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ABSTRACT: A series of novel narrow-band-gap copolymers (P1-P12) composed of
alkyl-substituted fluorene (FO) units and six analogous mono- and bis(2-aryl-2-cyano-
vinyl)-10-hexylphenothiazine monomers (M1-M6) were synthesized by a palladium-
catalyzed Suzuki coupling reaction with two different feed in ratios of FO to M1-M6
(molar ratio = 3:1 and 1:1). The absorption spectra of polymers P1-P12 exhibited
broad peaks located in the UV and visible regions from 400 to 800 nm with optical
band gaps at 1.55-2.10 eV, which fit near the wavelength of the maximum solar pho-
ton reflux. Electrochemical experiments displayed that the reversible p- and n-doping
processes of copolymers were partially reversible, and the proper HOMO/LUMO lev-
els enabled a high photovoltaic open-circuit voltage. As blended with [6,6]-phenyl Cg;
butyric acid methyl ester (PCBM) as an electron acceptor in bulk heterojunction pho-
tovoltaic devices, narrow-band-gap polymers P1-P12 as electron donors showed sig-
nificant photovoltaic performance which varied with the intramolecular donor-
acceptor interaction and their mixing ratios to PCBM. Under 100 mW/cm? of AM 1.5
white-light illumination, the device of copolymer P12 produced the highest prelimi-
nary result having an open-circuit voltage of 0.64 V, a short-circuit current of 2.70
mA/cm?, a fill factor of 0.29, and an energy conversion efficiency of 0.51%. © 2008
Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 46: 4285-4304, 2008

Keywords: conjugated polymers; copolymerization; heteroatom-containing poly-
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INTRODUCTION

Because energy harvesting directly from sun-
light by using photovoltaic cells (PVCs) is a very
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important way to utilize renewable energy of
the nature, especially for the development of or-
ganic solar cells, it has increasingly attracted
intensified attention recently.!™ Compared with
inorganics, organic materials such as polymers
have the benefits to allow the devices to be eas-
ily produced into light weight, large area, and
flexible panels. For example, regioregular
poly(3-hexylthiophene) and other polythiophene
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derivatives®® have been extensively investigated
over the last decade, resulting in PVCs with the
values of energy conversion efficiency (ECE)
between 3.0% and 5.0%. Among several types of
organic solar cell materials investigated so far,
semiconducting conjugated polymers with elec-
tron donor—acceptor architectures are one of the
most effective ways to build intramolecular
charge transfer (ICT) interaction between the
electron donor (D) and electron acceptor (A)
units.** Conjugated D-A copolymers with
strong ICT effects are promising materials for
the development of high performance polymer-
based PVCs due to the merits of narrow bandg-
aps,” ! broad absorption bands extending into
the near-infrared spectral range, efficient photo-
induced charge transfer and separation, pro-
nounced charge photogeneration and collection,
and high mobility of ambipolar charge trans-
port. 1214

To date, the most widely used narrow-band-
gap (NBG) conjugated copolymers are those con-
taining aromatic heterocycles, such as benzo-
thiadiazole-,®%%717 thienopyrazine-,'*'%1° and
dioxythiophene-based?®?! derivatives, as the
electron-accepting moieties, and those bearing
polyfluorene units, which can be easily modu-
lated through syntheses to possess stable physi-
cal characters, as the electron-donating moieties
in the =n-conjugated D-A copolymer systems.
Lately, Pei and coworkers'® reported low-band-
gap copolymers containing poly(9,9-dioctylfluor-
ene) and 2,7-diyl-alt-[4,7-bis(3-decyloxythien-2-
yD-2,1,3-benzothiadiazole]-5',5"-diyl bearing
alkoxy side chains on the thiophene units effi-
ciently lowered the band gaps of the copolymers
and enhanced charge transfer to electron accept-
ors. Besides, a APFO-Green5 D-A copolymer®?
was also newly showed to have higher hole mo-
bility and better device performance with differ-
ent thicknesses of active layers and amounts of
acceptors.

