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ABSTRACT: Three triphenylamine-fluorene alternating conjugated copolymers, differing only in the aldehyde
(PTCHO), monocyano (PTCN), and dicyano (PTDCN) pendant acceptor groups, have been designed and
synthesized. The structures and properties of the conjugated copolymers were characterized by 1H NMR, elemental
analysis, gel permeation chromatography (GPC), thermal gravimetric analysis (TGA), UV-visible absorption
spectroscopy, photoluminescence (PL) spectroscopy, and cyclic voltammetry (CV). Through manipulating the
acceptor attached to the same π-conjugated backbone, the electronic properties and energy levels of the copolymers
were effectively tuned for blue, yellowish-green, and yellowish-orange emissions, resembling those of the primary
colors. The effect of substituent on the electronic structure of the copolymers was also studied by molecular
simulation. The blue shift in the π-π* transition of the backbone was associated with the variation in the structural
geometry, whereas the charge transfer, excimer formation, and energy level variation were governed by the electron
density distribution. The results suggest a simple and effective approach for tuning the emission in a conjugated
polymer through modification of the pendant acceptor groups. In combination with a soluble fullerene (PCBM),
PTCN and PTDCN were also used in the fabrication of bulk-heterojunction photovoltaic cells. The
structure-property relationships revealed by the present copolymers are useful for the rational design of
electroactive polymers for photoelectronic applications.

1. Introduction

Soluble conjugated polymers have received considerable
attention because they can be processed in simpler and more
cost-effective ways than their inorganic semiconductor coun-
terparts. Their electronic and optical properties can be tuned
via molecular design and synthesis.1 In semiconductors, the
transport of holes and electrons are governed by the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) energy levels. The energy levels of
an organic semiconductor govern the efficiency of carrier
injection and extraction,2,3 control the energy and electron
transfer processes at the heterojuction,4 and determine the
intrinsic photophysical properties, such as absorption and
emission.5-9 Therefore, the performance of conjugated semi-
conducting polymers can be optimized through fine-tuning of
the energy levels via molecular design and engineering.

The opto-electronic properties of conjugated polymers can
be efficiently tuned by intramolecular charge transfer involving
donor-acceptor (D-A) interactions.10,11 The hybridization of
HOMO located on the donor moiety with LUMO located on
the acceptor moiety provides a means for tuning the electronic
and optoelectronic properties in device applications, such as
light-emitting diodes,12-15 photovoltaic cells,16-19 field-effect
transistors,20-22 and memory devices.23,24

Commercially available triphenylamine-fluorene alternating
conjugated polymers (PFTs) have been widely used as donor

materials for probing device mechanism and performance or
for fabricating state-of-the-art semiconductor devices and taking
advantage of their unique properties, such as high hole mobility
and solution processability.25-30 In this work, we demonstrate
effective tuning of energy levels and PL in PFTs by coupling
of appropriate pendant acceptor groups. Furthermore, the
potential application of these copolymers as active layers in
photovoltaic cells is also explored.

2. Experimental Section

2.1. Instrumentation. 1H NMR spectra were measured on a
Bruker ACF 300 spectrometer with d-chloroform as the solvent
and tetramethylsilane as the internal reference. UV-visible absorp-
tion spectra were measured on a Shimadzu UV 3101PC spectro-
photometer using an integrating sphere, ISR-260, the inside of which
was coated with a diffusely reflecting material, BaSO4. Elemental
microanalysis was performed on a Perkin-Elmer 2400 elemental
analyzer. Thermogravimetric analysis (TGA) was conducted on a
TA Instruments TGA 2050 thermogravimetric analyzer at a heating
rate of 20 °C/min and under a nitrogen flow rate of 100 mL/min.
Differential scanning calorimetry (DSC) measurements were carried
out on the Mettler Toledo DSC 822e system under nitrogen and at
a heating rate of 10 °C/min. Gel permeation chromatography (GPC)
measurements were conducted on a Waters GPC system equipped
with a Waters 1515 HPLC pump, Waters Styragel columns, a
Water-2487 dual wavelength UV detector, and a Waters 2414
refractive index detector. Polystyrene standards were used as the
molecular weight references, and THF was used as the eluent.
Cyclic voltammetry (CV) measurement was performed on an
Autolab potentiostat/galvanostat system using a three-electrode cell
under an argon atmosphere. The polymer film on a Pt disk electrode
(working electrode) was scanned (scan rate: 100 mV/s) anodically
and cathodically in a 0.1 M acetonitrile solution of tetrabutylam-
monium hexafluorophosphate (n-Bu4NPF6) with a Ag/AgCl refer-
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ence electrode and a platinum wire counter electrode. The ferrocene/
ferrocenium (Fc/Fc+) couple was used as an internal reference and
showed an onset peak at +0.40 eV versus Ag/AgCl. Atomic force
microscopic (AFM) images were measured on a nanoscope III A
(Digital Instruments) scanning probe microscope using the tapping
mode.

