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ABSTRACT: A novel tetrathiafulvalene- (TTF-) fused poly(aryleneethynylene) with an acceptor main chain
and donor side chains has been prepared and characterized. The EPR and UV—-vis spectra show that there exists
intramolecular charge transfer (CT) between the electron-rich TTF side chains and the electron-deficient main
chain. The band gaps deduced from UV-vis absorption spectroscopy and electrochemical studies are 1.78 and
1.84 eV, respectively. Powder X-ray diffraction analysis indicate that the polymer forms a self-assembled 7z-stacking
structure and the polymer takes an interdigitation packing mode. Polymer solar cell has been fabricated with the
blend of the TTF-fused polymer and Ce as the photosensitive layer. The power conversion efficiency is 0.25%
under AM 1.5 simulated sun light (100 mW/cm?). The intramolecular charge transfer was also confirmed by the
chemical oxidation of the polymer with Fe(bpy);(PFe)s (bpy = 2,2'-bipyridine).

Introduction

The design and synthesis of novel conjugated polymers attract
great attention in the field of organic semiconductors due to
their ease of preparation, low processing temperature, and nearly
unlimited variability.' With the successful application of organic
light-emitting diodes (OLEDs),” organic electronics is currently
expanding its applications to organic photovoltaic devices
(OPVDs)® and organic field effect transistors (OFETs).* For
these device applications, the charge carrier mobility, band gap
and electroactivity are the important parameters that should be
considered in the design of conjugated polymers.” Combining
TTF with linear ;-conjugated polymers might be an exciting
idea for developing the electroactive organic materials. From
the viewpoint of tetrathiafulvalene (TTF) chemistry, TTF and
its derivatives can exist in three stable states, which are TTFC,
TTF*, and TTF*". Thus, grafting TTF redox centers on
conjugated polymer may lead to a significant increase of their
charge storage capacity.® Also, the TTF-fused polymers con-
stitute highly polarizable species due to the large number of
sulfur atoms in the structure. The extended conjugation could
decrease the intramolecular Coulomb repulsive energy between
the donor units and thus enhance intramolecular and interstack
interactions.” Furthermore, the strong propensity of TTFs to self-
assemble into regular st-stacks, when covalently attached to a
m-conjugated backbone, may be an interesting approach for
indirectly controlling the long-range order of the conjugated
chain. The incorporation of TTF units into the conjugated
polymers would increase the dimensionality of the charge
transport, due to improved electron mobility along the polymer
backbone via m-conjugation, as well as along the enhanced
stacking direction via s-orbital overlap.®

* Corresponding author. Telephone: +86-22-23500693. Fax: +86-22-
23499992. (Y.S.) E-mail: yschen99 @nankai.edu.cn.

" Institute of Polymer Chemistry, College of Chemistry, Nankai Uni-
versity.

i T)ganjin University of Technology.

% Hebei University of Technology.

' Central Laboratory, College of Chemistry, Nankai University.

10.1021/ma702864c CCC: $40.75

There have been many reports on the preparation of conju-
gated polymers with TTF derivatives either in the main chains
or in the side chain.” But for most of the polymers with TTF
side chains, it is difficult to achieve the coplanarity of the main
chain and the TTF units.”® In many cases, they can only have
partial stacking for the TTF moieties, rather than continuous
stacking of the whole molecules.” Although the polymers with
TTF-fused main chain can form the continuous stacks, they are
generally labile to oxidation due to the strong electron-donating
property of TTF units, resulting in poor performance when used
in electronic or optoelectronic devices.”'® Recently, Yamashita
and co-workers found that introducing electron-deficient nitrogen
heterocycles to the TTF skeleton could enhance the stability
and charge mobility of the formed donor—acceptor (D-A)
organic molecules.'® At the same time, combining TTF donor
and nitrogen acceptor heterocycle can effectively tailor the
HOMO-LUMO gap. Moreover, it is of great benefit to obtain
the ambipolar electroactivity by combining electron-donating
and accepting abilities.'' Herein, we report a novel TTF-fused
D-A poly(p-aryleneethynylene), PAE-TTF, where the linear
main chain acts as the electron-deficient acceptor and the
m-conjugated TTF units act as the electron-rich donors in the
side chains (Chart 1). The coplanarity of the main chain with
the TTF units ensures that the polymer can easily form
continuous stacks, which has been confirmed by the powder
X-ray diffraction. EPR and UV-vis spectra of PAE-TTF show
that there exists intramolecular charge transfer between the TTF
side chains and the acceptor main chain. A photovoltaic device
based on PAE-TTF has been fabricated and characterized.

