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ABSTRACT: A series of low band gap, highly soluble alternating conjugated copoly-
mers, comprised of 11,11,12,12-tetrahexylindenofluorene and thiophene derivatives
(P1-P4), were synthesized via Pd-catalyzed Suzuki coupling reaction with very good
yields. Described here are the synthesis, thermal, optical, and electrochemical
properties of these new copolymers as potential new active materials for electronic
and optoelectronic device applications. P1 and P2 have electron donating non-p-
substituents with ethylenedioxy and propylenedioxy bridging the 3,3 positions of
the cyclopentadithiophene groups; whereas P3 and P4 have electron withdrawing p-
substituents (carbonyl and pyrazine groups on P3 and P4, respectively). For the
main absorptions in UV-vis spectrum, P1 and P2 displayed more red absorptions in
comparison with P3 and P4. Nevertheless, much suppressed quantum yields are
exhibited by P3 and P4. The behaviors of P3 can be attributed to the significant
charge transfer interactions between the p-substituents and the conjugated polymer
backbone that leads to a less allowed optical transition between the ground and the
lowest excited state. For P4, the weak fluoresence might associate with energy trans-
fer from indenofluorene to the low band gap thiophene-pyrazinethiophene-thiophene
(T-PT-T) unit. In comparison with the corresponding polymers containing fluorene
instead of indenofluorene, the use of indenofluorene exhibited mixed effects on the
optical properties and improved solubility. VVC 2009 Wiley Periodicals, Inc. J Polym Sci Part

A: Polym Chem 47: 5044–5056, 2009

Keywords: charge transport; conjugated polymers; indenofluorene; meta
conjugation effect; metal-organic catalysts/organometallic catalysts; p-substituent

INTRODUCTION

Conjugated polymers have received a great deal
of attention for uses in polymer solar cell1–10 and
organic light emitting diodes (OLEDs).11 Photo-
physical and electrochemical properties of conju-
gated copolymers are primarily governed by the
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chemical structures of the polymer backbone.
Researches of low band gap conjugated copoly-
mers have been particularly rich in the recent
past mainly for their high intrinsic conductivity12

and potential application on infrared electrochro-
mic displays and solar cells.13,14 Thiophene-based
and cyclopentadithiophene-based copolymers are
among the mostly studied low band gap polymer
systems.12,15 Copolymers comprised of fluorene
and cyclopentadithiophene derivatives as well as
poly(cyclopentadithiophene)s have been used in
light absorbing diode due to their high efficient
red and infrared absorption properties in solar
spectra.16 In particular, these polymers possess
the lowest known band gaps in the range from
0.16 to 1.5 eV.17–20 However, it is also known that
the aforementioned copolymers have some draw-
backs such as poor solubility in common organic
solvents, excimers formation in the solid state,
and low charge transfer mobility. According to our
previous work and literatures, alternating copoly-
mers comprised of fluorene and monomers 2–5
(chemical structures shown in Scheme 1) were
reported to show limited solubility in common or-
ganic solvents.16,21

To improve the solubility of fluorene-cyclopen-
tadithiophene copolymers, the incorporation of
indenofluorene unit in the polymer backbone to
replace fluorene could be an appraisable idea as
polyindenofluorene derivatives showed very good
solubility due to the presence of four hexyl groups.
The enhancement of solubility could be attributed
to the effectively suppression of the aggregation of
indenofluorene segments.22,23 In addition, polyin-
denofluorene derivatives also exhibited very good
charge mobility in both neutral and doped states
due to its rigid, planar molecular structure, and
the longer conjugated p-terphenyl moiety.24

Hence, indenofluorene unit might increase the
conjugation length of the corresponding copoly-
mers, leading to optical absorption at longer
wavelengths. The combination of monomer 2–5
and indenofluorene derivatives should make the
copolymers highly soluble in common organic sol-
vent due to the presence of four hexyl groups at
11,12 position, yet preserve desired optoelectrical
properties such as red-shifted absorption, low
band gap, good charge mobility in both neutral
and doped states.

In this article, we report the synthesis and
characterization of four new alternating copoly-
mers P1, P2, P3, and P4 comprised of indeno-
fluorene and thiophene/cyclopentadithiophene
derivatives. The thermal, optical, and electro-

chemical properties of these four polymers were
also investigated. The non-p-substituents in P1
and P2 were found to have little effects on the flu-
orescence quantum efficiency. The electron-with-
drawing p-substituents in P3 and P4 shown two
absorption peaks in UV-vis spectra and lowered
the fluorescence quantum yields. The observation
of P3 and P4 indicated that the presence of
charge transfer between the p-substituent and
the conjugated polymer backbone could facilitate
efficient charge separation for high efficiency
solar cell sensitizer.