It is noticeable that a well-known design of
the electron-withdrawing unit would be an aryl-
substituted cyano or nitro group, because the
cyano and nitro groups are among the most
widespread electron withdrawing groups in or-
ganic chemistry.?® On the other hand, polymers
and organic molecules®*?° containing phenothia-
zine units or their derivatives as the electron-
donating moieties have lately attracted consider-
able research interests on account of the unique
electro-optical properties originated from their
electron-rich sulfur and nitrogen heteroatoms on

the heterocyclic compounds, which can make
these molecules potential materials for the
applications of light-emitting diodes,?®?” photo-
voltaic devices,?®?° and organic field effect tran-
sistors.®® In the past years, various attempts to
reduce the band gaps of conjugated polymers
have been studied by constructing conjugated
systems more planar which will increase the
delocalization of 7n-electrons on the backbones,
and thus to reduce the band gaps of the poly-
mers. Another approach to a series of NBG con-
jugated heterocyclic main-chain polymers consist
of electron-accepting units (A), such as cyano or
nitro groups, and electron-donating units (D),
such as thiophene, furan, or pyrrole functional
blocks, to form resonance structures (i.e., D-A «
D"A") in the backbones.?"3? Recently, only some
copolymers reported by Shim and coworkers®®
about the basic phenothiazine-based structure
and then to extend the conjugation length by
inserting phenylene and cyanovinylene function-
alities for applications in red-emitting and pho-
tovoltaic devices. Although a large number of
phenothiazine-based copolymers have been syn-
thesized for applications in light-emitting devi-
ces, only a very small number of phenothiazine-
based copolymers have investigated about the
longer conjugated relationship with heterocyclic-
containing structures and the applications for
photovoltaic devices.

Based on this concept, the syntheses and
characterization of NBG copolymers (P1-P12)
that utilize the donor—acceptor approach to
achieve absorption in the visible range of 400—
800 nm are reported. A series of NBG copoly-
mers P1-P12 derived from 9,9-dihexylfluorene
(FO) units and six phenothiazine-based hetero-
arylene-cyanovinylene monomers (M1-M6) were
prepared by the palladium-catalyzed Suzuki
cross-coupling reaction, and the feed in molar
ratios of FO components are equal to 75 and
50%. The PVC devices consisting of an active
layer, which was made of composite thin films
containing  fluorene-phenothiazine (FO-PT)
copolymers blended with a fullerene derivative,
ie.,%%-phenyl Cg butyric acid methyl ester
(PCBM), show promising performance with the
best ECE value up to 0.51% under AM1.5 solar
simulator. In the present study, we have suc-
cessfully synthesized a series of novel pheno-
thiazine-based copolymers by incorporating dif-
ferent numbers of electron donors and acceptors,
such as thiophene and cyano groups, respec-
tively, with various ratios of phenothiazine (PT)
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Scheme 1.

units. The synthetic routes and structures of
monomers M1-M6 and polymers P1-P12 are
shown in Schemes 1-3. The optical and elec-
tronic properties, such as UV absorption spectra,
electrochemical properties, photoluminescence
quenching effects, and photovoltaic device
results, of the copolymers are evaluated.

EXPERIMENTAL

Materials

Compounds 5-bromo-2-thiopheneacetonitrile (5),%?
2,7-dibromo-9,9-dihexylfluorene (11),>* and 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9,9-dihexylfluorene (12)>® were synthesized ac-
cording to known literature procedures. The
others precursors of monomers are shown in
Schemes 1-3, and their synthetic procedures are
describes as follows. Chemicals and solvents
were reagent grades and purchased from
Aldrich, ARCROS, TCI, and Lancaster Chemical
Co. Dichloromathane and THF were distilled to
keep anhydrous before use. All of the other
chemicals and solvents were used as received.

Synthesis

The general synthetic procedures of all mono-
mers M1-M6 (PT1-PT6) and polymers P1-P12
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CsH13

M2 (PT2)

Synthetic Routes of Symmetrical Monomers M1-M2.

are described in Schemes 1-3, and their inter-
mediates are described as follows:

10-n-Hexylphenothiazine (1)

In a flame-dried flask attached to a reflux con-
denser, 1.88 g of sodium hydride (60% in min-
eral oil and washed by hexane, 78 mmol) was
dissolved in 140 mL of anhydrous THF under
nitrogen. 14.1 g (71 mmol) of phenothiazine dis-
solved in 80 mL of anhydrous THF was added
into the clear solution. After refluxing for 1 h,
15 mL of 1-bromohexane (106 mmol) was added.
The mixture was refluxed for 24 h and then
poured into 250 mL of water. The product was
extracted with methylene chloride (150 mL X
3), and the organic layer was dried over anhy-
drous magnesium sulfate. After purification by
silica gel column chromatography with hexane
as eluent, 16.9 g of colorless oil was obtained.