2.2. Photovoltaic Device Fabrication and Characterization.
The indium tin oxide (ITO)-coated glass anodes (20 Ω/sq) were
patterned by conventional wet-etching process using concentrated
HCl as etchant. After patterning, the substrates were precleaned
by sonication sequentially in deionized water, acetone, and iso-
propanol, followed by oxygen plasma treatment. The hole-collecting
layer of poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate)
(PEDOT/PSS, ∼40 nm) was spin-coated onto the ITO substrate at
5000 rpm for 30 s, dried in a vacuum oven at 140 °C for 30 min,
and then allowed to cool to room temperature in air. The process
was followed by spin coating the photoactive layer (∼70 nm) from
a 20 mg/mL chlorobenzene solution of the copolymer and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) blend at a component
weight ratio of 1:1 or 1:3. After drying in a vacuum oven at 50 °C
for 12 h, the aluminum (Al) cathode (200 nm in thickness) was
thermally evaporated through a shadow mask to define an active
device area of 0.2 cm2. The device was removed from the chamber
directly for testing without protective encapsulation. The thickness
of the hole-collecting layer and photoactive layer was determined
fromtheedgeprofileofAFMimages.Thephotocurrentdensity-voltage
(J-V) characteristics of the device were measured on a program-

mable Keithley model 238 electrometer analyzer with AM 1.5G
illumination under ambient condition from a Sciencetech solar
simulator (model SS150W/SS300W, London, ON Canada) at an
intensity of 100 mW/cm2. The mismatch of the simulated spectrum
with the solar spectrum was not determined.

2.3. Materials. Tetrakis(triphenylphosphine)palladium, or (PPh3)4-
Pd, was prepared according to the method reported in the litera-
ture.31 9,9-Di-n-hexylfluorene-2,7-bis(trimethyleneboronate), trio-
ctylmethylammonium chloride (Aliquat 336), triphenylamine, ethyl
cyanoacetate, malononitrile, and solvents (analytical grade) were
purchased from Sigma-Aldrich Chemical. The solvents (pyridine,
DMF, and toluene) were dried by standard procedures and distilled
before use. The synthesis routes for the monomer and the three
copolymers are shown in Schemes 1 and 2.

2.4. 4-(Diphenylamino)benzaldehyde. The title compound was
synthesized according to procedures similar to those reported in
the literature.32 Briefly, 6 mL of dry DMF (77.2 mmol) was added
dropwise to 25 mL of phosphorus oxychloride (272 mmol)
maintained at 0 °C. After the solution was stirred for 15 min,
triphenylamine (1 in Scheme 1, 5 g, 20.4 mL) was added to the
above Vilsmeier reagent,33 and the mixture was heated to 45 °C
for an additional 2 h. After cooling, the clear red solution was added
dropwise to ice water with stirring, and the resulting mixture was
allowed to stand for 2 h. The crude product was collected by
filtration, washed with water, and dissolved in dichloromethane.
The organic solution was washed with H2O (2 × 150 mL) and
dried over MgSO4. After the solvent was evaporated off, the residue

Scheme 1. Synthesis Route of PTCHO

Scheme 2. Synthesis Routes of PTCN and PTDCN
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was recrystallized from ethyl acetate to afford aldehyde (2 in
Scheme 1) as a pale yellow crystal with a yield of 4.7 g (85%).
Melting point: 129-130 °C. 1H NMR (300 MHz, CDCl3, δ): 9.80
(s, 1H), 7.67 (d, J ) 8.1 Hz, 2H), 7.36-7.25 (m, 4H), 7.28-7.16
(m, 6H), 7.01 (d, J ) 8.1 Hz, 2H).

2.5. 4-(Bis(4-bromophenyl)amino)benzaldehyde. The title com-
pound was synthesized according the procedure reported in the
literature.15 Bromine (5.9 g, 36.6 mmol) in methylene chloride (50
mL) was added dropwise to 4-(diphenylamino)benzaldehyde (2,
5.0 g, 18.3 mmol) in methylene chloride (200 mL) at 0 °C. The
mixture was stirred at room temperature for 6 h, and saturated
aqueous Na2SO3 was then added to reduce the remaining bromine.
The organic layer was separated, washed with brine (2 × 150 mL),
and dried over sodium sulfate. After the solvent was evaporated
off, the residue was recrystallized from ethanol to afford a yellow
solid with a yield of 6.2 g. Melting point: 157-158 °C. 1H NMR
(300 MHz, CDCl3, δ): 9.84 (s, 1 H), 7.71 (d, J ) 9 Hz, 2H), 7.44
(d, J ) 9.0 Hz, 4H), 7.52-7.00 (m, 6H).