EXPERIMENTAL

General

Reagents and chemicals were purchased from
Aldrich Chemical Co. unless otherwise stated. All
the new compounds were characterized by 1H
NMR and 13C NMR and FTIR spectra. FTIR
spectra were recorded on a Perkin Elmer spec-
trum 100. NMR spectra were collected on a
Bruker AVANCE 400 spectrometers with CDCl3
and DMSO-d6 as solvent and tetramethyl silane
as internal standard. Melting points (M.P.) were
measured on a MEL-TEMP II melting point appa-
ratus. Molecular weights of the polymers were
determined by gel permeation chromatography
(GPC) on a Waters 1525 Binary HPLC Pump with
polystyrene as the standard and THF as the sol-
vent. The molecular orbital distributions of poly-
mers were calculated using quantum mechanical
package Gaussian 03 and plotted using Gauss-
View program. UV-visible spectra were recorded
on a Perkin Elmer Lambda 35 UV/VIS Spectrom-
eter. The photoluminescence (PL) spectra were
measured by exciting the polymer samples at
325 nm and the emission was measured with
a Perkin Elmer LS 55 Luminescence spectro-
meter. An integrating sphere made by Labsphere
was used to measure the PL efficiencies. Solu-
tions used to detect UV-visible spectra and PL
spectra were prepared from the polymer dissolved
in THF. UV-visible spectra and PL spectra in
the solid state were carried out on films spin-
coated onto quartz plate from chloroform solution.
Cyclic voltammetry (CV) was performed on a CH
Instruments 611B potentiostat/galvanostat sys-
tem with a three-electrode cell in a solution of
Bu4NPF6 (0.05 M) in dichloromethane (DCM)
with reversible or partly reversible oxidations and
in tetrahydrofuran (THF) with reversible or
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Scheme 1. Synthetic routes for monomers.a



partly reversible reductions at a scan rate of
100 mV/s.

Materials

2,5-Dibromo-1,6-dimethyl benzene, 2,5-dibromo-
thiophene, and 3-thiophene-carboxaldehyde were
obtained from Aldrich Chemical Co. Detailed pro-
cedures for the monomer synthesis and spectral
data are shown in the Supporting Information.

Synthesis and Characterization of Indenofluorene
and Monomers 2–5

The synthetic routes of monomers are outlined in
Scheme 1. Indenofluorene was synthesized using
2,5-dibromo-1,6-dimethylbenzene as the starting
material following the literature procedure with a
good yield 86 %.22 Bis(2-iodo-3-thienyl)methanol,
bis(2-iodo-3-thienyl) ketone, and 4H-cyclopenta
[2,1-b:3,4-b0]dithiophen-4-one are intermediates
to synthesize monomers 2–3. They were synthe-
sized using 3-bromothiophene as the starting
material following the literature method.25 The
bis(2-iodo-3-thienyl)ketone was converted to bis
(2-iodo-3-thienyl)-4,4-ethylenedioxy by the azeo-
tropic method8 using benzene and p-toluenesul-
phonic acid in 71% yield, then further reacted to
4,4-ethylenedioxy-4H-cyclopenta[2,1-b:3,4-b0]dithio-
phene by Ullmann coupling reaction23 using Cu
powder and DMF in 93% yield. The 4,4-ethylene-
dioxy-4H-cyclopenta[2,1-b:3,4-b0]dithiophene can
also be obtained by reacting 4H-cyclopenta[2,1-
b:3,4-b0]dithiophen-4-one with ethylene glycol,
but with a lower yield of 65%. Monomer 2,6-
dibromo-4,4-ethylenedioxy-4H-cyclopenta[2,1-b:
3,4-b0]dithiophene (2) was synthesized by direct
bromination of 4,4-ethylenedioxy-4H-cyclopenta
[2,1-b:3,4-b0]dithiophene with THF and NBS
with a yield of 94%. The synthesis of monomer
2,6-dibromo-4,4-propylenedioxy-4H-cyclopenta
[2,1-b:3,4-b0]dithiophene (3) is similar to mono-
mer 2 by only replacing the ethylene glycol to
propylene glycol in the reactants and with a
comparable yield. The monomer 2,6-dibromo-
4H-cyclopenta[2,1-b:3,4-b0]dithiophen-4-one (4)
was synthesized by the direct bromination of
4H-cyclopenta[2,1-b:3,4-b0]dithiophen-4-one with
THF and NBS with a yield of 93%. 2,3-Diphenyl-
5,7-dithiophen-2-yl-thieno[3,4-b]pyrazine was
synthesized according to the literature proce-
dure.21,26 Direct bromination of 2,3-diphenyl-5,7-
dithiophen-2-yl-thieno[3,4-b]pyrazine with THF
and NBS synthesized the monomer 5,7-bis(5-

