good linear relationship with 1/n.
Fig. 4 shows that when the chain length is infinitely elongated
to n¼N, the vertical and adiabatic energies required to ex-
tract an electron from the neutral molecule are 5.54 and
5.57, and 5.44 and 5.49 eV for P-polymer and DP-polymer, re-
spectively, which indicate that DP-polymer is easier to lose an
electron than P-polymer. The EA (v/a) energies needed to
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Fig. 3. Electron density diagrams of the HOMO and LUMO for P1, P4 and DP4.
create a hole in the polymer are nearly 2.62/2.58 and
2.75/2.63 eV for P-polymer and DP-polymer, respectively,
meaning that DP-polymer is apt to create a hole than
P-oligomer because of the bigger EA (v/a) energies. The ex-
traction of a hole from the cation (HEP) needs 5.57 and
5.52 eV and an electron can be extracted from the anion
(EEP) with 2.58 and 2.59 eV for P-polymer and DP-polymer,
respectively. So DP-polymer is more suitable for electron
transferring and hole creating than P-polymer. To appreciate
the applicability of our systems we compare the ionization
potential and electron affinity to those of polypyridine (PPY)
reported experimentally by Miyamae et al. [28]. The IP of
PPY (6.3 eV) is 0.37 and 0.86 eV higher than P-polymer and
DP-polymer while the EA of PPY (3.5 eV) is higher than
P-polymer and DP-polymer by 0.88 and 0.75 eV, respectively.
So the electron-donating abilities of DP-polymer are better
than P-polymer and PPY.

3.4. Absorption spectra

The calculated dipole-allowed absorptions associated with
the oscillator strengths and the assignments are listed in
Table 4, the simulated Gaussian type absorption spectra (the
half-wave width is 15 nm) are shown in Fig. 5. The simulated
spectra appear to be similar in shape with the measured ones
[10b] except some red shifts.
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Table 4 shows that the X1A / A1B absorption at 401, 476,
507, 520 nm and 449, 495, 515 nm for P1eP4 and DP2eDP4,
respectively, are all from the electron promotion from HOMO
to LUMO. Take P1 as example, Table 2 and Fig. 6 show that
HOMO (47b) of P1 is a p type molecular orbitals which are
made up of bipyridyl, ethynyl and thiophenyl with the compo-
sition of 36.9%, 25.5%, and 37.6%, respectively, while the
LUMO (49a) distributes on three fragments with the composi-
tion of 60.3%, 13.9%, and 25.8% and displays as the p* type
molecular orbital. The frontier orbitals of P2eP4 and DP2e
DP4 have the similar character with P1. Therefore, the
X1A / A1B transitions for P1eP4 and DP2eDP4 are all as-
signed to p / p* type transition (see Fig. 6). Furthermore,
the calculated X1A / A1B absorptions are progressively
red-shifted from P1 to P4 and from DP2 to DP4. Experimen-
tally, Ziessel and co-workers [10] concluded that the lowest-
lying absorption shifts progressively toward lower-energy
region as the increase of the BTE unit, which is in good agree-
ment with our finding. Both the experimental and the theoret-
ical results indicate that the lowest-lying absorption for the
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(a) P1eP4 and (b) DP2eDP4 under the B3LYP calculations.
infinite conjugated polymer should tend to a limit since the
HOMOeLUMO energy gaps for the polymeric system con-
verges. Here the calculated lower-energy absorptions are
underestimated compared to the experimental result (0.3e
0.6 eV), this is because the calculation is performed on the
isolated gas-phase system, while the experimental absorp-
tion spectra are measured in a dichloromethane (1� 10�5 M)
solution [10b], in which the surroundings could perturb the
transition to some extent. However, the gradually decreasing
lowest-lying absorptions in the order of P4<DP4< P3<
DP3< P2<DP2< P1 on experiment is well reproduced by
the TD-DFT calculation results (See Fig. 5). Fig. 5b shows
that the lowest-lying absorptions for DP-oligomers are blue-
shifted relative to those of the corresponding P-oligomers,
which echo the result that the HOMOeLUMO energy gap
of the DP-oligomer is higher than that of the P-oligomer.
Fig. 4 shows good linear relationship between the lowest-lying
absorption and the reciprocal chain length of the oligomers.
With the extrapolation method, we obtain the lowest-lying ab-
sorption of 2.18 eV for P-polymer which is lower than that of
2.30 eV for DP-polymer, this result is in accordance with the
HeL gap regularity.