Experimental Section

General Materials and Methods. Unless stated otherwise, all
chemicals and reagents were purchased reagent-grade and used
without further purification. Air and/or water-sensitive reactions
were conducted under nitrogen using dry, freshly distilled solvents.
1,2-Diaminobenzene-4,5-bis(thiocyanate) (1),'? 4,5-bis(dodecylthio)-
1,3-dithiole-2-one (3),"* 2,7-diiodophenanthrene-9,10-dione 5),"
4,7-bis(ethynyl)-2,1,3-benzothiadiazole (7),"> and Fe(bpy)s;(PFe)s
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Chart 1. Molecular Structure of PAE-TTF*
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“ Its linear main chain behaves as an electron-deficient acceptor,
with the conjugated grafting electron-rich TTF units as the donors.

(bpy = 2,2'-bipyridine)'® were prepared according to the literature
procedures. '"H NMR spectra were recorded on a Bruker AC-300
Spectrometer. Chemical shifts, d, were reported in ppm relative to
the internal standard TMS. Mass spectra (MS) were recorded using
a Thermofinnigan LCQ Advantage mass spectrometer. Elemental
analyses were performed on a Thermo Electron FLASH/EA 1112
instrument. Gel permeation chromatography (GPC) analysis was
conducted on Polymer Laboratory PL-220. FT-IR spectra were
recorded on Bruck Vector-22 spectrometer. Electron Paramagnetic
Resonance (EPR) studies were performed with a Bruker EMX-6/1
spectrometer. Thermogravimetric analysis (TGA) measurement was
performed on a TA instrument SDT-TG Q600 under an atmosphere
of N, at a heat rate of 10 °C/min. Differential scanning calorimetric
(DSC) measurement was recorded on a TA instrument DSC-2910,
under an atmosphere of N, at a heat rate of 10 °C/min. Powder
X-ray diffraction (XRD) was performed with a Rigaku X-ray
diffractometer (D/max-2500).

Optical and Electrochemical Characterizations. UV-vis
spectra were recorded on a JASCO-V570 spectrometer. Solid-
state absorption spectrum was obtained on thin film coated on
quartz prepared by spin-coating of the polymer saturated solution
in o-dichlorobenzene. PAE-TTF"* solution for EPR and UV-vis
spectrum studies was obtained by chemical oxidation of PAE-
TTF by Fe(bpy)s;(PF)s. Cyclic voltammetry (CV) measurement
was performed on a LK98B II Microcomputer-based Electro-
chemical Analyzer at room temperature with a three-electrode
cell in a solution of BuyNPF (0.1 M) in acetonitrile at a scanning
rate of 100 mV/s. Polymer film was prepared via dipping the
platinum working electrode into the polymer saturated solution
and then drying under infrared lamp. A platinum wire was used
as a counter electrode, and an Ag/AgNOj; electrode was used as
a reference electrode. After measurement, the reference electrode
was calibrated with ferrocene (Fc) and the potential axis was
corrected to Fc/Fct.

