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Abstract Five fluorene-based conjugated copolymers
were studied to explore the effect of acceptor on the elec-
tronic and optical properties. Their ground-state, excited-
state electronic structures and the tunable optical properties
were theoretically investigated using density functional
theory (DFT) and time-dependent density functional theory
(TDDFT) methods. The acceptors including quinoxaline
(Q), 2,1,3-benzothiadiazole (BT), thieno[3,4-b]pyrazine
(TP), 2,1,3-benzooxadiazole (BO), and pyridopyrazine
(PP) can significantly influence the copolymers’ electronic
structures, molecular orbitals, geometric conformations,
and optical properties. Calculations were made on systems
containing one, two, three, and four oligomers in the neu-
tral, cationic, and anionic structures, which can be extrap-
olated to infinite chain length polymers. The result indicated
that the sequence of the band gap was on the reverse trend of
emission wavelength. The strong electron-withdrawing
strength of TP unit and coplanar backbone in poly[2,7-
(9,9’-dihexylfluorene)-alt-2,3-dimethyl-5,7-dithien-2-yl-
thieno[3,4-b] pyrazine] resulted in the enhanced degree of
intramolecular charge transfer (ICT) and lowest band gap.
The contribution of acceptors to IP was also found to follow
the sequence of TP < Q < PP < BT < BO. The absorp-
tion and emission spectra exhibited red-shift with increas-
ing the conjugation lengths. The present study suggested
that the electronic and optical properties of donor—acceptor
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conjugated copolymers were affected by the acceptor
structure.

Keywords Donor—acceptor copolymers - Acceptor
effect - Absorption - Emission - Density functional theory

1 Introduction

Organic m-conjugated polymers have attracted much sci-
entific and technological research interest because of their
potential applications in thin film transistors, nonlinear
optical devices, solar cells, and organic light-emitting
diodes [1-7]. The band structures of conjugated polymers
can be manipulated by the minimization of bond length
alternation and incorporation of donor—acceptor systems to
tune their electronic and optical properties [8, 9]. On the
other hand, the electronic properties of this type of
copolymers were found to be greatly affected by intramo-
lecular charge transfer (ICT) [9-12]. Donor-acceptor
conjugated copolymers have also been extensively used to
achieve low band gaps. Among these copolymers, the
electron-donating moieties of fluorene [13-16], thiophene
[17-20], and cyclopentadithiophene [16, 21] have been
widely reported.

In this work, poly[2,7-(9,9'-dihexylfluorene)-als-2,3-
dimethyl-5,7-dithien-2-yl-quinoxaline] (PFDDTQ), poly
[2,7-(9,9'-dihexylfluorene)-alt-4,7-dithien-2-y1-2,1,3-benzo-
thiadiazole] (PFDTBT), and poly[2,7-(9,9'-dihexylfluorene)-
alt-2,3-dimethyl-5,7-dithien-2-yl-thieno[3,4-b]pyrazine] (PF
DDTTP) [15] were chosen as target polymers, and another
two novel z-conjugated polymers poly [2,7-(9,9’-dihexyl-
fluorene)-alt-4,7-dithien-2-yl-2,1,3-benzooxadiazole] (PFD
TBO) and poly[2,7-(9,9’-dihexylfluorene)-alt-2,3-dimethyl-
5,7-dithien-2-yl-pyridopyrazine] (PFDDTPP) were designed
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here, which are structurally similar to PFDTBT and
PFDDTQ. These donor—acceptor copolymers based on fluo-
rene and thiophene modified with various electron-withdraw-
ing units of including quinoxaline (Q), 2,1,3-benzothiadiazole
(BT), thieno[3,4-b]pyrazine (TP), 2,1,3-benzooxadiazole
(BO), and pyridopyrazine (PP) possessed low band gaps and
high hole mobilities, which were desirable for efficient bulk-
heterojunction photovoltaic cells. The structures of copoly-
mers are shown in Fig. 1. To rationalize these experimentally
observed properties of known polymers [22] and to predict
those unknown ones [23], theoretical investigations into the
structures and electronic properties of these materials are
indispensable. Recently, a series of polymers [24, 25] were
studied employing B3LYP/6-31G(d) method.

Here, electronic and optical properties of these conju-
gated copolymers comprised of alternating fluorene and
thiophene derivatives were investigated theoretically by
using density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations. Different
functional groups between two thiophene units are sys-
tematically discussed in these fluorene-based copolymers.