bromo-thiophen-2-yl)-2,3-diphenyl-thieno[3,4-b]
pyrazine (5).

General Procedure of Polymerization Through the
Suzuki-Coupling Reaction

The polymerization reactions are shown in
Scheme 2 and they were based on the palladium
catalyzed Suzuki coupling reaction.27 The general
procedure is illustrated later. To a 1:1 molar mix-
ture of 11,11,12,12-tetrahexylindenofluorene-2,7-
bis(trimethylene boronate), a dibrominated com-
pound of thiophene derivatives and tetrakis(tri-
phenyl-phosphine) palladium(0) [Pd(PPh3)4] (1
mol %) was added into a degassed mixture of
toluene [(monomer) ¼ 0.1 M] and 2 M potassium
carbonate aqueous solution (3:2 in volume). The
mixture was vigorously stirred and refluxed at
115�C for 48 h under the protection of nitrogen.
After cooling, the mixture was poured into the
stirred mixture of methanol and deionized water
(10:1). A fibrous solid was obtained by filtration.
The solid was redissolved in CHCl3, washed with
water three times to remove total alkali solution,
dried over anhydrous MgSO4 and evaporated.
The residue was dissolved in a minimum volume
of CHCl3 and poured into 10 times volume of
stirred methanol. The mixture was stirred at
room temperature for 2 h, filtered and dried
under reduced pressure at room temperature.
Yields: 71–93%.

Poly-{2,6-(4,4-ethylenedioxy-4H-cyclopenta
[2,1-b:3,4-b0]dithiophene)-2,6-(11,11,12,12-tetra-
hexylindenofluorene)}, P1

Pinkish green powder (Yield 93%). 1H NMR
(CDCl3, 400 MHz, ppm): d 7.75–7.62 (m, 2H),
7.60–7.50 (m, 6H), 7.29 (s, 2H), 4.42 (s, 4H), 2.04
(brt, 8H), 1.11–0.90 (m, 24H), 0.77–0.65 (m, 20H).
13C NMR (CDCl3, 100 MHz, ppm): d 152.05,
150.47, 147.40, 141.17, 140.26, 137.94, 133.12,
124.57, 124.21, 119.94, 119.49, 117.13, 113.93,
108.06, 65.46, 54.90, 40.74, 31.51, 29.69, 23.75,
22.52, 13.96.

Poly-{2,6-(4,4-propylenedioxy-4H-cyclopenta
[2,1-b:3,4-b0]dithiophene)-2,6-(11,11,12,12-tetra-
hexylindenofluorene)}, P2

Brownish black powder (Yield 91%). 1H NMR
(CDCl3, 400 MHz, ppm): d 7.78–7.63 (m, 2H),
7.62–7.55 (m, 6H), 7.54 (brs, 2H), 4.39 (s, 4H),
2.09–1.98 (m, 10H), 1.27–0.99 (m, 24H), 0.78–
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0.68 (m, 20H). 13C NMR (CDCl3, 100 MHz, ppm):
d 152.05, 150.44, 149.99, 146.66, 141.17, 140.24,
137.28, 133.06, 124.22, 119.94, 119.50, 118.46,
113.90, 101.87, 63.35, 54.90, 40.75, 31.52, 30.91,
29.70, 23.74, 22.53, 13.98.