Photovoltaic Device Fabrication and Characterization. Con-
ductive indium tin oxide (ITO) coated glass, Ry = 15—30 Q
square™!, was purchased from CSG Inc. The ITO-glass substrate
was cleaned by ultrasonification sequentially in acetone, isopropyl
alcohol, and deionized water. On top of the conductive side was
coated a film of PEDOT:PSS (poly(ethylene dioxythiophene) doped
with poly(styrenesulfonic acid) (Baytron P)). After being dried, this
PEDOT:PSS film was covered with a layer of blend of PAE-TTF/
Ceo in a 2:1 w/w ratio by a spin-coating method from o-
dichlorobenzene solution at 1000 rmp. The active layer was dried
at 45 °C under vacuum for 1 h. The device was completed by
evaporating a thin layer of LiF (ca. 1 nm thick) and a film of
aluminum (ca. 100 nm thick) as the cathode in a two-step
evaporation process under 3 x 107* Pa. The effective solar cell
area was 8 mm? as defined by the geometrical overlap between the
bottom ITO electrode and the top cathode. Device characterization
was carried out under AM 1.5 G irradiation (100 mW/cm?) on an
Oriel Xenon solar simulator. The current-voltage (/—V) measure-
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ment of the photovoltaic device was conducted on a computer
controlled Keithley 2400 Souce Measure Unit.

Synthesis of 5,6-diaminobenzene-1,3-dithiole-2-thione (2). The
reported procedure'® was modified as follows: 1,2-diaminobenzene-
4,5-bis(thiocyanate) (2.44 g, 11 mmol) was added to a solution of
Na,S*9H,0 (8.71 g, 36 mmol) in water (135 mL), and the mixture
was stirred for 1 h at 70 °C. After cooling to room temperature,
CS; (1.2 mL, 20 mmol) was added. The mixture was stirred for
2 h at 45 °C. The precipitate was isolated by filtration, washed
with water, and dried under vacuum to give 1.1 g of product (orange
powder, yield: 48%), which is pure enough for the following
synthesis and analysis. Mp: 211-213 °C. '"H NMR (300 M,
(CD;3)2S0): 6 = 6.81 (s, 2H), 5.12 (s, 4H). ESI-MS (m/z): 215.3
(M + H™). Anal. Calcd for C;He¢N,S3: C, 39.23; H, 2.82; N, 13.07;
S, 44.88. Found: C, 39.16; H, 2.78; N, 12.99; S, 45.07.

5,6-Diamino-2-(4,5-bis (dodecylthio)-1,3-dithiole-2-ylidene)-
benzo[d]-1,3-dithiole (4). The reported procedure'’ was modified
as follows: triethylphosphite (30 mL) was added slowly to a solution
of compound 4,5-bis(dodecylthio)-1,3-dithiole-2-one (2.072 g, 4
mmol) and 2 (0.428 g, 2 mmol) in toluene (20 mL) under Ar. The
mixture was stirred at 120 °C for 3 h. After the reaction, the excess
solvent was removed under vacuum. The red residue was subjected
to short basic Al,O3 column chromatography with a 1:1 mixture
of CH,Cl, and EtOAc as eluant, to give 4 as a yellow solid (0.438
g, 32%). Mp: 122-124 °C. '"H NMR (300 M, CDCl;): 0 = 6.42 (s,
2H), 4.53 (s, 4H), 2.82 (t, J = 7.3 Hz, 4H), 1.63 (m, 4H), 1.24 (m,
36H), 0.86 (t, J = 7.3 Hz, 6H). ESI-MS (m/z): 685.2 (M + H™).
Anal. Caled for C33Hs¢N»Sq: C, 59.60; H, 8.24; N, 4.09; S, 28.08.
Found: C, 59.51; H, 8.19; N, 4.14; S, 28.16.

4',5'-Bis(dodecylthio)tetrathiafulvenyl-2,7-dionedibenzo[a,c]-
phenazine (6). The mixture of compound 4 (0.343 g, 0.5 mmol)
and 5 (0.23 g, 0.5 mmol) in 60 mL of ethanol was reflux for 3 h
under N, and protected from light. After filtration, the precipitate
was collected and purified by chromatography (basic AlLOs,
CH,Cl,) to give 6 as a deep blue solid (0.377 g, 68%). Mp: 195-197
°C. 'TH NMR (300 M, 0-C¢D4Cl,): 6 = 9.27 (s, 2H), 9.02 (d, J =
8.1 Hz, 2H), 8.28 (d, J = 8.1 Hz, 2H), 8.06 (s, 2H), 2.81 (t, J =
7.3 Hz, 4H), 1.61 (m, 4H), 1.24 (m, 36H), 0.86 (t, J = 7.3 Hz,
6H). APCI-MS (m/z): 1108.9 (M + H™). FT-IR (KBr, cm™1): 2922,
2851, 1587, 1431, 1346, 1204, 1091, 772. Anal. Caled for
CusHssbNoSe: C, 51.98; H, 5.27; N, 2.53; S, 17.35. Found: C, 52.05;
H, 533; N, 2.58; S, 17.42.