2 Computational details

All calculations on the oligomers studied in this work have
been made with the Gaussian 09 program [26]. Complete
geometry of ground states as well as the cationic and
anionic structures of (FDDTQ),,, (FDTBT),,, (FDDTTP),,,
and two novel m-conjugated (FDDTPP), and (FDTBO),

(n = 1-4) oligomers were optimized by Becke’s three
parameters hybrid functional (B3LYP) [27-29] with
6-31G(d) basis sets [30], where n refers to the repeated
number of monomers. It has been proven that the presence
of alkyl groups does not significantly affect the equilibrium
geometry, electronic, and optical properties [31]. We use
9,9’-dimethylfluorene to replace 9,9’-dihexylfluorene for
the sake of reducing the time of calculation. The related
ionization potential (IP), hole extraction potentials (HEP),
electron extraction potentials (EEP), energy gap (AE)
(AE = Erymo — Enomo), and electron affinity (EA) were
obtained by DFT method based on the optimized geometry of
the neutral and ionic molecules. All these parameters of
(FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP),, and
(FDTBO),, (n = 1-4) were obtained through a linear extrap-
olation technique [32], which had been successfully employed
to investigate polymers [33—35]. The absorptions and emis-
sions of these oligomers had also been investigated by TD-DFT
[36] method with 6-31G(d) basis set.

3 Results and discussion
3.1 Optimized geometry

The main optimized geometry parameters of (FDDTQ),,
(FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO),
(n = 1-4) are shown in Fig. 2 and Table 1. The maximum
and averaged changes in the length of these bonds (Ad,.x
and Ad,,, respectively) and total changes in the bond

PFDTBO

PFDDTPP

Fig. 1 The structures of the five fluorene-based copolymers
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lengths (XAd;) are summarized in Table 2. Oligomers and
polymers were always considered as anti conformation in
quantum-chemical calculations [37, 38]. The syn and anti
conformation of (FDDTQ),, (FDTBT),, (FDDTTP),,
(FDDTPP),,, and (FDTBO),, were checked using dimers.
As a result, the anti conformation is more stable in dimers.
So we choose the energetically favorable trans-configura-
tion in the following calculations.

As shown in Fig. 2 and Table 1, the results of the
optimized structures for all five copolymers show that the
bond lengths and bond angles do not suffer appreciable
variation with the oligomer size, which indicates that
describing the basic structures of the copolymers as their
oligomers is appropriate. As listed in Table 1, the calcu-
lated dihedral angles are not 0.0°, which indicate that each
oligomer is not linear, but of a screw-type structure. For
this reason, this kind of arrangement can minimize the
steric effect and stabilize the molecules at the largest
extent.

As listed in Table 2, the larger changes in the lengths of
the C—C bonds along the molecular backbone from the
neutral state to the radical cation/anion state result in the
shortest oligomers with increasing the values of n. It is
obvious that the bond lengths of (FDDTTP), exist the
largest change from the ground state to the radical cation/
anion state. This is attributed to the unfavorable steric
interactions produced by the TP units, which increase the

rigidity of (FDDTTP),, oligomer. In above five systems, the
values of £Ad; from the ground state to radical cation state
increase from n = 1 to 4. These effects are similar to those
reported for the oligomers of poly(3,4 -ethylenedioxy-
thiophene) [39] at the same theoretical level.

3.2 Frontier molecular orbitals

To shed light on the chemical activity of these donor—
acceptor conjugated copolymers, energies of the frontier
orbital of the five oligomers are listed in Table 3. The
corresponding contour plots of these orbitals are illustrated
in Fig. 3.

AsshowninFig. 3, there is inter-ring antibonding between
the bridge atoms, and there is intra-ring bonding between the
bridge carbon atom and its neighbor in the HOMO. On the
contrary, there is inter-ring bonding in the bridge single bond
and intra-ring antibonding between the bridge atom and
its conjoined atoms in the LUMO. In general, the HOMO
possesses antibonding character between the subunits.
However, the LUMO generally shows a bonding character
between the subunits. The HOMOs of (FDDTQ),,
(FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO), are
quite delocalized the whole n-conjugated backbone with
similar character, while the LUMOs are localized on the
donor and acceptor units. For tetramer, the localization of the
electronic cloud distributing in the middle part of the polymer

Fig. 2 C-C bond length 147 1.47
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(FDDTQ),, (FDTBT),, R, e (FDDTQ),
(FDDTTP),, (FDDTPP),, and 146 1 ( n‘ 146 - — s (FDTBT),
(FDTBO),,. (n = 1-4), the bond _ ! ) —v—(FDDTPP),
index in each repeat unit are %t N (FDTBO), :{:" —<—(FDTBO),
labeled in Fig. 1 B 1457 — v (FDDDTPP), g 145
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2 g
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Table 1 Selected important dihedral angles (°) of (FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO),,