Poly-{2,6-(4H-cyclopenta[2,1-b:3,4-b0]
dithiophen-4-one)-2,6-(11,11,12,12-tetrahexyl-
indenofluorene)}, P3

Black powder (Yield 72%). IR (KBr) 2926, 2858,
1710, 1448, 1265, 1174, 1026, 822 cm�1. 1H NMR
(CDCl3, 400 MHz, ppm): d 7.75–7.71 (m, 2H),
7.61–7.46 (m, 6H), 7.30 (brs, 2H), 2.02 (brt, 8H),
1.11–0.90 (m, 24H), 0.77–0.62 (m, 20H). 13C NMR
(CDCl3, 100 MHz, ppm): d 183.56, 152.24, 150.61,
148.40, 147.61, 142.39, 141.69, 140.24, 132.23,
124.17, 120.13, 119.41, 116.99, 114.10, 54.96,
40.67, 31.52, 29.68, 23.77, 22.53, 13.99.

Poly-{5,7-bis(5-thiophen-2-yl)-2,3-diphenyl-
thieno[3,4-b]pyrazine)-2,6-(11,11,12,12-tetrahexy-
lindenofluorene)}, P4

Deep green powder (Yield 71%) 1H NMR (CDCl3,
400 MHz, ppm): d 7.82–7.45 (m, 14H), 7.40–7.33
(m, 8H), 2.09–1.93 (m, 8H), 1.08–0.96 (m, 24H),
0.78–0.60 (m, 20H); 13C NMR (CDCl3, 100 MHz,
ppm): d 152.86, 152.61, 150.53, 150.18, 138.74,
138.53, 132.79, 132.40, 132.15, 132.07, 131.64,
130.16, 129.33, 129.18, 128.25, 128.19, 122.95,
119.95, 115.74, 113.96, 54.81, 40.65, 31.50, 29.69,
23.70, 22.51, 13.96.

Computational Details

Molecular orbital calculations are performed as a
independent examination for the electronic and
optical properties of the polymers. Polymers with

Scheme 2. Synthetic routes for polymers.a
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specified degree of polymerization (1 to 4) were
created using the Gaussview program.28 Note
that indenofluorene instead of 11,11,12,12-tetra-
hexylindenofluorene was used in the calculation
to avoid the expensive computation demand (We
have found previously that the alkyl side chain
does not have a significant effect on the electron
density distribution).16,29 The initial geometry of
the polymers was optimized via energy minimiza-
tion using density functional theory (DFT) at the
B3LYP3,4 level with 6–31g* basis sets. We have
examined the energy second derivatives (NIMAG
¼ 0) to ensure that a stable minimum-energy
state were achieved. Optical transition properties
such as the oscillator strength and electronic
transition energy were obtained from ZINDO cal-
culations.30,31

RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers P1-P4

All the polymers were readily soluble in common
organic solvents such as THF, chloroform, toluene
and xylene. The number average molecular weight
(Mn), weight average molecular weight (Mw), and
polydispersity index (Mw/Mn) of these four poly-
mers are given in Table 1. The chemical structures
of the monomers and polymers were confirmed by
1H NMR, 13C NMR, and FTIR spectra. The major
signal of 1H NMR spectra of P1-P3 at d 7.29, d
7.54, and d 7.30 can be assigned to the proton at
position 3 on the cyclopentadithiophene ring. The
specific peak of 1H NMR of P1 at d 4.42 can be
assigned to the four ethylenedioxy protons at posi-
tion 4 and the peaks at d 4.39 and d 2.07 of P2 can
be assigned to the six propylenedioxy protons at
position 4 on the cyclopentadithiophene ring. The
13C NMR signal of P3 at d 183.56 can be assigned

to the carbon at position 4 keto group (C¼¼O) on
the cyclopentadithiophene ring. The FTIR spec-
trum of P3 film showed a strong band at 1710
cm�1 attributed to the carbonyl group (C¼¼O
stretching mode). The major signal of 1H NMR
spectra of P4 at d 7.40–7.33 can be assigned to the
protons on the thiophene rings. The 13C NMR sig-
nal of P4 at d 152.86 can be assigned to imine
group (N¼¼C) on the pyrazine ring. The p electrons
can be easily delocalized in the polymer chain as
compared with its corresponding monomer so spec-
tra of polymers are slightly shifted to downfield.