Polymer PAE-TTEF. Diisopropylamine (2 mL) was added to a
mixture of compound 6 (0.111 g, 0.1 mmol), 7 (0.018 g, 0.1 mmol),
Pd(PPhs), (0.012 g, 0.01 mmol), and Cul (0.002 g, 0.01 mmol) in
30 mL of THF under an argon atmosphere. The mixture was
refluxed for 48 h. After being cooled to room temperature, the solid
was collected by filtration and dissolved in as little 1,2,4-
trichlorobenzene as possible. The solution was poured into DMF
to give the desired PAE-TTF precipitate, which was separated by
filtration and washed with methanol thoroughly (0.076 g, 74%).
FT-IR (KBr, cm™!): 2920, 2850, 2206, 1607, 1432, 1203, 1090,
777. GPC (eluent: 1,2,4-trichlorobenzene): M, = 6700, DP = 6,
PDI = 2.3. Anal. Calcd for I(CssHgoN4S7)e: C, 65.79; H, 5.73; N,
5.29; S, 21.20. Found: C, 66.53; H, 5.39; N, 5.96; S, 20.95.

Chemical Oxidization PAE-TTF for PAE-TTF'*. Excess
Fe(bpy)s(PFe); (0.67 g, 1 mmol) was added to a solution of PAE-
TTF (0.01 g) in 10 mL of o-dichlorobenzene under N,. The mixture
was stirred in room temperature under dark for 1 h. After filtration,
the PAE-TTF"" solution was obtained, which was immediately used
in the EPR and UV-vis spectra measurement.

Results and Discussion

Synthesis and Characterization. The synthetic pathway for
monomer 6 is outlined in Scheme 1. The starting materials, 1,
3, and 5, and another monomer, 7, were synthesized according
to the literature.'>™'> 2 was obtained by modifying the reported
procedure.'? By a phosphite-mediated cross-coupling reaction
of 2 with 3, the diamine TTF 4 could be obtained. Monomer 6
was easily obtained by direct condensation of 4 with 5.
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Scheme 1. Synthesis Schema of PAE-TTF*
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reflux, 48 h.

Monomer 7 was very unstable and need to be prepared freshly
before the following polymeric reaction for PAE-TTF. All
compounds were purified and fully characterized.

The polymer, PAE-TTF, was synthesized through Sono-
gashira—Hagihara coupling reaction between the monomers 6
and 7 as described in Scheme 1. The obtained black-colored
PAE-TTF is insoluble in tetrahydrofuran (THF) and CHClIs.
However, it can dissolve in o-dichlorobenzene and has a relative
good solubility in 1,2,4-trichlorobenzene, too. The number
averaged molecular weight, polydispersity and the degree of
polymerization of the purified polymer PAE-TTF are M, =
6700, PDI = 2.3, and DP = 6, respectively, using gel permeation
chromatography (GPC) calibrated relative to polystyrene stan-
dards. We have tried to use different catalyst amount (3, 5, and
10%) for the polymerization. However, 10% catalyst gave the
best result. In the process of polymerization, we found there
was solid appearing in the reaction flask. The insolubility in
THF results in the precipatation and may limit the molecular
weight. Thus we tried to use 1,2,4-trichlorobenzene as the
reaction solvent. Indeed the polymer had a relative high
molecular weight (about 11000), but it only dissolved in 1,2,4-
trichlorobenzene (the solar cells based on the polymer with a
relatively high molecular weight had a much poorer perfor-
mance, and other characters of the polymer have no obvious
change, so for all the works in this paper, we used the polymer
PAE-TTF synthesized with 10% catalyst in THF solvent as
detailed in Scheme 1 and the Experimental Section).