(FDDTTP),, (FDDTQ),,

n=1 n=2 n=3 n=4 n=1 n=2 n=3 n=4
F-T 24.1 244 24.6 24.3 F-T 153.4 154.1 153.5 154.9
T-TP 179.1 178.7 179.1 179.7 T-Q 11.5 4.5 8.9 4.4
TP-T 0.1 1 0.9 0.3 Q-T 168.6 172.6 171.4 170.7
T-F 156.6 156.6 156.1 T-F 25.3 27.3 252
F-T 23.6 22.7 23.6 F-T 154.4 153.6 154
T-TP 178.8 179.2 179.6 T-Q 49 9.6 32
TP-T 0 0.4 0.2 Q-T 171.2 171.7 169.5
T-F 157.7 155.7 T-F 25.7 27.1
F-T 23.7 23.4 F-T 154.6 153.4
T-TP 179.5 179.4 T-Q 5.1 4.4
TP-T 0.1 1.7 Q-T 171.4 170.8
T-F 159.1 T-F 252
F-T 23.3 F-T 153.2
T-TP 179.2 T-Q 4.4
TP-T 0 Q-T 168.4
(FDTBT),, (FDDTPP),,

n=1 n=2 n=3 n=4 n=1 n=2 n=3 n=4
F-T 155.6 155.2 154.8 155 F-T 154.4 154.5 154.1 153.9
T-BT 7.4 4.6 5.3 4.9 T-PP 11.3 170.8 12.8 169.4
BT-T 0.1 4.9 173.8 54 PP-T 179.8 179.9 1.6 179.4
T-F 156.6 157.2 156.2 T-F 25.1 26.8 24.1
E-T 155.9 156.2 156.1 F-T 154.6 156.7 153.0
T-BT 6.8 5.5 2.3 T-PP 168.1 8.3 169.9
BT-T 1.2 172.8 4.4 PP-T 179.8 0.6 179.6
T-F 156.4 154.7 T-F 25.5 23.7
F-T 156.6 156.3 F-T 155.0 153.5
T-BT 7.8 6.3 T-PP 10.9 169.1
BT-T 177.3 4.6 PP-T 0.2 179.7
T-F 155.9 T-F 244
F-T 156.4 F-T 154.1
T-BT 6.9 T-PP 172.1
BT-T 4.0 PP-T 179.9
(FDTBO),,

n=1 n=2 n=3 n=4

F-T 23.8 24.8 25.7 24.7
T-BO 176.4 177.8 178.7 177.0
BO-T 179.9 178 177.2 177.3
T-F 24.9 24.8 243
F-T 24.8 24.5 23.3
T-BO 177.7 177.3 176.9
BO-T 180 177.7 177.8
T-F 24 24.1
F-T 24.8 24.0
T-BO 179.9 178.6
BO-T 177.9
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Table 1 continued

(FDTBO),,

n=1 n=2 n=3 n=4
T-F 25.4
E-T 24.6
T-BO 177.5
BO-T 178.9

F, T, Q, BT, TP, BO, and PP refer to 2,7-(9,9'-dihexylfluorene), thiophene, quinoxaline, 2,1,3-benzothiadiazole, thieno[3,4-b]pyrazine, 2,1,3-

benzooxadiazole, and pyridopyrazine, respectively

Table 2 Maximum (Ad.), averaged (Ad,,), and total (XAd;)
changes in the lengths of the C—C bonds along the molecular back-
bone from the neutral state to the radical cation/anion state for
(FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO),

n=1 n=2 n=3 n=4

(FDDTTP),,

Adax (10\) 0.023/0.024 0.020/0.014 0.012/0.009 0.009/0.007

Ad,, (A) 0.026/0.019 0.014/0.010 0.009/0.006 0.007/0.005

2Ad; (A) 0.079/0.057 0.100/0.070  0.103/0.072 0.105/0.070
(FDDTQ),

Admax (A) 0.030/0.026  0.018/0.014  0.012/0.009 0.009/0.006

Ady (A)  0.026/0.019 0.014/0.010  0.009/0.007 0.007/0.005

YAd; (A 0.079/0.058 0.096/0.070 0.096/0.072 0.098/0.070
(FDTBT),,

Adax (A) 0.029/0.019 0.019/0.010 0.013/0.006 0.009/0.004

Ad,, (A)  0.027/0.015 0.015/0.007 0.009/0.005 0.007/0.003

2Ad; (A) 0.080/0.046  0.099/0.050 0.093/0.048 0.095/0.046
(FDTBO),,

Admax (A)0.029/0.021  0.020/0.012  0.013/0.007 0.010/0.005

Ad,, (A)  0.026/0.017 0.014/0.008 0.009/0.005 0.007/0.003

2Ad; (A) 0.079/0.050  0.099/0.057 0.100/0.057 0.100/0.058
(FDDTPP),,

Adpax (A) 0.029/0.02  0.018/0.012 0.011/0.008 0.008/0.006

Ad,, (A) 0.027/0.046  0.014/0.008 0.011/0.005 0.006/0.004

SAd; (A)  0.081/0.015 0.096/0.054 0.100/0.054 0.101/0.054

is typically expected for chain-end effects. Figure 3 also
shows that the localized properties of HOMOs and LUMOs
have small change with the increasing unit number. The
HOMO delocalized the middle part of m-conjugated back-
bone, and the LUMO are localized on the donor and acceptor
units, which indicates that the donor and acceptor units play
important effect on the HOMO and LUMO of the copolymers.