Thermal Stability

The thermal stability of the copolymers under
nitrogen was determined by thermogravimetric
analysis (TGA), and their phase transition behav-
iors were evaluated using differential scanning
calorimetry (DSC). Table 1 lists the glass transi-
tion temperatures (Tg), the melting temperatures
(Tm), and the decomposition temperatures (Td) of
the polymers. All four polymers showed excellent
thermal stability with decomposition temperature
(5% weight loss, measured by TGA analysis,
10 �C/min) higher than 289 �C. P1 and P2 had
similar chemical structures; however, Td of P1 is
lower than that of P2 by 20 �C, which might be
attributed to the more high molecular weight con-
tents in P2 as suggested by the larger Mw

obtained from GPC. P4 has the lowest Td, which
probably due to the presence of imine group, a
less thermal stable bonding. P3 and P4 had dis-
tinctive melting points while P1 and P2 did not
have clear Tm, indicating P3 and P4 had better
crystallinility than P1 and P2 had. The difference
could result from the variation in the chemical
structure: the smaller and polar ketone (AC¼¼0)
side chain of P3 and the planar structure of P4

Table 1. Number Average (Mn), Weight Average (Mw) Molecular Weight,
Polydispersity Index and Thermal Properties of P1–P4

Polymer Mn Mw

PDI
(Mw/Mn)

Tg

(�C)
Tm

(�C)
Td

(�C)

P1 2,982 6,133 2.05 114 N/A 292
P1-Fa 3,981 5,833 1.46 – – –
P2 4,369 9,397 2.15 N/A N/A 311
P2-Fa 3,495 4,789 1.37 – – –
P3 3,897 6,870 1.77 N/A 159 301
P3-Fa 3,643 4,741 1.30 – – –
P4 5,027 8,319 1.65 78 138 289

aData were retrieved from our previous works (ref. 16).
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are helpful for crystallization, while the bulky
side substituents of P1 and P2 are disadvanta-
geous for crystallization.

Optical Properties

The UV-vis absorption and PL spectra of copoly-
mers P1-P4 in THF are shown in Figures 1 and 2
respectively. We have used the onset point of
absorption spectra of P1-P4 thin films to estimate
the band gap (Eg) of the polymers (see Figure 3).
Among these four polymers, the wavelength of
the maximum absorption for P1 and P2 were
more red, which could be attributed to the spiro

connection of the 4,4-ethylenedioxy and 4,4-propy-
lenedioxy groups with the conjugated polymer
backbone so that the lone pairs of the oxygen
atoms might have certain orbital interactions
with the p-electrons of the polymer backbone.
Such kind of orbital interactions enables the oxy-
gen atoms serve as electron donating groups to
effectively lower the HOMO and thus to reduce
the band gap.32 The absorption of P2 is slightly
red shifted than the absorption of P1, which
might associate with the more high molecular
weight contents of P2. In contrast, the absorption
maxima for P3 and P4 are blue shifted along with
a shoulder (P3) or weak band (P4) in the red
edge. Apparently, the S0!S1 transition becomes
less allowed. These photophysical behaviors of P3
are reminiscent of the meta conjugation effect
observed for aminostilbenes.33 In other words, the
electronic interaction between the p-substitu-
tents, carbonyl groups, and the p-conjugated poly-
mer backbone resembles the case of meta-phenyl-
ene bridged subunits. The weak fluorescence of
P3 (Table 2) is also consistent with the forbidden
nature of optical transition between S0 and S1.
For P4, the presence of a shoulder in the red edge
of its UV-vis absorption spectrum might associate
with the low band gap thiophene-pyrazinethio-
phene-thiophene (T-TP-T) unit. Fluorene based
copolymers containing similar T-TP-T units
reported in the literatures also exhibited bimodal
UV-vis absorption.34–36

The UV-vis absorption and PL spectra of
copolymers P1-P4 in THF are shown in Figures 1
and 2 respectively. Table 2 also lists the absorp-
tion maxima of the four polymers in solid state.

Figure 1. UV-visible absorption spectra of P1, P2,
P3, and P4 in THF solution (ca. 1.67 � 10�5 wt %) at
room temperature. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 2. PL spectra of P1, P2, P3, and P4 in THF
solution (ca. 1.67 � 10�5 wt %) at room temperature.
Inset shows the weak emission of P4 in longer range.
[Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 3. UV-visible absorption spectra of the thin film
of P1, P2, P3, and P4 coated onto fused quartz plate.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The comparison between the UV-vis absorption
spectrum in solution and those in solid state is
discussed as followings. The position of absorption
maximum showed only slight shift for P1 and P2.
The result could be attributed to the bulky, out of
plane ethylenedioxy and propylenedioxy substitu-
ents preventing the well-ordered stacking of main
chains. The UV-vis absorption of P3 exhibited a
notable red-shift (�30 nm) and an increasing red
shoulder in solid state. This observation might as-
sociate with the absence of bulky substituents
and the strong dipole-dipole interaction between
carbonyl groups to assist interchain stacking. For
P4, the absorption maxima exhibited trivial shifts
yet the strength of the red shoulder increased,
which probably due to the interchain stacking in
solid state. However, the two side phenyl rings