Yield: 85%. 'H NMR (DMSO-dg, ppm), J: 7.16
(m, 4H), 6.94 (m, 4H), 3.83 (t, J = 7.2 Hz, 2H),
1.65 (m, 2H), 1.40-1.15 (m, 6H), 0.80 (m, 3H).
13C NMR (DMSO-ds, ppm), &: 145.95, 128.30,
127.97, 122.80, 118.25, 48.50, 31.95, 27.85,
26.93, 23.54, 16.25.

10-n-Hexylphenothiazine-3,7-dicarbaldehyde (2)

Compound 2 was synthesized by Vilsmeier for-
mylation from Compound 1. A 500-mL three-
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Scheme 2. Synthetic Routes of Asymmetrical Monomers M3-M6.

necked flask containing 20.04 mL (264 mmol) of
anhydrous DMF was cooled in an ice bath. To
the solution, 20.16 mL (216 mmol) of phospho-
rus chloride was added dropwisely for 30 min.
Compound 1 (6 g, 21.2 mmol) in 30 mL of 1,2-
dichloroethane was added to the above solution
and heated to ~90 °C for 2 days. This solution
was cooled to room temperature, poured into ice
water, and neutralized to pH 6-7 by dropwise
addition of saturated aqueous sodium hydroxide
solution. The mixture was extracted with
CH,Cly/water. The organic layer was dried with
anhydrous MgSO,4 and then concentrated under
reduced pressure. The crude product was
purified by column chromatography with ethyl
acetate (EA)/hexane (1:4) to get 4.6 g of yellow
solids.

Yield: 64%. 'H NMR (DMSO-dg, ppm), d: 9.79
(s, 2H), 7.73 (dd, J = 8.7, 2.1 Hz, 2H), 7.60 (s,
2H), 7.21 (d, J = 8.4 Hz, 2H), 3.98 (t, J = 7.2
Hz, 2H), 1.67 (m, 2H), 1.38-1.21 (m, 6H), 0.80
(m, 3H). *C NMR (DMSO-dg, ppm), d: 191.64,
149.31, 132.68, 131.21, 128.88, 123.96, 117.37,
48.43, 31.72, 26.93, 26.57, 23.03, 14.79.

10-n-Hexylphenothiazine-3-carbaldehyde (3)

The synthetic procedure of Compound 3 was
similar to that of Compound 2, but the reactive
time was just 1 day. The crude product was
purified by column chromatography with EA/
hexane (1:6) to get 6.08 g of yellow solids.

Yield: 92%. 'H NMR (DMSO-dg, ppm), 6: 9.77
(s, 1H), 7.70 (dd, J = 8.7, 2.1 Hz, 1H), 7.58 (s,
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1H), 7.21-6.98 (m, 5H), 3.92 (t, J = 7.2 Hz, 2H),
1.66 (m, 2H), 1.36-1.21 (m, 6H), 0.81 (m, 3H).
ppm), J: 191.49, 151.03,
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143.96, 131.79, 131.12, 128.89, 128.71, 128.22,
124.57, 124.54, 123.53, 117.48, 116.47, 47.94,

31.75, 27.03, 26.66, 23.02, 14.77.
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7-Bromo-10-hexyphenothiazine-3-carbaldehyde (6)

Compound 3 (5.4 g, 17.3 mmol) was dissolved in
60 mL of dichloromethane and cooled to 5-10 °C
with ice-water bath, and then 1.1 mL of bromine
(20.8 mmol) in 5 mL of dichloromethane was
added into the solution dropwise. The mixture
was stirred for 2 h at room temperature. Satu-
rated sodium hydrogen sulfite solution was added
to the reaction mixture and stirred for 30 min. Af-
ter this, the reaction mixture was extracted with
dichloromethane, dried over anhydrous magne-
sium sulfate, and purified by silica gel column
flash chromatography with EA/hexane (1:6) as
eluent. A pale yellow liquid was obtained.

Yield: 92%. 'H NMR (DMSO-dg, ppm), : 9.78
(s, 1H), 7.71 (dd, J = 8.7, 2.1 Hz, 1H), 7.57 (d, J
= 1.8 Hz, 1H), 7.35 (m, 2H), 7.14 (d, J = 8.4 Hz,
1H), 6.97 (dd, J = 8.1, 0.9 Hz, 1H), 3.88 (t, J =
7.2 Hz, 2H), 1.63 (m, 2H), 1.21-1.14 (m, 6H),
0.79 (m, 3H). *C NMR (DMSO-dgs, ppm), o:
191.39, 150.52, 143.35, 131.99, 131.34, 131.25,
130.01, 128.78, 126.15, 123.89, 118.98, 116.63,
115.89, 48.04, 31.73, 26.89, 26.62, 23.02, 14.76.