The HOMO and LUMO energies in experiments were
calculated from one empirical formula proposed by Brédas
[40] based on the onset of the oxidation and reduction
peaks measured by cyclic voltammetry, assuming the
absolute energy level of ferrocene/ferrocenium to be

Table 3 The HOMO and LUMO energies, HOMO-LUMO gaps
(AE), and the singlet lowest excitation energies (E,) (in eV) of
(FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO),
(n = 1-4, o) and comparison with experimental data

Oligomer n=1 n=2 n=3 n=4 n=o Exp*
(FDDTTP),
—Epomo ~ 4.71 4.57 4.52 4.51 4.43 4.97
—Eiuomo 243 251 255 256 2.60 3.76
AE 2.28 2.06 1.96 1.95 1.82 1.21
E, (TD) 2.03 1.79 1.70 1.66 1.53 1.68
(FDDTQ),
—Eupomo 493 474 469 467 458 5.03
—Eomo 214 224 227 228 233 323
AE 2.79 2.50 242 2.38 2.23 1.80
E, (TD) 245 2.16 2.08 2.05 1.90 1.94
(FDTBT),
—Enomo 509 493 489 488 479 5.06
—Eiomo 261 268 271 272 275 3.29
AE 2.48 2.25 2.18 2.15 2.03 1.77
E, (TD) 2.15 1.93 1.86 1.81 1.70 1.82
(FDDTPP),
—Enomo  5.02 4.84 4.79 4.78 4.68 -
—Eiomo 236 244 248 249 253 -
AE 2.66 2.39 2.31 2.29 2.14 -
E, (TD) 2.32 2.05 1.97 1.93 1.79 -
(FDTBO),
—Enomo 522 507 503 502 494 -
—Eiomo 268 277 282 284 288 -
AE 2.54 2.29 221 2.18 2.05 -
E, (TD) 2.27 2.00 1.91 1.87 1.73 -

% The data are measured in film in ref [15, 42]

4.8 eV below vacuum. The preliminary hole/electron
injection properties of the materials are usually estimated
by the values of HOMO and LUMO in accord with the
work function values of cathode and anode. The hole
transport materials with the smaller negative value of
HOMO can lose their electrons more easily, while the
electron transport materials with larger negative value of
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Fig. 3 The contour plots of (FDDTTP), (FDDTTP)4
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LUMO can accept electrons more easily. The HOMO and
LUMO energies were further calculated by DFT method in
this work. In order to more easily and vividly observe the
variations in the HOMOs, LUMOs, and energy gaps, the
frontier molecular orbitals (MO) energies and corre-
sponding density of state (DOS) [41] of each oligomer are
shown in Fig. 4. The negative energies of HOMO and
LUMO are listed in Table 3, together with the HOMO-
LUMO gaps, singlet lowest excitation energies, and
available experimental data.

Table 3 and Fig. 4 show that the HOMO and LUMO
energies have the same trend that with the increasing conju-
gation lengths, the HOMO energies increase, whereas the
LUMO energies decrease. Table 3 and Fig. 4 also show that
the calculated HOMO energies of the five series gradually
close to the experimental values with increasing the values of n.
The negative energies of HOMO increase in the sequence
of PFDDTBO > PFDTBT > PFDDTPP > PFDDTQ >
PFDDTTP, which exhibits that the copolymer with TP

@ Springer

possesses better hole injection properties than others with
Q or PP or BT or BO. The sequence of negative LUMO
energies of the copolymers is in the sequence of
PFDDTQ < PFDDTPP < PFDDTTP < PFDTBT < PFD-
TBO, which is in good agreement with the experimental
sequence of PFDDTQ, PFDTBT, PFDDTTP. There are
some changes in energies of LUMO with the experimental
results because the theoretical calculations do not consider
the polarization effects and intermolecular packing forces.
This approach can be expected to be used to provide
valuable information on estimating band gaps of polymers
and oligomers.

For observing the variations in HOMOs, LUMOs, and
energy gaps, the sets of one-electron energy levels of all
oligomers (from HOMO-—3 to LUMO+-3) are plotted in
Fig. 5. Take (FDDTTP)4 (0.09, 0.04 eV) as an example,
the energy difference between HOMO and HOMO—1 and
LUMO and LUMO+1 is very small. This suggests that it is
possible for the promotion of an electron from HOMO—1
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Fig. 3 continued
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to LUMO, HOMO to LUMO+-1, or HOMO—1 to LUMO+1,
which will be further testified in Sects. 3.4 and 3.5.