2.6. Poly[2,7-(9,9-dihexylfluorene)-alt-1,4-phenylene-4-(formyl-
benzyl)imino-1,4-phenylene] (PTCHO). 9,9-Di-n-hexylfluorene-2,7-
bis(trimethyleneborate) (3 in Scheme 2, 0.502 g, 1 mmol), 4-(bis(4-
bromophenyl)amino)benzaldehyde (2, 4.311 g, 1 mmol), Aliquat
336 (20 mg), and (PPh3)4Pd (34 mg, 0.03 mmol) (1.5 mol % based
on total monomers) were dissolved in degassed toluene (6 mL) in
a 25 mL two-necked round-bottomed flask. A 2 M aqueous solution
of K2CO3 (4 mL) was added. The solution was vigorously stirred
under argon at 90 °C for 48 h. The resulting mixture was then
poured in 200 mL of methanol. The precipitate was collected by
filtration and washed with 2 M HCl and methanol. The green solid
product was extracted with acetone for 24 h in a Soxhlet apparatus
to remove oligomers and catalyst residues.1H NMR (300 MHz,
CDCl3, δ): 10.86 (s, 1H), 7.80-7.70 (m, 4H), 7.69 (d, J ) 8.4 Hz,
4H), 7.61 (d, J ) 8.7 Hz, 4H), 7.33 (d, J ) 8.4 Hz, 4H), 7.20 (d,
J ) 9 Hz, 2H), 7.35-7.18 (m, 6H), 2.36-2.02 (m, 4H), 1.26-1.08
(m, 12H), 0.79-0.74 (m, 10H). Anal. Calcd for C12H6N2O2: C,
87.52; H, 7.51; N, 2.32. Found: C, 85.91; H, 7.18; N, 2.28.

2.7. Poly[2,7-(9,9-dihexylfluorene)-alt-2-(4-(diphenylamino)ben-
zylidene)malononitrile] (PTCN). Ethyl cyanoacetate (10 equiv, 283
mg) was added to a solution of PTCHO (150 mg, 0.25 mmol of
basic units) in 20 mL of pyridine. The solution turned red
immediately and was heated to 55 °C for 48 h. The solution was
concentrated under reduced pressure, and the residue was added
dropwise to excess methanol to precipitate the polymer as a
yellowish-red solid. 1H NMR (300 MHz, CDCl3, δ): 8.14 (s, 1H),
7.92 (d, J ) 8.7 Hz, 2H), 7.79 (d, J ) 7.8 Hz, 2H), 7.69 (d, J )
8.4 Hz, 4H), 7.60 (d, J ) 9.6 Hz, 4H), 7.34 (d, J ) 8.4 Hz, 4H),
7.16 (d, J ) 8.7 Hz, 2H), 4.37 (dd, J ) 14.1 Hz, 2H), 2.35-2.01
(m, 4H), 1.39 (t, J ) 7.1 Hz, 3H), 1.25-1.08 (m, 12H), 0.78-0.74
(m, 10H). Anal. Calcd for C12H6N2O2: C, 84.2; H, 7.21; N, 4.01.
Found: C, 83.6; H, 7.50; N, 3.90.

2.8. Poly[2,7-(9,9-dihexylfluorene)-alt-ethyl 3-(4-(diphenylami-
no)phenyl)-2-cyanoacrylate] (PTDCN). Malononitrile (10 equiv,
165 mg) was added to a solution of PTCHO (150 mg, 0.25 mmol)
in 20 mL of pyridine. The solution turned red immediately and
was heated to 55 °C for 48 h. The solution was concentrated under
reduced pressure, and the residue was added dropwise to excess
methanol to precipitate the polymer as a bright-red solid. 1H NMR
(300 MHz, CDCl3, δ): 7.81 (d, J ) 8.1 Hz, 4H), 7.72 (d, J ) 8.4
Hz, 4H), 7.61 (d, J ) 10.5 Hz, 4H), 7.60 (s, 1H), 7.35 (d, J ) 8.4
Hz, 4H), 7.13 (d, J ) 8.7 Hz, 2H), 4.37 (dd, J ) 14.1 Hz, 2H),
2.35-2.01 (m, 4H), 1.39 (t, J ) 7.1 Hz, 3H), 1.25-1.08 (m, 12H),
0.78-0.74 (m, 10H). Anal. Calcd for C12H6N2O2: C, 86.60; H, 6.96;
N, 6.44. Found: C, 85.93; H, 7.67; N, 6.40.