7-(Thiophen-2-yl)-10-hexylphenothiazine-3-
carbaldehyde (8)

Compound 6 (7.2 g, 18.4 mmol), thiophen-2-yl-2-
boronic acid (7) (3.1 g, 23.9 mmol), and tetrakis
(triphenylphosphine)palladium(0) (0.64 g) were
reacted in THF (120 mL) for 10 min, and then
80 mL of 2 M aqueous NayCO; solution was
added. The reaction mixture was refluxed for 48
h. The cooled solution was washed with dilute
hydrochloric acid (10%) and water, and dried
over magnesium sulfate. The final solution was
purified by column chromatography (silica gel,
CH,Cly/hexane 1:10) to yield a yellow solid.

Yield: 80%. "H NMR (CDClg, ppm), d: 9.78 (s,
1H), 7.61 (m, 2H), 7.35 (m, 2H), 7.25-7.19 (m,
2H), 7.04 (m, 1H), 6.86 (m, 2H), 3.87 (t, J = 7.2
Hz, 2H), 1.81 (m, 2H), 1.46-1.24 (m, 6H), 0.85
(m, 3H). *C NMR (CDCl;, ppm), J: 189.89,
150.16, 142.86, 142.40, 130.99, 130.16, 130.04,
128.28, 128.01, 125.04, 124.57, 124.46, 124.21,
124.14, 122.57, 115.96, 114.65, 48.02, 31.32,
26.58, 26.43, 22.52, 13.94.

7-(5-Bromothiophen-2-yl)-10-hexylphenothiazine-
3-carbaldehyde (9)

Compound 8 (8.45 g, 21.47 mmol) was dissolved in
dichloromethane (50 mL) under nitrogen, and N-
bromosuccinimide (4.2 g, 23.61 mmol) was added

all at once. After refluxing the reaction mixture
for 1 h, the product was poured into water (200
mL). The solution was extracted with dichlorome-
thane (100 mL X 3), and dried over magnesium
sulfate. The solvent was removed under reduced
pressure, and the crude product was purified by
column chromatography on silica gel (EA/hexane
1:10) to afford Compound 12 (8.76 g).

Yield: 86%. "H NMR (CDClg, ppm), J: 9.78 (s,
1H), 7.61 (m, 2H), 7.24 (m, 2H), 6.98-6.81 (m,
4H), 3.86 (t, J = 7.2 Hz, 2H), 1.79 (m, 2H),
1.45-1.24 (m, 6H), 0.86 (m, 3H). '*C NMR
(CDCl3, ppm), 6: 189.81, 152.13, 148.89, 144.36,
141.75, 136.53, 131.34, 130.79, 129.11, 128.34,
125.56, 124.34, 124.13, 123.77, 123.45, 115.83,
114.65, 48.13, 31.45, 26.64, 26.46, 22.53, 13.67.

7-(5-Formylthiophen-2-yl)-10-hexylphenothiazine-
3-carbaldehyde (10)

Compound 10 was synthesized by Vilsmeier for-
mylation from Compound 8. A 500-mL three-
necked flask containing 18.7 mL (240.9 mmol) of
anhydrous DMF was cooled in an ice bath. To
the solution, 18.4 mL (198 mmol) of phosphorus
chloride was added dropwisely for 30 min. Com-
pound 1 (13 g, 33.0 mmol) in 100 mL of 1,2-
dichloroethane was added to the above solution
and heated to ~90 °C for 2 days. This solution
was cooled to room temperature, poured into ice
water, and neutralized to pH 6-7 by dropwise
addition of saturated aqueous sodium hydroxide
solution. The mixture was extracted with
CH,Cly/water, and the organic layer was dried
with anhydrous MgSO, and then concentrated
under reduced pressure. The crude product was
purified by column chromatography with EA/
hexane (1:5) to get 8.0 g of yellow solids.