The relationships between the calculated AE, E,,
HOMO, LUMO, and the inverse chain length are plotted in
Fig. 6. Figure 6 describes the evolution of the calculated
HOMO and LUMO energies as a function of the inverse
number of monomer units in (FDDTQ),, (FDTBT),,
(FDDTTP),, (FDDTPP),, and (FDTBO),, (n = 1-4). It is
usual in m-conjugated systems that the energies of the
frontier electronic levels evolve linearly with inverse chain
lengths in the five systems. The HOMO energies will
increase, whereas the LUMO energies will decrease with
increasing conjugation lengths according to above rela-
tionship [43].

= fu. - e

LUMO

As shown in Table 3 and Fig. 6, the HOMO-LUMO
gaps and the singlet lowest excitation energies in
(FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP),, and
(FDTBO),, (n = 1-4) are narrowed gradually, which indi-
cates that it is easier to promote an electron from HOMO to
LUMO with increasing the values of n. Obviously, the
sequences of E, and HOMO-LUMO gap presented in
Table 3 exist good agreements with the experimental
sequences. The E, and HOMO-LUMO gap of PFDTBT
are smaller than PFDDTP. The reason may be that BT
moiety with a six-membered ring has a larger torsional
angle than TP segment with a five-membered ring and
results in the reduction in the m-conjugation. It also indi-
cates that the backbone planarity and the degree of ICT for
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Fig. 4 The density of states 8
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Fig. 5 Sets of one-electron energy levels of each oligomer

TP-thiophene are probably higher than those of BT-thio-
phene system. However, there is still some difference
between the calculated results and the experimental values.
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The adequate and balanced transport of both injected
electrons and holes are important in optimizing the device
performance of donor—acceptor conjugated copolymers.
The ionization potential (IP) and electron affinity (EA) are
well-defined properties that can be calculated by DFT to
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Fig. 6 HOMO and LUMO 34 25
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estimate the energy barriers for the injection of carriers into
the polymer active layer. The calculated IPs(v, a), EAs(v,
a), and extraction potentials (including HEP and EEP for
the hole and electron) are listed in Table 4. The IPs, EAs,
HEPs, and EEPs for infinite chains of the polymers were
determined by plotting these values of oligomers against
the reciprocal of the number of modeling polymeric units
and by extrapolating the number of units to infinity.

For the application of polymers in organic light-emitting
devices, one general challenge is to achieve high EA values
for improving electron injection/transport and low IP val-
ues for better hole injection/transport. Table 4 shows that
the values of the Ips (v, a) progressively decrease, while the
Eas (v, a) turn high gradually from n =1 to 4. For
PFDDTTP, PFDDTQ, PFDTBT, PFDDTPP, and
PFDTBO, the vertical and adiabatic energies required to
create a hole in each polymer are around 4.7, 4.9, 5.0, 5.0,
and 5.2 eV, respectively, implying the hole-creating ability
of these five polymers decreasing in the sequence of
PFDDTTP < PFDDTQ < PFDDTPP < PFDTBT < PFD-
TBO. Because of the lower IP value of the hole-trans-
porting materials, it is easier to enter the holes from the
hole transport layer to the emitter layer. This sequence is
consistent with the analysis for HOMO energies. Thus, the
hole injection and transportation of PFDDTTP and
PFDDTQ are expected to be easier than PFDTBT,
PEDDTPP, and PFDTBO. The extraction of an electron
from the anion requires about 2.34, 2.34, and 2.37 eV by
three methods for PFDDTTP, respectively. And the
extraction of an electron from the anion requires about 2.0,

—
T T T T T T T T T T
02 03 04 05 06 07 08 09 1.0 1.1 12

2.5, 2.2, and 2.6 eV for PFDDTQ, PFDTBT, PFDDTPP,
and PFDTBO, respectively. The change trends of EA,
are similar to those of the negative of LUMO energies.
Because of the higher EA value of the electron-trans-
porting materials, it is easier to inject electrons from
cathode. This indicates that the combination with elec-
tron-withdrawing BO and BT will improve the electron
transport properties of the copolymers. It is concluded
that the optoelectronic properties of a conjugated polymer
are primarily governed by the chemical structure of the
polymer backbone.

3.4 Absorption spectra

The detailed electronic transitions, including the maxi-
mum absorption wavelength (), the largest oscillator
strength (f), and the configurations for the main and
So — S; electronic transitions of (FDDTQ),, (FDTBT),,
(FDDTTP),, (FDDTPP),, and (FDTBO), (n = 1-4) are
summarized in Table 5. The simulated Gaussian type
absorption spectra of (FDDTQ)4, (FDTBT),, (FDDTTP)4,
(FDDTPP),, and (FDTBO), are shown in Fig. 7. The
lowest-lying absorption excitation energy of (FDDTQ),,
(FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO),
(n = 14, oo0) obtained by extrapolation method is also
shown in Fig. 7 and Table 3.