are not coplanar with the main chain and thus
the interchain stacking of P4 might not as well
organized as that of P3 to generate a significant
red shift. As for PL spectrum, all polymers exhib-
ited red shifts in thin film as expected. It’s noted
that PL of P4 in solid state showed a significantly
suppress in short wavelength emission and a
major emission in long wavelengths, possibly due
to the energy transfer from indenofluorene unit to
the TP derivatives (see Figure 4).

Table 2. Optical Properties of P1–P4

Polymer

UV-vis in
THF Soln
k max (nm)

PL in
THF Soln
k max (nm) Ufl

UV-vis
in Films

k max (nm)

PL in
Films

k max (nm)
Eg

(eV)

P1 442 527 0.38 461 548 1.89
P1-Fa 469 532 0.41 467 554 2.39
P2 466 526 0.36 479,508 571 2.10
P2-Fa 472 532 0.42 484 564 2.30
P3 435,584 464 \0.01 464,679 512 1.5
P3-Fa 394,586 508 \0.01 395,589 508 2.59,1.91
P4 354,599 436,462,691c 0.02 357,614 498,722 1.6
P4-Fb – – – �400,620 – –

aData were retrieved from our previous works (ref. 16).
bData were retrieved from the UV-vis absorption spectrum in ref. 34.
cData was retrieved from inset in Figure 2.

Table 3. HOMO-LUMO Gaps (DH-L) and S0!S1

Electronic Transition Energy (Eabs) for Different
Lengths of P1–P4 at the B3LYP/6-31G* Optimized
Geometry

n

P1 P2

DH-L (eV) Eabs(eV) DH-L (eV) Eabs(eV)

1 3.24 2.69 3.25 2.7
2 2.81 2.42 2.82 2.43
3 2.70 2.38 2.71 2.38
4 2.65 2.35 2.65 2.36
1 2.59 2.34 2.52 2.33
Eg(exp)

a 1.88/1.89 2.03/2.10

P3 P4

n DH-L (eV) Eabs (eV) DH-L (eV) Eabs (eV)

1 2.65 1.89 2.13 1.79
2 2.39 1.75 1.95 1.68
3 2.31 1.73 1.90 1.65
4 2.28 1.72 1.88 1.64
1 2.23 1.72 1.85 1.63
Eg(exp)

a 2.04/1.50 1.93/1.60

aExperimentally determined band gap (Electrochemical/
Optical) as shown in Tables 2 and 6.

Figure 4. PL spectra of the thin film of P1, P2, P3,
and P4 coated onto fused quartz plate. [Color figure
can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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The experimental observations are generally in
consistent with the results from quantum me-
chanical calculations. Listed in Table 3 are the
HOMO-LUMO energy gaps (DH-L ¼ ELUMO-
EHOMO) and the S0!S1 transition (absorption)
gaps (Eabs) for P1 to P4 with the degree of poly-
merization (n) varying from 1 to 4. These values
are linearly extrapolated to the infinite chain
lengths. For P3 the electronic transitions with the
second largest oscillator strength (corresponding
to S0!S1 transitions as explained later) are also
given in the parenthesis. It can be seen that the
variation of calculated band gaps (DH-L) with
changing substituent on thiophene derivatives
are in good agreement with experimental mea-
surement, i.e., P3 and P4 exhibit a lower band
gap (the red-shift shoulders in Fig. 1) compared
with P1 and P2.

The detailed electronic transitions, including
excitation energies, oscillator strength, and con-
figurations for the first two main electronic transi-
tions of P1 to P4 (with the degree of polymeriza-
tion n ¼ 4), are presented in Table 4. The calcu-
lated excitation energies with the largest
oscillator strength correspond to kmax in UV-vis
absorption spectrum. For P1, P2, and P4, largest
value of oscillator strength is observed from
S0!S1 transition. However, for P3 electronic
transitions from S0 to a higher excited state
become the major transition, whereas the S0!S1

transition shows the second largest oscillator
strength. These results are in agreement with the
blue shift in kmax and a shoulder on the red edge
in UV-vis absorption spectrum.