FT-IR spectra of PAE-TTF and monomer 6 were shown in
Figure 1. They are almost the same, and all exhibit absorption
bands characteristic of the TTF units (e.g., 1430, 777 cm™!).
There appears a typical disubstituted acetylene v(C=C) peak
at about 2200 cm~! in the IR spectrum of PAE-TTF.'® These
are consistent with the proposed structure. However, the 'H
NMR spectrum of PAE-TTF only shows the hydrogen atoms
of the two long alkyl chains. The hydrogen atoms on the aryl
rings were not observed. Since it is expected that an efficient

Monomer 6 \[{K W

PAE-TTF

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’

Figure 1. IR spectra of PAE-TTF and monomer 6 measured in the
form of pressed KBr plates. They exhibit similar vibration peaks.

intramolecular charge transfer could happen between the
electron-rich TTF and electron-deficient main chain in the
polymer, we thus carried EPR studies for the fresh polymer
under an Ar atmosphere. Indeed, the EPR spectrum of PAE-
TTF solution in o-dichlorobenzene shows broad and weak
signals (Figure 2a), which consist of the overlap of two
resonance signals. One is a sharp signal with g = 2.005, the
other is a broad signal with g = 2.001. Obviously, these
paramagnetic species vanish the "TH NMR peaks for the polymer
mentioned above. Considering the oxidation instability of TTF
moiety and the electron-deficient nature of the main chain, we
suspect that there is possibly intramolecular electron-transfer
between the side TTF units and main chain of PAE-TTF and
radical ions may be generated (Figure 2b). To confirm this, we
used Fe(bpy)s(PFs); to oxidize PAE-TTF. The oxidation
potential of Fe(bpy);(PFs)s is 0.66 V,'° which falls between the
Eox1 and E,x, of TTF units (see the electrochemical result below).
Indeed, after addition of Fe(bpy)s;(PF¢)s to the solution of PAE-
TTF, a sharp EPR signal showed up with g = 2.005 (Figure
2¢). This EPR spectrum is in line with the characteristic EPR
signal of the cation radical TTF*!* units.”>* Thus we believe
that the oxidation of PAE-TTF by Fe(bpy)s(PF¢)s; generated
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Figure 2. (a) EPR spectrum of PAE-TTF saturated solution in o-dichlorobenzene at room temperature. (b) Cartoon representation of intramolecular
charge transfer beteen electron-rich TTF side chains and electron-deficient main chain of PAE-TTF. (¢) EPR spectrum of PAE-TTF"'* solution
in o-dichlorobenzene at room temperature prepared by Fe(bpy)s:(PFe); oxidation. (d) Cartoon representation of the oxidation of PAE-TTF by
Fe(bpy)s(PFe); to form PAE-TTF"". Parts b and d correspond to parts a and c, respectively.
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Figure 3. UV-vis absorption spectra of PAE-TTF, PAE-TTF*
solution in o-dichlorobenzene (3 x 107> M of the repeat unit) and PAE-
TTF film on quartz plates (film from o-dichlorobenzene saturated
solution). PAE-TTF"* solution was obtained by chemical oxidation
of PAE-TTF by Fe(bpy)s;(PFe)s.
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Figure 4. Cyclic voltammograms of PAE-TTF film on platinum plates
in acetonitrile solution of 0.1 M BusNPFg with a potential scanning
rate of 0.1V/s at room temperature and potential vs Fc/Fct. The PAE-
TTF film was prepared via dipping the platinum working electrode
into the polymer-saturated solution in o-dichlorobenzene and then drying
under an infrared lamp.

the radical cation PAE-TTF'*, which gave a typical EPR
spectrum of TTF*. This also indicates that the first oxidation
wave of PAE-TTF in its CV (see below) should happen on the
TTF side chain moiety of the polymer PAE-TTEF. So we believe
that the sharp signal with ¢ = 2.005 in the EPR spectrum of
PAE-TTF is from the TTF* units. The broad signal probably

d=415 A
2
z
& [ \di=39.06 A
e =375 A
d=1952 &
0 5 10 30 35

15, 20 25
267" (CuKa)
Figure 5. X-ray diffraction patterns of PAE-TTF powder. Peaks are

labeled with d-spacing in angstroms. The sharp diffraction peaks
indicate that the polymer formed an ordered structure in the solid state.

comes from the spin resonance of the accepted single electrons
in the main chain.