Another differential absorption is at 284, 358, 412, 439 nm,
and 293, 393, 427 nm for P1eP4 and DP2eDP4, respectively,
and they have the similar transition character. Table 4 shows
that, take P3 as a prototype, the electron excitation from
MO 121a (HOMO� 1) to MO 121b (LUMOþ 1) with the
CI coefficient of 0.60909 is responsible for the absorption at
412 nm of P3. MO 121a and MO 121b of P3 are p and p*
type orbitals (Table 2) with the composition of 35.2%,
28.6%, and 36.2% and 51.9%, 17.2%, and 30.9% for bipyri-
dyl, ethynyl and thiophenyl, respectively, so the absorption
at 412 nm for P3 is originated from the p / p* electron
transition.

The other calculated higher energy absorptions are all
attributed to the p / p* electron transition.

3.5. The geometry structures in the excited state and the
emission

The geometry structure optimization result shows that the
oligomers still exhibit planar structures in the A1B excited
state and the geometry structural parameters are very similar
as those in the ground state (Table 1). The bond angles in
the excited state are slightly changed within 1�. Most of the
bond lengths such as C(1)eC(2)/C(9)eC(13)/C(2)eN(4)/

Table 3

The ionization potentials (eV) and electron affinities (eV) of P1eP4 and

DP2eDP4 under the B3LYP calculations

P1 P2 P3 P4 P-polymer DP2 DP3 DP4 DP-polymer

IP (v) 6.67 6.25 6.05 5.93 5.54 6.60 6.24 6.05 5.44

IP (a) 6.58 6.19 6.01 5.91 5.57 6.52 6.19 6.02 5.49

HEP 6.49 6.14 5.98 5.88 5.57 6.43 6.14 5.99 5.52

EA (v) 1.04 1.66 1.93 2.10 2.62 1.56 1.89 2.08 2.75

EA (a) 1.15 1.73 1.98 2.12 2.58 1.65 1.95 2.11 2.63

EEP 1.26 1.79 2.03 2.15 2.58 1.74 2.01 2.15 2.59



509T. Liu et al. / Polymer 48 (2007) 502e511
Table 4

The calculated dipole-allowed absorptions for P1eP4 and DP2eDP4 under the TD-B3LYP calculations together with the experimental data

Transition Config. (CI coeff) l, nm (eV) Oscillator Characters Expt (eV)[10b]