As shown in Table 5, some interesting trends are
observed in these oligomers. All electronic transitions are
of m — 7* type in the calculated singlet-singlet transi-
tions. The detailed configurations for the transition also
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Table 4 Ionization potentials, electron affinities, and extraction
potentials for each oligomer (in eV)

Oligomer ~ IP(a) IP(v) HEP EA(v) EA(a) EEP
(FDDTTP),
n=1 568 583 568 123 1.37 1.37

n=2 5.22 5.31 5.21 1.76 1.83 1.83
n=23 5.04 5.11 5.04 1.96 2.01 2.02

n=4 4.94 4.98 4.90 2.09 2.12 2.16

n= o 4.71 4.73 4.68 2.34 2.34 2.37
(FDDTQ),

n=1 5.89 6.06 5.75 0.92 1.09 1.22

n=2 5.43 5.54 5.34 1.45 1.55 1.62

n=73 5.26 5.35 5.19 1.66 1.73 1.79
n=4 5.14 5.21 5.06 1.77 1.85 1.90

n= 4.92 4.97 4.87 2.03 2.07 2.09
(FDTBT),

n=1 6.02 6.17 5.88 1.31 1.44 1.56

n=2 5.55 5.65 5.46 1.88 1.95 2.00

n=73 5.38 5.45 5.32 2.10 2.15 2.19
n=4 5.28 5.33 5.23 222 2.26 2.29
n= o 5.05 5.08 5.03 2.50 2.51 2.51

(FDDTPP),
n=1 597 621 584 115 1.30 1.42
n=2 550  5.61 540 168 1.76 1.82
n=73 532 539 526 189 1.94 1.99
n=4 522 531 517 201 2.04 2.12
n=o 499 500 496 226 227 2.30
(FDTBO),
n=1 6.15 630 602 138 1.52 1.63

n=2 5.69 5.79 5.59 1.96 2.03 2.10
n=23 5.51 5.58 5.45 2.19 2.24 2.28
n=4 5.41 5.46 5.36 2.32 2.35 2.40
n= 5.18 5.21 5.15 2.60 2.60 2.62

show that HOMO — LUMO transition mainly dominates
the transition. The strongest absorption peaks with largest
oscillator strengths for these oligomers arise from
So — S, which is mainly attributed to the promotion of
an electron from HOMO to LUMO. In the case of the
oscillator strength, the absorption wavelengths arising
from Sy — S; increase progressively with enlarging the
conjugation lengths. Since HOMO — LUMO transition
is predominant in Sy — S;, the HOMO-LUMO gaps will
decrease with the extending molecular size. The absorp-
tion spectrum of S; also exhibits red-shift with increasing
the conjugation lengths.

Take (FDDTTP),, (n = 1-4) as an example, the lowest
optically allowed electronic transition (m — n*) are
So — S; with the strongest oscillator strengths (f). As
listed in Table 5, the absorption spectra of S; are 610,
693, 730, and 749 nm for (FDDTTP),, (FDDTTP),,
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(FDDTTP)3, and (FDDTTP),, respectively. It is obvious
that the absorption spectrum of S; exhibits red-shift, and
the oscillator strength increases with enlarging the con-
jugation lengths. The detailed configurations for the
transition also show that HOMO — LUMO transition
mainly dominates the transition. As shown in Fig. 7,
(FDDTTP), has only one absorption peak at 749 nm.
From Table 5, we found that the TD-DFT results deviate
from the observed experimental absorption spectra
(n = o). The reason is attributed to the conjugation
lengths, different mediums, drawbacks of TD-DFT itself,
and so on. As we know, TD-DFT method is a good
predictive tool for absorption spectra of small molecules.
However, it has some defects to study the largely
extended systems. Because it is not infrequent that the
optical properties reach saturation already for quite short
chain length, whereas the orbital energies still continue to
change for longer oligomers. The exchange—correlation
functionals decrease with the increase in chain length.
The trend is the well-known in line with the expectation
that the electronic repulsion is smaller in more extended
systems [38, 44, 45]. However, the TD-DFT results could
still be reasonable to predict the variation trends because
the atomic structures of the molecules and copolymers
are alike and calculated with the same methods and basis
sets.

3.5 Properties of excited-state structures
and emission spectra

The calculation of excited-state geometries (S;) and ground
states (Sp) of the monomers are optimized by TD-DFT/6-
31G(d) method. Comparison of S; with Sy of (FDDTQ),,
(FDTBT),, (FDDTTP),, (FDDTPP);, and (FDTBO), is
described in Fig. 8. The bond length alternation (BLA) and
inter-ring dihedral angles are listed in Table 6 when exci-
ted from ground to excited states.