The thermogravimetric analysis (TGA) in the inert nitrogen
atmosphere reveals that the onset temperature of the weight loss
of PAE-TTF is about 230 °C (not shown). It is apparent that
the polymer is stable enough to be fabricated into a device and
measured at ambient conditions. Differential scanning calorim-
etry (DSC) measurement of the polymer was also conducted.
There was no obvious thermal transition observed below 230
°C, indicating that the polymer is so rigid that the T, is higher
than the decomposition temperature.

UV-Vis Properties. The UV-vis absorption spectra of PAE-
TTF solution in o-dichlorobenzene and film on quartz plate are
shown in Figure 3. The spectra all have one absorption peak
about at 300 nm in the ultraviolet (UV) region, which is
attributed to the absorption of the long alkyl chains.?® There is
a broad absorption in the visible region (~400 — 800 nm) for
the PAE-TTF solution and film. In this region, the absorption
peak of the PAE-TTF solution is located at 460 nm. The broad
shape in the visible region is also an indication of the
intramolecular charge transfer character between the side chain
donor TTF units and the central acceptor main chain.'' In
comparison with the absorption spectrum of the polymer
solution, the absorption of the film in the visible region becomes
bathochromically shifted by about 20 nm, indicating that in the
solid film the interchain interactions make main chains from
the sr-stacking (see also the XRD below). This phenomenon
has been observed in other similar conjugated polymers.”® The
optical band gap (E,°"") of PAE-TTF was estimated to be 1.78
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Figure 6. Schematic representation of a proposed packing structure of PAE-TTF in solid state. The polymer with long side chains assumes an
interdigitation packing mode; the segregation of the polymer main chains accounts for the interchain d, spacing. ds represents the z-stacking

distance between the coplanar backbones.
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Figure 7. Current—voltage characteristics of the ITO/PEDOT:PSS/PAE-
TTF:Cg (2:1w/w)/LiF/Al solar cell measured in the dark and under
AM 1.5 illumination (100 mW/cm?). Open-circuit voltage (V,.) and
short-circuit current (/i) are 0.42 V and 2.47 mA/cm?, respectively.

eV from its absorption edge. The UV—-vis absorption spectrum
of PAE-TTF"* solution in o-dichlorobenzene is also shown in
Figure 3. Obviously, there appears a new broad absorption
between 700 and 1000 nm, which is the characteristic of the
cation radical TTF*.'"?! Also, the absorption between 400-800
nm of PAE-TTF solution become narrowed to 400-600 nm
for PAE-TTF"" and hypsochromically shifted.

Electrochemical Property. The electrochemical property of
PAE-TTF was investigated by cyclic voltammetry (CV). Figure
4 shows the cyclic voltammogram of its thin-film on a Pt
electrode in a 0.1 M BusNPF acetonitrile solution. The polymer
shows two reversible single electron oxidation waves about at
E %! = 0.47 and E,°> = 0.78 V, corresponding to the typical
redox peaks of the TTF units.'”?' The first oxidation should be
attributed to the bis(thioether)-substituted half-unit, while the
second arises from the phenazinedithiol moiety.> This assign-
ment is justified by the electron withdrawing effect of the main
chain. Moreover, the polymer has a quasi-reversible reduction
process about at —1.7 V, which can be assigned to reduction of

the acceptor main chain.'”?* The redox property of PAE-TTF
is similar to that of other similar TTF-fused D—A ensembles.'”'

For simple conjugated polymers, the difference between the
onset of the first oxidation peak and the reduction peak corresponds
to be the electrochemical band gap. Using the first oxidation process
for PAE-TTF, this band gap value might be approximately 1.33
eV, obviously less than that determined by UV-vis absorption
spectroscopy. However, Skabara et al. thought since this redox
event came from the first oxidation (attributed to the bis(thioether)-
substituted dithiol unit) and it is believed that this electrochemical
process is independent of the conjugated main chain.’***> Thus
the onset of the second oxidation peak should be used in the
determination of the band gap value.’** So the obtained value
of PAE-TTF, using the onset of the second oxidation peak, is
1.84 eV, which is close to that determined by the UV-vis
absorption spectroscopy above.