3. Results and Discussion

3.1. Polymer Synthesis and Characterization. The synthesis
of PTCHO was carried out in four steps, as illustrated in
Scheme 1. Initially, 4-(diphenylamino) benzaldehyde (1) was
obtained from triphenylamine via the Vilsmeier reaction33 with
a yield of 79%. Bromination of 1 in methylene chloride at room

temperature afforded 4-(bis(4-bromophenyl)amino)benzaldehyde
(2). The “basic” copolymer, viz. PTCHO, was synthesized by
Suzuki polycondensation of an equimolecular mixture of the
dibromide and diboronate (3). The copolymerization was carried
out for 48 h using Pd(PPh3)4 as the catalyst in a two-phase
mixture of degassed toluene and aqueous K2CO3 (2.0 M) and
in the presence of Aliquat 336 as a phase transfer reagent.

Molecular weight of conjugated polymers is one of the key
parameters governing their physicochemical and electronic
properties, such as mobility of charge carriers, processability,
and film morphology, in bulk-heterojunction solar cells, field
effect transistors, and light emitting diodes.13,34,35 Therefore,
polymers with similar molecular architecture and bearing a
comparable number of conjugation units are more desirable for
the study of the structure-property relationship. However, the
number of conjugation units along the backbone usually cannot
be precisely controlled because of the nature of polymerization
reactions and different reactivity of monomers. This problem
can be overcome by modifying the pendant groups of a
conjugated polymer, such as PTCHO, to form PTCN and
PTDCN (Scheme 2).

As shown in Scheme 2, PTCHO was condensed with ethyl
cyanoacetate and malononitrile to afford PTCN and PTDCN,
respectively. The optimum reaction conditions for achieving
complete conversion of the aldehyde groups were found to be
in pyridine at 55 °C for 48 h. The presence of triethylamine or
piperidine as a base did not improve the conversion efficiency
of the aldehyde groups in methylene chloride or chloroform
and generally resulted in undesirable byproduct. After purifica-
tions and drying, PTCHO, PTCN, and PTDCN were obtained
as green, yellowish-red, and bright-red solids, respectively,
indicating significant differences in their effective conjugation
lengths. The conversion of aromatic aldehyde of PTCHO was
revealed by Fourier transform infrared (FT-IR) absorption
spectroscopy. As shown in Figure 1, the characteristic absorption
peaks of the -CHO group appear at 1694 and 2724 cm-1,
associated with the C-H and CdO stretching vibrations,
respectively.36 After modification, these characteristic absorp-
tions of aldehyde have disappeared. New absorption peaks at
2217 cm-1 (for PTCN and PTDCN) and 1710 cm-1 (for
PTCN), corresponding, respectively, to CtN stretching vibra-
tion of the nitrile group and CdO stretching vibration of the
carboxylic ester, have emerged, which is indicative of nearly
complete conversion of the terminal aldehyde group. The
chemical structures of the copolymers were also verified by1H
NMR spectroscopy. The assignments of chemical shifts in the
1H NMR spectra are shown in Figure 2. The complete
disappearances of the aldehyde proton signal at 9.8 ppm and
the appearances of olefinic proton signals at 8.14 ppm37 for
PTCN and 7.56 ppm for PTDCN provide confirmation of the

Figure 1. FT-IR spectra of the copolymers.
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efficient conversion reaction. In addition, the ratios of integrated
peak areas of olefinic to aliphatic protons and of olefinic to
aromatic protons are consistent with the proposed structures of
PTCN and PTDCN, as depicted in Scheme 2.

As determined by gel permeation chromatography (GPC),
PTCHO has a number-average molecular weight (Mn) of 5.02
× 104, corresponding to a degree of polymerization of about
34, with a polydispersity index of 2.46. The modification has
led to a slight increase in the molecular weights of the resulting
copolymers, as shown in Table 1. The Mn values of PTCN and
PTDCN were found to be 5.60 × 104 and 5.47 × 104,
respectively, with the corresponding polydispersity indices of
2.26 and 2.39. All three copolymers are readily soluble in
common organic solvents, such as tetrahydrofuran, toluene,
chloroform, and chlorobenzene and can be readily cast into
uniform thin films, rendering them good candidates for the
fabrication of organic semiconductors.