It is interesting to note that the blue shift in
UV-vis absorption spectrum observed

Table 4. Electronic Transition Data from ZINDO Calculation for Different Lengths
of P1(4) to P4(4) at the B3LYP/6-31G* Optimized Geometry

Copolymer
(n)a

Electronic
Transitionb Eabs (eV) fc Main Configurationsb

P1(4) S0!S1 2.35(526) 4.63 HOMO!LUMO(0.40)
HOMO-2!LUMOþ3(0.32)
HOMO-1!LUMOþ2(0.31)

S0!S8 3.51(353) 1.33 HOMO!LUMOþ7(0.21)
HOMO-3!LUMOþ4(0.20)
HOMO-7!LUMO(0.17)

S0!S4 2.70(459) 0.65
P2(4) S0!S1 2.36(525) 4.65 HOMO!LUMO(0.40)

HOMO-2!LUMOþ3(0.31)
HOMO-1!LUMOþ2(0.31)

S0!S8 3.51(353) 1.47 HOMO!LUMOþ7(0.21)
HOMO-3!LUMOþ4(0.20)
HOMO-7!LUMO(0.17)

S0!S4 2.69(460) 0.64
P3(4) S0!S9 3.07(404) 4.96 HOMO!LUMOþ6(0.32)

HOMO-2!LUMOþ10(0.19)
HOMO-1!LUMOþ5(0.19)

S0!S1 1.72(719) 1.28 HOMO!LUMO(0.35)
HOMO-2!LUMOþ2(0.30
HOMO-1!LUMOþ1(0.25)

S0!S10 3.13(396) 0.70
P4(4) S0!S1 1.64(757) 3.31 HOMO!LUMO(0.41)

HOMO-2!LUMOþ2(0.38)
HOMO-1!LUMOþ1(0.33)

S0!S5 2.69(461) 1.88 HOMO!LUMOþ6(0.31)
HOMO-2!LUMOþ10(0.29)
HOMO!LUMOþ15(0.13)

S0!S21 3.42(362) 1.34

aNumber in parenthesis indicates the chain length n used in the calculation.
bExcitation with the largest value of oscillator strength are underlined and that with the

second largest values are in italic.
c Oscillator strength.
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experimentally for P4 may be fundamentally dif-
ferent from that for P3. Figure 5 shows the calcu-
lated absorption spectrum for P1(4) to P4(4).
Unlike P1(4) and P2(4), whose major absorption
bands locate below 550 nm, P3(4) and P4(4) both
display additional absorption bands around 700
nm. While S0!S1 (�700 nm) is the transition
with a largest oscillator strength for P4(4), there
are more electronic transitions allowed around
400–500 nm. This may explain the blue shift
observed in the experimental UV-vis spectra.
However, the strength of the absorption around
700 nm observed experimentally is much weaker
than that around 400–500 nm, which is contradic-
tory to the simulation result stating that the
S0!S1 (�700 nm) is the major transition.

The differences in electronic transition in P1 to
P4 can also be understood from their difference in
molecular orbital distribution. From Figure 6, the
electron density of HOMO and LUMO of P1 and
P2 are spread over the whole backbone. However,
the introduction of electron-withdrawing groups
of carbonyl (P3) and pyrazine (P4) results in
localized charge density of LUMO on thiophene
derivatives. The higher degree of orbital overlap
between HOMO and LUMO implies a stronger
electronic transition between HOMO and
LUMO.37 On the contrary, the less orbital overlap
between HOMO and LUMO leads to a weaker
S0!S1 electronic transition. These results are
consistent with the ZINDO calculations given in
Table 4. Combining the spatial distribution of
molecular obitals with ZINDO calculations, we

Figure 5. Simulated UV-visible Absorption Spectra
by ZINDO Calculation.

Figure 6. Molecular orbitals of P1 to P4 with a
chain length n ¼ 2.
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can conclude that the weak absorption band
(�700 nm) for P3 and P4 are mainly attributed to
the interaction between HOMO orbital on the
overall backbone and LUMO orbital on thiophene
derivatives. In addition, the interaction between
HOMO and LUMOþ2 in Figure 6 play an impor-
tant role in the blue shift of absorption maxima
for P3 and P4.