P1 X1A / A1B 47b / 49a (0.65612) 401 (3.09) 2.1139 HOMO / LUMO 3.38

X1A / B1B 48a / 48b (0.59786) 284 (4.37) 0.3070 HOMO� 1 / LUMOþ 1

P2 X1A / A1B 85a / 84b (0.66099) 476 (2.60) 3.6862 HOMO / LUMO 3.06

X1A / B1B 83b / 86a (0.63399) 358 (3.46) 0.6665 HOMO� 1 / LUMOþ 1

X1A / C1B 84a / 85b (0.65288) 298 (4.16) 0.3743 HOMO� 2 / LUMOþ 2

P3 X1A / A1B 120b / 122a (0.65523) 507 (2.45) 5.2742 HOMO / LUMO 3.02

X1A / B1B 121a / 121b (0.60909) 412 (3.01) 1.0446 HOMO� 1 / LUMOþ 1

X1A / C1B 119b / 121a (0.64496) 343 (3.62) 0.4999 HOMO� 2 / LUMOþ 2

X1A / D1B 120a / 120b (0.65588) 304 (4.08) 0.3765 HOMO� 3 / LUMOþ 3

P4 X1A / A1B 159a / 156b (0.63372) 520 (2.38) 6.9334 HOMO / LUMO 2.98

X1A / B1B 155b / 160a (0.61032) 439 (2.82) 1.2774 HOMO� 1 / LUMOþ 1

X1A / C1B 158a / 157b (0.59297) 383 (3.23) 0.5950 HOMO� 2 / LUMOþ 2

X1A / D1B 154b / 161a(0.65116) 334 (3.71) 0.4413 HOMO� 3 / LUMOþ 3

DP2 X1A / A1B 64a / 63b (0.65396) 449 (2.76) 2.7858 HOMO / LUMO 3.14

X1A / B1B 62b / 65a (0.39240) 293 (4.23) 0.3689 HOMO� 1 / LUMOþ 1

DP3 X1A / A1B 99b / 101a (0.66091) 495 (2.50) 4.4445 HOMO / LUMO 3.02

X1A / B1B 100a / 100b (0.65924) 393 (3.15) 0.9161 HOMO� 1 / LUMOþ 1

X1A / C1B 98b / 100a (0.38703) 291 (4.25) 0.2701 HOMO� 2 / LUMOþ 2

DP4 X1A / A1B 137a / 136b (0.64622) 515 (2.41) 6.0788 HOMO / LUMO 2.97

X1A / B1B 135b / 138a (0.62654) 427 (2.90) 1.0996 HOMO� 1 / LUMOþ 1

X1A / C1B 136a / 137b (0.66515) 370 (3.35) 0.5629 HOMO� 2 / LUMOþ 2

X1A / D1B 136a / 138b (0.52082) 318 (3.91) 0.1687 HOMO� 2 / LUMOþ 4
C(13)eC(15) are shortened less than 0.05 Å compared with
those in the ground states, so the geometry structures in the ex-
cited states become slightly compact. Comparing the geometry
structure of P2 with DP2 in the A1B excited state, it shows
that the bond lengths of the central fragments hardly changed,
while those at terminal fragment varied regularly. From DP2
to P2, the single bond C(9)eC(13) is strengthened (1.430 Å
in DP2, 1.426 Å in P2), while the triplet bond C(13)eC(15)
is relaxed (1.196 Å in DP2, 1.200 Å in P2), the same variation
trend has been revealed for the ground state.

The calculated fluorescence of P1, P2 and DP2 as well as
the corresponding experimental data is summarized in Table 5.
The calculated fluorescence at 423 nm for P1 and 490 nm for
P2 shows a red-shifted trend with the elongation of the conju-
gated chain, which is similar to the case of the absorption. Fur-
thermore the fluorescence of DP2 at 471 nm is lower in energy
than that of P1 and higher than that of P2, manifesting again
that the introduction of the unsaturated fragment at the end of
the molecule can enhance the conjugation effect and influence
the emission. Through analyzing the transition configuration
for the fluorescence, we find that the calculated fluorescence
is just the reverse process of the calculated absorption
X1A / A1B, since both emissions and the lowest-lying ab-
sorptions have the same symmetries and transition characters.
The Stokes shifts between the calculated lowest-lying absorp-
tions and emissions are 0.159, 0.074 and 0.131 eV for P1, P2
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Fig. 5. (a) The fitted Gaussian type absorption spectra for P1eP4. (b) The fitted Gaussian type absorption spectra for P2, P3, DP2, DP3.
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Fig. 6. The density diagram plots of the absorption at 401, 476, and 449 nm for P1 (a), P2 (b), and DP2 (c), respectively, with jCI coefficientj> 0.1 under the

TD-B3LYP calculations.
and DP2, respectively, and the modest shifts are in agreement
with the slight change of the geometry structures from the
ground state to the excited state.

There is some deviation between the calculated fluores-
cence and the experimental result; this is also due to the differ-
ent environment for the system to stay. The theoretical model

Table 5

The calculated fluorescence emissions of P1, P2 and DP2 under the TD-

B3LYP calculations, together with the experimental data

Transition l (nm) Config. (CI coeff) Oscillator Expt (nm)[10b]

P1 p* / p 423 46b / 50a(0.64369) 2.2985 426

P2 p* / p 490 84b / 85a(0.64853) 3.6962 454

DP2 p* / p 471 63b / 64a (0.64028) 2.8963 449
is an ideal gas-phase system, while the experimental emission
spectra are measured in a dichloromethane (1� 10�7 M) solu-
tion [10b], in which the solution surroundings may influence
the emission to some extent. Furthermore, due to the planar
geometry structure, the pep aggregation interactions may
exist in the solid state and solvent media which can affect
the emission to some extent.

4. Conclusions

The present work studied the electronic structures, absorp-
tion and fluorescence properties of a series of conjugated oligo-
mers involving the bipyridyl, thiophenyl and ethynyl
fragments. The oligomers show smooth binomial relationship
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between the molecular chain length and the HeL energy gap,
IPs, EAs, EEP, HEP, Eg and the optical properties. By extrapo-
lation method, we predict the properties of the P-polymer and
DP-polymer. The calculation results indicate that P-polymer
and DP-polymer are suitable for hole-transporting and charge
transfer materials, moreover DP-polymer is more favorable
than the P-polymer. Furthermore, the fluorescence is with some
significant shifts between the P-oligomer and DP-oligomer,
which is very intriguing for the photosensor or OLED. In a
word, the calculation predicts the favorable qualities of the
P-polymers and DP-polymers as the functional material.
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