X-ray Diffraction. To investigate the crystallinity of the
polymer in the solid state, X-ray diffraction (XRD) pattern was
collected on a powder sample of the polymer (Figure 5). The
diffraction peak at 26 of 2.26°, corresponding to spacing d; =
39.06 A, is assigned to a distance between the conjugated main
chains separated by the long side chains as reported for other
similar 7-conjugated polymers with long side chains.** How-
ever, the length of the rigid portion of the side chain is about
15 A. Adding the two long alkyl chains, the total length of the
side chain will reach 29 A. If the polymer took the end-to-end
packing mode, d; should be 58 A, which is far larger than the
observed 39.06 A. So the polymer is considered to assume an
interdigitation packing mode rather than an end-to-end packing
mode (Figure 6). The diffraction peak d, is the second-order
peak (dy = di/2) of the diffraction at d;.*

The effective cross section of the alkyl chains is about § =
20 A and their hexagonal-like aggregation gives about d = 4.2
A 2* This value is in agreement with what we observed for the
peak at d3 (4.15 A) from the polymer. The value of dj observed
is close to the z-stacking distances of reported TTF-fused D-A
organic compounds, which were observed from their single
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crystal structures.'™'” So dy is considered to be the layer-to-
layer sr-stacking distance between the coplanar backbones. This
value is somewhat larger than the sheet-to-sheet distance of
graphite (3.35 A).2* The diffraction peaks of d;—d, was often
observed in the X-ray diffraction patterns of poly(aryleneethy-
nylene)s.25 On the basis of these results, we can suspect that,
in the solid state, PAE-TTF forms a good face-to-face stacking
consisting of both the 7-extended coplanar backbones and the
crystallinity of the long alkyl chains.

Photovoltaic Property. The intramolecular charge transfer
between the TTF side chains and the acceptor main chain and good
mt-stacking of PAE-TTF indicate that it could possess photovoltaic
properties. So we fabricated the polymer solar cell (PSCs) with a
structure of ITO/PEDOT:PSS/PAE-TTF:C¢ (2:1 w/w)/LiF/AlL
Figure 7 shows /—V curves of the device based on PAE-TTF
in dark and under the white light illumination (AM 1.5, 100
mW/cm?). Preliminary results showed that the corresponding
open-circuit voltage (V.), short-circuit current (I), fill factor
(FF), and power conversion efficiency (PCE) of the device were
0.42 'V, 2.47 mA/cm?, 24.2%, and 0.25%, respectively. Although
the power conversion efficiency is relative low, to our best
knowledge, it excels that of other reported TTF-fused
ensembles.>*® The intramolecular charge transfer between the
TTF side chains and the acceptor main chain could help the
exciton charge separation, which may be the reason for the
increasing of the power conversion efficiency. We are currently
optimizing the polymer and device for better photovoltaic
performance.

Conclusion

In summary, we have prepared a novel tetrathiafulvalene-
(TTF-) fused poly(aryleneethynylene) with an acceptor main
chain and donor side chains. There exists intramolecular charge
transfer (CT) between the electron-rich TTF side chains and
the electron-deficient main chain. The electroactivity of the TTF
units is closely associated with the HOMO-LUMO levels of
the conjugated polymer. The coplanarity of the acceptor main
chain and the donor TTF side chains ensures that the polymer
forms effective st-7r stacking in the solid state. Initial studies
showed the photovoltaic property of the polymer PAE-TTF had
significant improvement compared with that of other TTF-fused
polymer analogues. The lack of effective absorption in red to
near-infrared region of the sun spectrum may result in the still
low power conversion efficiency, but the intramolecular charge
transfer and good m-stacking indicate that this kind of TTF-
fused polymers may become a promising active material for
photovoltaic and other organic electronic devices.
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