To understand the effect of using indenofluor-
ene to replace fluorene, we would like to compare
the properties of similar copolymers having the
same cyclopentadithiophene derivatives. Table 1
and Table 2 respectively list the chemical, ther-
mal properties as well as the electronic and opti-
cal properties of fluorene containing copolymers.16

Pn-F (n ¼ 1–4) is denoted as the copolymer com-
prised of fluorene and the same cyclopentadithio-
phene derivatives in Pn (n ¼ 1–4). It’s noticed
that the polydispersities of Pn were broader than
the corresponding Pn-F, which might indicate the
copolymerization of indenofluorene was more dif-
ficult to control. For P1/P1-F and P2/P2-F, the
copolymers containing indenofluorene showed
slight blue shifts in UV-vis absorptions both in so-
lution and in solid state. However, in comparison
with P3-F, P3 showed significant red shifts both
in solution and in solid state. Moreover, the
absorption spectrum of P3-F in solution was very
similar to that in thin film; while the absorption
of P3 in solid state exhibited a notable red shift
corresponding to that in solution. The above di-
vergent observations suggest that the incorpora-
tion of indenofluorene might result in complicated

effects on the electronic and optical properties.
Optical red shifts in the absorption spectrum
through the elongation of conjugation lengths
cannot be always expected. The red shift in P3
might be attributed to a better steric matching
between indenofluorene and monomer 4 leading
to a more organized packing. For the comparison
of P4 and P4-F, the absorption maxima of P4
blue-shifted by �50 nm and the shoulder of the
absorption spectrum at long wavelengths of P4
was suppressed. Nevertheless, the solubility of
P4-F was very poor and its molecular weight
could not be determined from GPC according to
the literature (where P4-F was denoted as APFO-
Green2)34 while P4 showed much improved solu-
bility and GPC was tolerable for molecular weight
measurement. In summary, indenofluorene might
not be an effective moiety on the corresponding
copolymers toward light harvesting; however, it
did enhance the solubility.

Electrochemical Properties

Cyclic voltammetry (CV) experiments were
conducted to probe the electrochemical properties
of P1-P4. The voltammograms and the onset
potentials of oxidation (Eonset,ox) and reduction
(Eonset,red) are shown in Figure 7 and Table 5,
respectively. All measurements were calibrated
using ferrocene (Fc) value of þ0.32 eV as the
standard.38 The HOMO and LUMO and thus
the electrochemical band gaps, Eg ¼ (ELUMO –
EHOMO),

39,40 could be estimated (Table 5) accord-
ing to the empirical relationship proposed by de
Leeuw et al. [eq. (1)]41:

IpðHOMOÞ ¼ �ðEonset;ox þ 4:39ÞðeVÞ;
EaðLUMOÞ ¼ �ðEonset;red þ 4:39ÞðeVÞ (1)

The electrochemical band gaps of P1 and P2
are in a good agreement with the optical band
gaps; however, those of P3 and P4 are larger than

Figure 7. Cyclic voltammograms of the electrochem-
ical oxidation and reduction of copolymers P1, P2,
P3, and P4 in 0.05 M TBAPF6 in CH2Cl2 and THF at
a sweep rate of 100 mV/s.

Table 5. Electrochemical Properties and Energy
Levels of P1–P4

Polymer
Eonset,oxd

(eV)
Eonset,red

(eV)
HOMO
(eV)

LUMO
(eV)

Eg

(eV)

P1 0.97 �0.91 5.36 3.48 1.88
P2 1.01 �1.02 5.40 3.25 2.03
P3 1.14 �0.90 5.53 3.49 2.04
P4 1.01 �0.92 5.40 3.47 1.93
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the corresponding optical band gaps (see Table 2).
The discrepancies for P3 and P4 might associate
with the insensitivity of cyclic voltammetry mea-
surement on the weak S0!S1 transition.

CONCLUSION

We have demonstrated an efficient method to syn-
thesize a new series of indenofluorene based
copolymers. The polymers prepared showed good
solubility in common organic solvents. Efficient
absorption spectra tuning are demonstrated by
changing the substitutes of the thiophene based
derivatives. Some of the polymers behavior that
resembles the meta conjugation effect for p-sub-
stituents at the bridge position might prove of val-
ues in designing new materials for the fabrication
of polymer solar cells. These copolymers are low
band gap with low PL and thus they might be
good candidates as the photoactive materials in
solar cells.

We thank the National Science Council of Taiwan (NSC
95-2120-M-002-012) and US Air Force (AOARD-07-
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