3.2. Thermal Stability. The thermal properties of the
copolymers were determined via thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under a
nitrogen atmosphere. As shown in Table 2, the 5% weight-loss
temperatures for PTCHO, PTCN, and PTDCN are in the range
of 372-425 °C. The copolymers have glass-transition temper-
atures (Tg) ranging from 183 to 195 °C. Such high values of
Tg, which can retard morphological changes and suppress
formation of aggregates at elevated temperatures, are desirable

for polymers to be used as electroactive materials in organic
semiconductor applications.38

3.3. Optical Properties. To assess their photophysical
properties, we measured the absorption and PL spectra of
PTCHO, PTCN, and PTDCN in solution and in the film form
(Figure 3). The toluene solution of PTCHO has an absorption
maximum at 378 nm (Figure 3a) corresponding to the π-π*
transition of the polymer backbone and blue-shifted by ∼10
nm relative to that of the fluorene-alt-triphenylamine copoly-
mers.29 The spectral shift can probably be attributed to distortion
of the backbone, thereby reducing the effective conjugation
length, arising from orbital interactions between the aromatic
aldehyde and triphenylamine group. Differing from PTCHO
and in addition to the absorption of fluorene-alt-triphenylamine
backbones at ∼372 nm, the introduction of electron-withdrawing
pendant groups produces new absorption bands at 440 nm for
PTCN and 452 nm for PTDCN, attributable to intramolecular
charge transfer (ICT) interactions39 between the polymer
backbone and the pendant acceptor groups. Evidently, the ICT
interaction is more significant for the dicyano-substituted
polymer (PTDCN) than for the monocyano-substituted polymer
(PTCN) because of the increased π-conjugation and enhanced
electron-accepting ability of the dicyano moiety. For the as-
spun film on glass substrates, the UV-visible absorption spectra
of the three copolymers are red-shifted and broadened (Figure
3b), as compared with the corresponding dilute solution spectra.
The red-shift and broadening of the solid-state absorption spectra
are probably related to the increased extent of π-π stacking
alignment of the backbones, increased polarizability of the film,
or both.40,41

In both solutions and the film form, the π-π* transitions of
the backbones are progressively blue-shifted when the pendant
acceptor groups are varied from the aldehyde group to the
monocyano group and further to the dicyano group. This
phenomenon is probably also related to the increasing extent
of distortion of the backbones, similar to that of PTCHO relative
to the unsubstituted fluorene-triphenylamine copolymer, as
discussed above. Furthermore, the conformational distortion of
the backbone is related to the nature of the acceptor groups, as
suggested by theoretical calculations (see below).

The three copolymers exhibit different emission colors in
solution upon excitation at the wavelength of 380 nm, as shown
in Figure 3c. The emission spectra of PTCHO, PTCN, and
PTDCN have maxima at 468, 550, and 575 nm, respectively,
approximately corresponding to blue, yellowish-green, and
yellowish-orange emissions. Similar to their absorption spectra,
this difference in emission wavelengths among the three
copolymers can be understood in terms of the strength of the
donor-acceptor interaction, which can affect the excited states.

The solid-state PL spectrum of the three copolymers is red-
shifted by about 20, 28, and 50 nm, respectively, from the
corresponding solution spectra (Figure 3d). This phenomenon
is probably attributable to intermolecular interactions, leading
to aggregation and possible excimer formation.42,43 Therefore,
blue, yellowish-green, and yellowish-orange fluorescence are
observed for the as-spun films of PTCH, PTCN, and PFDCN,
respectively, when irradiated at the wavelength of 365 nm
(Figure 4). The variation in emission wavelengths of PTCHO,
PTCN, and PTDCN suggests the possibility of tuning the
photophysical properties of fluorene-alt-triphenylamine conju-
gated copolymers for full-color-display applications by the
simple manipulation of acceptor strength in the pendant groups.

3.4. Electrochemical Properties and Energy Levels. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels of the
conjugated polymers are important parameters in the design of
semiconductor and junction devices. The voltammograms and

Figure 2. 1H NMR spectra of the synthesized copolymers in CDCl3,
with the solvent peaks marked by asterisks (*). The inset shows the
expanded view in the low fields.

Table 1. Molecular Weightsa and Thermal Properties of the
Donor-Acceptor Alternating Conjugated Copolymers

polymers Mw Mn PDI (Mw/Mn) DSC (°C)b Td (°C)c

PTCHO 20 382 50 160 2.46 195 425
PTCN 24 680 55 982 2.26 183 372
PTDCN 22 883 54 744 2.39 184 394

a Molecular weights and polydispersity indexes were determined by GPC
in THF using polystyrene as standards. b 5% weight loss temperature
measured by TGA under N2. c Glass-transition temperature measured by
DSC under N2.