Bond length alternation (BLA) [46] is the bond length
difference between single and double carbon—carbon
bonds, which represents a major contribution to the exis-
tence of a finite band gap in conjugated oligomers and
polymers. In the five structures of the model oligomers, it
might be feasible to investigate the BLA of the invariable
thiophene between fluorene and acceptors, which is defined
as 0. Taking oligomer (FDDTTP); as an example, 0 is
calculated as the difference between the bond length C5—-Cy4
(1411 A) and the average bond length of C, = Cs
(1.381 A) and C, = C; (1.386 A; shown in Table 6). Since
the thiophene donor is the same for the five oligomers, the
0 of (FDDTTP), is the smallest in the five oligomers,
which also giving rise to the smallest band gap. This result
indicates that the bond length alternation plays a major role
in band gap reduction for oligomers. As shown in Fig. 8,
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Table 5 Electronic transition data obtained by the TD-DFT//B3LYP/6-31G

System Electronic transitions A (nm) Aexp (NM)* f Main configurations
(FDDTTP), So = S 610 0.61 H — L (98%)
(FDDTTP), Sy = S, 693 1.91 H - L (81%)
(FDDTTP); Sy = S, 730 2.46 H - L (89%)
(FDDTTP), So = S, 749 3.43 H — L (78%)
(FDDTTP),, 416, 616

(FDDTQ), So — Sy 504 0.74 H — L (98%)
(FDDTQ), So — S, 571 2.17 H > L (93%)
(FDDTQ); Sy = S, 594 3.47 H - L (85%)
(FDDTQ), So = S, 614 4.45 H - L (61%)
(FDDTQ),,, 374, 502

(FDTBT), So = S, 575 0.58 H - L (83%)
(FDTBT), So = S, 639 1.66 H — L (87%)
(FDTBT); So = S, 666 2.47 H - L (81%)
(FDTBT), So = Sy 685 3.65 H — L (79%)
(FDTBT)., 406, 576

(FDDTPP), So = S 532 0.63 H — L (98%)
(FDDTPP), Sy = S, 595 1.96 H - L (68%)
(FDDTPP), So = S, 626 3.24 H - L (85%)
(FDDTPP), Sy = S, 635 4.43 H — L (79%)
(FDDTPP)., -

(FDTBO), So = Sy 545 0.83 H — L (99%)
(FDTBO), So = $4 617 2.18 H - L (90%)
(FDTBO), Sy = S, 647 3.14 H - L (82%)
(FDTBO), So = S, 661 3.90 H - L (71%)
(FDTBO).,, -

H HOMO, L LUMO

% The data are measured in film in ref [15, 42]

—+—(FDDTQ)4
—+—(FDDTPP),
—+—(FDTBT);
—+—(FDTBO),
——(FDDTTP)4

Relative intensity

f T T
400 600 800 1000 1200
‘Wavenumber(nm)

Fig. 7 The Gaussian type absorption spectra for (FDDTQ),4,
(FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO),

the bond length of C;~Cy3 (1.529 A) in (FDDTTP), and
those of C4,—C5 (1.529 /nk) in other four oligomers are a
little larger than the bond length of C3—C,; (1.521 1&) in
2,7-di(2-thienyl)-9,9-dihexylfluorene [47]. However, the
bond length of C;—C;3 (1.529 A) in (FDDTTP), is the
same as that of Co—C;y (1.529 A) in 2,7-dibromo-9,

9-octylfluorene [48] The bond length of C;—C,, (1.410 A)
in (FDDTTP); and the bond lengths of C4—Cs (1.410 A) in
other four oligomers are larger than the bond length of C3—
C, (1402 A) in 2,7-di(2-thienyl)-9,9-dihexylfluorene [47].
The ¢, and ¢5; in (FDDTQ), are 11.5° and 168.6°,
respectively, indicating that the donor—acceptor—donor in
(FDDTQ); is a nearly planar conformation. This is the
same as the conformation reported in previous literature
[49]. But the @3 in (FDDTTP), is smaller than the dihedral
angle reported in the literature [49].

Figure 8 also shows that some bond lengths become
longer after being excited, while some become shorter in
(FDDTQ),, (FDTBT);, (FDDTTP),, (FDDTPP),;, and
(FDTBO),. Since the singlet state is related to an excitation
from HOMO to LUMO in oligomers, we can investigate
the bond length variation by just analyzing their HOMOs
and LUMOs. Take (FDDTTP), as an example, the HOMO
is bonding across the r(25,27), r(17,15), r(1,22), r(10,22),
r(9,6), r(6,7), r(6,7), r(4,5), r(2,3), r(11,24), r(20,27),
r(28,29), and r(30,31), while the LUMO has nodes in these
regions. The bond lengths possessing bonding character
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(FDDTTP),

(FDTBT),

(FDTBO),

Fig. 8 Comparison of the excited structure (S;) with the ground geometry (So) of (FDDTQ),, (FDTBT);, (FDDTTP),, (FDDTPP),;, and

(FDTBO),

(HOMO) and antibonding character (LUMO) will be
lengthened upon excitation. This also can be seen from the
bond lengths in (FDDTQ);, (FDTBT);, (FDDTTP),,
(FDDTPP);, and (FDTBO),. The bridge bonds between
each conjugation segment rotate to some extent when the
molecule is excited from ground to excited states. It can be
seen that the dihedral angles ¢; and @3 of (FDDTTP),
decrease from 24.1° and 0.1° to 8.4° and 0°. However, the

@ Springer

dihedral angle ¢, increases from 179.1° to 179.6°. As
shown in Table 6, it is also obvious that the excited
structures in these oligomers have a strong coplanar ten-
dency. This indicates that the singlet excited state involv-
ing mainly the promotion of an electron from the HOMO to
the LUMO will be more planar.