Yield: 58%. "H NMR (CDClg, ppm), J: 9.85 (s,
1H), 9.79 (s, 1H), 7.70-7.55 (m, 3H), 7.42-7.27
(m, 3H), 6.86 (m, 2H), 3.86 (t, J = 7.2 Hz, 2H),
1.77 (m, 2H), 1.43-1.30 (m, 6H), 0.88 (m, 3H).
13 NMR (CDCl;, ppm), o: 189.76, 182.51,
152.67, 149.50, 144.14, 141.80, 137.51, 131.25,
130.27, 128.31, 128.10, 125.69, 124.79, 124.42,
123.88, 123.34, 115.97, 114.87, 48.09, 31.23,
26.47, 26.35, 22.47, 13.89.

General Procedures for the Syntheses of
Monomers M1-M6 (PT1-PT6)

There are two different synthetic routes of
monomers M1-M6 (methods A'%32 and B?%) as
described as follows:

Journal of Polymer Science: Part A: Polymer Chemistry
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Method A

A mixture of Compound 2 (or 12 or 13), Com-
pound 4 (1-bromophenylacetonitrile), and meth-
anol were placed in a 500-mL two-neck round-
bottom flask at room temperature. A catalytic
amount of potassium tert-butoxide in methanol
was added into this mixture. After 24 h, the
product was filtered and dried. The crude solid
was further purified by column chromatography
as outlined in the following text.

Method B

A mixture of Compound 2 (or 12 or 13) and
Compound 5 (2-(5-bromothiophen-2-yl) acetoni-
trile) was dissolved in anhydrous ethanol under
nitrogen in a 250-mL two-necked round-bot-
tomed flask. A mixture of sodium hydroxide and
dry ethanol was added slowly, and then the
crude product was precipitated in the reaction
mixture. The reaction mixture was stirred for 24 h
at room temperature, and the precipitate was
filtered and washed with ethanol. The crude
solid was further purified by column chromatog-
raphy as outlined in the following text.

M1 (PT1)

Method A: Compound 2 (11.48 g, 33.8 mmol),
Compound 4 (26.5 g, 135.2 mmol), methanol
(200 mL), and a catalytic amount of potassium
tert-butoxide were used. Chromatography on
silica gel eluted with dichloromethane/hexane
3:2 afforded M1 as a red solid (18.36 g).

Yield: 78%. 'H NMR (CDCl;, ppm), d: 7.78
(dd, J = 8.7, 2.1 Hz, 2H), 7.55-7.47 (m, 10H),
7.31 (s, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.83 (t,
J = 7.2 Hz, 2H), 1.80 (m, 2H), 1.44-1.32 (m, 6H),
0.90 (m, 3H). '3C NMR (CDCls, ppm), J: 145.58,
140.59, 133.44, 132.12, 128.78, 128.40, 128.28,
127.17, 123.54, 123.00, 117.91, 115.24, 107.89,
48.10, 31.33, 26.47, 22.57, 22.10, 13.96. MS (EI):
m/z [M"] 695.04, caled m/z [M"] 695.1. Anal.
Caled for CsgHo9BraNsS: C, 62.17; H, 4.20; N,
6.04. Found: C, 62.35; H, 4.60; N, 6.39.

M2 (PT2)

Method B: Compound 2 (5.9 g, 17.35 mmol),
Compound 5 (14.0 g, 69.4 mmol), sodium hy-
droxide (1.39 g, 34.7 mmol), and ethanol (130
mL) were used. Chromatography on silica gel

Journal of Polymer Science: Part A: Polymer Chemistry
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eluted with dichloromethane/hexane 1:3 afforded
M2 as a red solid (7.5 g).

Yield: 61%. 'H NMR (CDCl;, ppm), : 7.69
(dd, J = 8.7, 1.8 Hz, 2H), 7.38 (s, 2H), 7.09-6.97
(m, 6H), 6.80 (d, J = 8.7 Hz, 2H), 3.80 (t, J =
7.2 Hz, 2H), 1.78 (m, 2H), 1.41-1.23 (m, 6H),
0.88 (m, 3H). '*C NMR (CDCls, ppm), J: 145.47,
140.56, 137.94, 130.93, 128.53, 128.13, 127.95,
126.73, 123.57, 116.48, 115.27, 112.80, 102.95,
48.13, 31.34, 26.47, 22.58, 22.13, 13.97. MS (EI):
m/z [M"] 706.96, caled m/z [M"] 707.1. Anal.
Caled for CsoHosBroNsSs: C, 54.32; H, 3.56; N,
5.94. Found: C, 54.80; H, 4.03; N, 5.56.