Table 2. Physical Properties of the Donor-Acceptor Alternating
Conjugated Copolymer Films

polymers
λabs

(nm)a
λem

(nm)a
Eg

(eV)b
Eox

(eV)c
HOMO
(eV)d

LUMO
(eV)e

PTCHO 376 489 2.96 1.10 -5.50 -2.74
PTCN 371, 442 576 2.46 1.12 -5.51 -3.20
PTDCN 364, 464 627 2.39 1.14 -5.54 -3.36
a Obtained from thin films. b Band gap, estimated from the optical

absorption band edge of the films. c Calculated from the onset oxidation
potentials. d Estimated using empirical equations EHOMO ) [(Eox - EFoc) +
4.8]. e Estimated using empirical equations ELUMO ) EHOMO - Eg.
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the onset oxidation potentials (Eox) of the three copolymers are
shown in Figure 5 and Table 2, respectively. There were two
oxidation peaks, the first reversible one corresponds to the
oxidation of the triphenylamine moiety, and the second corre-
sponds to the oxidation of the fluorene ring. Therefore, the
HOMO energy values of the polymers were estimated according
to that (-4.8 eV) of ferrocene (Fc) with respect to the vacuum
level.44 Because the reduction curves could hardly be obtained,
the optical absorption band edge of the film was utilized to
derive the band gap and calculate the LUMO energy levels of
each copolymer. As shown in Table 2, the HOMO and LUMO
energy levels of PTCHO are -5.50 and -2.74 eV, respectively.
After modification, the HOMO energy levels of PTCN and
PTDCN remain unchanged despite the presence of different
pendant acceptor groups, whereas their LUMO energy levels
have decreased.

3.5. Theoretical Calculations. To provide further insight into
the fundamentals of molecular architecture, molecular simulation
was carried out for PTCHO, PTCN, and PTDCN with a chain
length of n ) 2 at the DFT B3LYP/6-31G(d) level with the

Gaussian 03 program package.45 The hexyl groups of the
fluorine unit were not included in the calculation to avoid

Figure 3. UV-visible absorption spectra of the polymers (a) in toluene solution and (b) in the film form. Fluorescence spectra of the copolymers
(c) in toluene solution and (d) in the film form (λex ) 380 nm).

Figure 4. Fluorescence of the spun films of PTCHO, PTCN, and PTDCN under UV irradiation (λex ) 365 nm).

Figure 5. Cyclic voltammograms of the copolymers in acetonitrile at
a sweep rate of 100 mV/s.
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excessive computation demand because they do not significantly
affect the equilibrium geometry and thus the electronic proper-
ties. As depicted in Figure 6, the LUMOs for all of the polymers
are located on the peripheral triphenylamine groups and on the
adjacent fluorene rings. As a result, the computed HOMOs are
close to one another. For PTCHO, there is a significant overlap
between the HOMO and LUMO. However, the electron density
distributions at LUMO become highly localized near the
electron-withdrawing cyano groups for PTCN and PTDCN, and
the well-separated distribution of HOMO and LUMO levels
indicate that a transition between them can be considered to be
a charge-transfer transition.

The optimized geometries are shown in Figure 7, and the
relevant geometrical parameters are listed in Table 3. The
structural differences in the amine groups of PTCHO, PTCN,
and PTDCN are described by two parameters: (i) the C-N bond
length and (ii) the dihedral angle between the N-phenyl planes
(one located on the backbone and one bearing the pendant

acceptor group). Larger orbital overlaps among the amine
nitrogen moieties can be expected if the C-N bond lengths are
more evenly distributed and the dihedral value is close to 0°.
The data in Table 3 are derived from the N1 moiety. Those
from the N2 moiety show results similar to those described
below. First of all, the substituent effects were reflected on the
C-N1 bond lengths of the triphenylamine moiety. As shown
in Table 3, when the substituent group is changed from aldehyde
to monocyano and then to dicyano group, the C5-N1 bond
lengths for PTCHO, PTCN, and PTDCN are progressively
shortened, whereas the bond lengths of C2-N1 and C3-N1
progressively increase. However, the C1-C2-N1-C5 dihedral
angles of 45.7, 47.1, and 48.6, along with the C3-C4-N1-C5
dihedral angels of 48.2, 49.5, and 60.0, respectively, for
PTCHO, PTCN, and PTDCN, were recorded. The progressive
increase in the dihedral angle and uneven distribution of the
C-N bond length are associated with the degree of distortion
of the triphenylamine groups induced by the pendant acceptor
groups. This effect increases in the order aldehyde group <
monocyano group < dicyano group. The calculation results
indicate that the stronger the attached pendant acceptor group,
the poorer the effective conjugation of the backbone. Therefore,
the calculation results are in good agreement with the observed
blue shift of the π-π* transitions of the backbone of the
copolymers in both solution and the solid state.