Based on the excited-state geometries optimized by TD-
DFT/6-31G(d), the emission wavelengths of the monomers
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are also computed by TD-DFT. The transition characters
are listed in Table 7, and the simulated Gaussian type
emission spectra of (FDDTQ),, (FDTBT),, (FDDTTP),,
(FDDTPP),, and (FDTBO),; are shown in Fig. 9.

As shown in Table 7 and Fig. 9, the emission peaks with
strongest oscillator strength are all assigned to m — n*
character arising from S; to Sy. However, it is easy to see
that the areas of emission curves are larger than those from
absorption spectra because the torsion angles between
acceptor and donor have obvious changes leading to great
variation in vertical transition energies. The emission
wavelengths also show some bathochromic shifts com-
pared to the absorption spectra, which consists with the
tendency of those obtained from experiments [42].
Through analyzing the transition configuration for the
fluorescence, the calculated emission is just reverse process
of the lowest-lying absorption because the emission and the
lowest-lying absorptions have the same symmetries and
transition characters.

4 Conclusion

The geometries, electronic structures, IPs, EAs, absorp-
tion, and fluorescence properties of five series oligomers

Table 6 Selected inter-ring dihedral angles (deg) of (FDDTQ),,
(FDTBT),, (FDDTTP),, (FDDTPP),, and (FDTBO), in the ground
and excited geometries, respectively, the dihedral angle index in each
repeat unit are labeled in Fig. 1

Monomer @1 1o 03 1

(FDDTTP), 24.1/8.4 179.1/179.6 0.1/0 0.028
(FDDTQ), 153.4/171.5 11.5/0.9 168.6/179.8  0.030
(FDTBT), 155.6/179.9 7.4/0 0.1/0 0.034
(FDDTPP), 154.4/179.9 11.3/0 179.8/180 0.030
(FDTBO), 24.7/0 176.2/180 179.9/180 0.033

(FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP),, and
(FDTBO),, (n = 1-4) in this work. The five series olig-
omers show smooth binomial relationship between
inverse repeating unit numbers (1/n) and the HOMO-
LUMO gaps, IPs, EAs, and the optical properties. The
order of the band gaps is (FDDTQ), > (FDDTBO),, >
(FDDTPP),, > (FDTBT), > (FDDTTP),, which is on the
reverse trend of luminescence. The strong acceptor
strength of TP unit and more coplanar backbone in
(PFDTTP),, resulted in a high ICT and thus leading to the
lowest band gap among the five copolymers. In addition,
the discussion on the value of IP and EA indicates that
the hole injection and transportation of (PFDDTTP),, and
(PFDDTQ),, are expected to be easier than (PFDTBT),,
(PFDDTPP),, and (PFDTBO),. Through analyzing the
configuration of (FDDTQ),, (FDTBT),, (FDDTTP),,
(FDDTPP),, and (FDTBO); with different acceptors, the
variations in bond lengths and inter-ring dihedral angles
between acceptor and donor are given, which illuminates
that the electronic effect of the acceptors will influence
the molecular structure in the ground state and excited
state. The present study suggested the importance of the
acceptor structure on the electronic and optical properties
of donor-acceptor conjugated copolymers.

—— (FDDTTP),
:{\i —— (FDDTQ),
—— (FDTBT),
—— (EDDTPP),
—— (FDTBO),

Relative intensity

T T S SO E TP TP PO T R U R B

400 600 800 1000 1200
‘Wavelength(nm)

Fig. 9 The Gaussian type emission spectra of (FDDTQ),, (FDTBT),,
(FDDTTP),, (FDDTPP),, and (FDTBO),

Table 7 Emission spectra obtained by TD-DFT of (FDDTQ),, (FDTBT),, (FDDTTP),, (FDDTPP);, and (FDTBO),

System Electronic transitions A (nm) (eV) Aexp (NM)* f Main configurations
(FDDTTP), So < S 790 (1.57) 736 0.45 H — L (70%)
(FDDTQ), So < S 623 (1.99) 620 0.62 H — L (69%)
(FDTBT), So « S 714 (1.73) 677 0.45 H — L (70%)
(FDDTPP), So <« $4 673 (1.84) - 0.53 H — L (70%)
(FDTBO), So <« S 653 (1.89) - 0.74 H — L (70%)

% The data are measured in film in ref [42]
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