Upon irradiation in the solid state, the unique electron
distribution patterns of PTCN and PTDCN will facilitate the
recombination of excited molecules with the nearby ground-
state molecules by intermolecular charge transfer interactions
between the cyano groups and the fluorene-triphenylamine
donors, resulting in the formation of excimers.46,47 Therefore,
in addition to molecular aggregation, the excimer formation can
also contribute to the observed red shift in emission.

In addition, it can be seen from Figure 6 and Table 2 that
although discrepancies exist between the calculation and
experimental results, the trends of variation in the HOMO and
LUMO energies, as well as the energy gaps, are similar. The
presence of pendant cyano groups with strong electron affinity
leads to a decrease in the LUMO energies but affects the HOMO
levels to a much lesser extent. The similarity in HOMO levels
suggests that electron coupling between the alternating triphenyla-
mine-fluorene backbone and the different electron acceptor
groups does not affect hole generation in the bulk of the resultant
polymer to a significant extent, as is evident from the cyclic
voltammetry measurements.

3.6. Photovoltaic Properties. Two molecular architectures
have been commonly adopted for turning the energy levels in
donor-acceptor conjugated polymers. One involves alternating
donorsacceptor units in the main chains, and the other
comprises pendant acceptor groups and donor main chains. The
latter architecture has the advantage of allowing charge separa-
tion through sequential transfer of electrons from the main chains
to the side chains and then to [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM)48 in a heterojunction device. Accordingly,
the potential application of these copolymers as active layers
in photovoltaic cells was investigated.

Because the absorption spectra of PTCN and PTDCN can
provide a better overlap with the solar spectrum than PTCHO,
only the photovoltaic characteristics of PTCN and PTDCN were
studied. Bulk heterojunction solar cells based on PTCN and
PTDCN, in combination with the well-known fullerene acceptor
(PCBM) at a weight ratio of 1:1 and 1:3, were prepared.
Performance characteristic of the photovoltaic cells are sum-
marized in Table 4.

The weight ratio of the copolymer to PCBM has a significant
effect on the performance of the cell. As shown in Table 4, a
1:1 weight ratio of copolymer/PCBM gives better performance

Figure 6. HOMO and LUMO energy levels (eV) and the frontier
molecular orbitals obtained from DFT calculations on PTCHO, PTCN,
and PTDCN with a chain length n ) 2 at B3LYP/6-31G* level.

Figure 7. Optimized geometry of PTCHO, PTCN, and PTDCN with
a chain length of n ) 2 at the B3LYP/6-31G* level of theory.
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in the present photovoltaic systems. Under 1.5G illumination
(100 mW/cm2), the cell based on PTDCN/PCBM as the active
layer has a short circuit current density (JSC) of 0.61 mA/cm2,
an open circuit voltage (VOC) of 0.87 V, a calculated fill factor
(FF) of 0.20, and power conversion efficiency (PCE) of 0.11%,
as shown in Figure 8. Enhanced solar cell performance was
obtained for the device based on PTCN/PCBM, 1.06 mA/cm2

(JSC), 0.85 V (VOC), 0.24 (FF), and 0.22% (PCE). A further
increase in the PCBM content (1:3 weight ratio of copolymer/
PCBM) resulted in a decrease in JSC and PCE, probably because
of the reduction in concentration of the photoactive polymer
and poorer intermolecular packing of the donor polymers, which
in turn resulted in reduced absorption49 and carrier transport in
the donor domains,50 respectively.

The power conversion efficiency obtained for devices based
on PTCN is considerably higher than that for devices based on
PTDCN, despite the poorer mismatch between absorption
spectra of the former and the solar irradiance spectrum. To
clarify this phenomenon, the morphology of the composite films
was studied by atomic force microscopy (AFM). Figure 9a
shows a typical AFM image and the topographical roughness
of a 1:3 weight ratio of the PTCN/PCBM composite film. A
high degree of homogeneity is observed for the film. In contrast,
the corresponding PTDCN/PCBM composite film exhibits
substantial phase segregation and high surface roughness (Figure
9b), suggesting poor dispersion of PCBM in the copolymer
matrix. Similar morphology was observed for the PTDCN/
PCBM composite film of 1:1 weight ratio. It has been recently
reported that chemical similarity between the functional groups
attached to the donor polymer and the fullerene leads to the

formation of films with uniform and stable nanophase mor-
phologies.51 In the present case, the significant morphological
difference between the two composite polymer films suggests
that chemical similarity of the carboxylic ester functionality
attached to PTCN and PCBM can improve the miscibility
between them in the composite film, thereby efficiently sup-
pressing the tendency of the PCBM molecules to phase segregate
into microscale clusters. Aggregation of the PCBM molecules
is thought to decrease the charge carrier mobility for electrons
because separations among the clusters can result in large
barriers to the hopping process, 52 accounting for the poor
performance of the PTDCN devices.

Because the hybrid systems of donor-acceptor dyads bearing
triphenylamine core and terminal cyano group have demon-
strated prominent photovoltaic effects,53-55 attempts to optimize
the solar cell structure (such as bilayer cells, film thickness,
electrode materials) or processing conditions (such as annealing
temperature) as well as work on the modification of polymer
structure to extend the absorption spectrum of the donor
polymers into longer wavelengths are ongoing.

4. Conclusions

Three triphenylamine-fluorene alternating conjugated co-
polymers bearing respective aldehyde, monocyano, and dicyano
pendant acceptor groups have been successfully synthesized.
PTCHO with the aldehyde pendant groups was synthesized via
the Suzuki coupling method, whereas PTCN with monocyano
and PTDCN with dicyano pendant groups were synthesized via
chemical modification of PTCHO. Because of the high reactiv-
ity of the aldehyde groups and optimized reaction conditions,
the conversion of the aldehyde groups was efficient, as verified
by 1H NMR and FT-IR spectroscopies. The synthesis strategy
has allowed the direct comparison of polymers with the same
numberofconjugationunitsforelucidatingtheirstructure-property
relationships. The obtained copolymers exhibit excellent solubil-
ity in common organic solvents and good thermal stability.
Through manipulating the strength of the acceptor groups
attached to the π-conjugated copolymer backbone, the energy

Table 3. Relevant Bond Distances, Bond Angles, and Torsional Angles of the Optimized Geometries for the Polymers

C-N bond distance (Å)a dihedral angles (deg)a CNC bond angle (deg)a

C2-N1, C3-N1, C5-N1 C1-C2-N1-C5, C3-C4-N1-C5 C2N1C3, C2N1C3, C2N1C3 dipole moment (debye)b

PTCHO 1.425, 1.426, 1.407 45.7, 48.1 118.0, 120.9, 121.1 8.93
PTCN 1.427, 1.428, 1.401 47.4, 49.5 118.2, 120.8, 121.0 12.42
PTDCN 1.429, 1.429, 1.397 48.6, 60.0 118.6, 120.6, 120.8 18.28
a Derived from the N1 moiety. b Derived from the entire unit.

Table 4. Characteristic Current Density-Voltage Parameters
from Devices Tested under Standard AM 1.5G Conditions

polymer/PCBM Jsc Voc PCE

(w/w ratio) (mA/cm2) (V) FF (%)

PTCN 1:1 1.06 0.85 0.24 0.22
1:3 0.85 0.62 0.16 0.08

PTDCN 1:1 0.61 0.87 0.20 0.11
1:3 0.36 0.74 0.18 0.05

Figure 8. Current density-voltage characteristics of bulk-heterojunction
solar cells of the 1:1 weight ratio composite films of PTCN/PCBM
and PTDCN/PCBM. The inset shows the schematic diagram of the
device.

Figure 9. Tapping mode AFM topography images (2 × 2 µm2) of the
1:3 (weight ratio) composite films of (a) PTCN/PCBM and (b) PTDCN/
PCBM and the corresponding topographical roughness.
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levels, and thus the photophysical and electronic properties of
the copolymers, can be effectively tuned, for example, to
produce nearly primary color emissions. The chemical modi-
fication approach thus provides a simple and effective means
for tuning the emission in conjugated polymers for full-color
or white-light display, as well as for the rational design of
electroactive polymers for photoelectronic applications. PTCN
and PTDCN were successfully incorporated as active layers in
photovoltaic cells. Moderate device performance, with PCE of
0.11% and Voc of 0.87 V, was obtained for the device with a
PTDCN/PCBM ratio of 1:1, whereas for the device with a
PTCN/PCBM ratio of 1:1, PCE up to 0.22% and Voc of 0.85 V
were obtained.
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