M3 (PT3)

Method A: Compound 12 (8.76 g, 18.5 mmol),
Compound 4 (14.5 g, 74.0 mmol), methanol (150
mL), and a catalytic amount of potassium tert-
butoxide were used. Chromatography on silica
gel eluted with dichloromethane/hexane 1:5
afforded M3 as an orange solid (8.9 g).

Yield: 74%. '"H NMR (CDCl3, ppm), d: 7.80 (dd,
J = 8.7,2.1 Hz, 1H), 7.56-7.48 (m, 4H), 7.32-7.22
(m, 4H), 7.00-6.80 (m, 4H), 3.85 (t, J = 7.2 Hz,
2H), 1.80 (m, 2H), 1.45-1.32 (m, 6H), 0.89 (m,
3H). 3C NMR (CDCls, ppm), d: 146.58, 144.47,
143.16, 140.82, 133.59, 132.09, 130.82, 128.75,
128.45, 127.75, 127.14, 124.72, 124.14, 123.81,
122.87, 122.54, 118.01, 115.61, 115.01, 110.77,
107.41, 47.85, 31.36, 26.56, 26.50, 22.57, 13.97.
MS (EI): m/z [M"] 649.99, caled m/z [M"] 650.1.
Anal. Caled for C3;HoBroNoSs: C, 57.24; H, 4.03;
N, 4.31. Found: C, 57.03; H, 4.43; N, 4.70.

M4 (PT4)

Method B: Compound 12 (2.88 g, 6.1 mmol),
Compound 5 (4.9 g, 24.4 mmol), sodium hydrox-
ide (0.49 g, 12.2 mmol), and ethanol (80 mL)
were used. Chromatography on silica gel eluted
with EA/hexane 1:12 afforded M4 as a red solid
(2.1 9.

Yield: 53%. 'H NMR (CDCl;, ppm), d: 7.72
(dd, J = 8.7, 1.8 Hz, 1Hz), 7.47 (s, 1H), 7.26—
7.21 (m, 3H), 7.07-6.93 (m, 5H), 6.82 (m, 2H),
3.84 (t, J = 7.2 Hz, 2H), 1.80 (m, 2H), 1.43-1.26
(m, 6H), 0.89 (m, 3H). **C NMR (CDCl;, ppm),
0: 146.53, 144.47, 143.12, 140.69, 138.24, 130.89,
130.81, 128.77, 128.59, 128.13, 127.39, 126.55,
124.72, 124.15, 123.88, 122.55, 116.58, 115.60,
115.03, 112.58, 110.78, 102.49, 47.87, 31.36,
26.56, 26.50, 22.57, 13.97. MS (EI): m/z [M*]
655.94, caled m/z [M*] 656.0. Anal. Calcd for
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C29H24BI'2N283: C, 5305, H, 368, N, 4.27.
Found: C, 53.45; H, 4.03; N, 4.65.

M5 (PT5)

Method A: Compound 13 (2.5 g, 5.9 mmol), Com-
pound 4 (4.7 g, 23.6 mmol), methanol (100 mL),
and a catalytic amount of potassium tert-butox-
ide were used. Finally, a pure product can be
obtained by recrystallization from EA/hexane
1:3 to afford M5 as a red solid (3.5 g).

Yield: 77%. 'H NMR (CDCl;, ppm), d: 7.79
dd, J = 8.7, 2.1 Hz, 1H), 7.55-7.38 (m, 12H),
7.31 (m, 2H), 7.20 (m, 1H), 6.81 (m, 2H), 3.82 (t,
J = 7.2 Hz, 2H), 1.79 (m, 2H), 1.32 (m, 6H), 0.88
(m, 3H). ¥C NMR (CDCl;, ppm), J: 148.19,
146.11, 143.77, 140.69, 136.18, 134.87, 134.30,
133.50, 132.84, 132.12, 132.08, 128.76, 128.40,
128.13, 127.85, 127.11, 126.87, 125.34, 124.40,
123.95, 123.49, 122.88, 122.81, 122.78, 117.99,
117.93, 115.47, 115.00, 107.44, 105.57, 47.95,
31.34, 26.62, 26.47, 22.57, 13.97. MS (EI): m/z
[M*] 777.03, caled m/z [M*] 777.1. Anal. Calcd
for C40H31BI‘2N382: C, 6178, H, 402, N, 5.40.
Found: C, 61.30; H, 4.52; N, 5.71.

Meé (PT6)

Method B: Compound 13 (2.0 g, 4.8 mmol),
Compound 5 (3.8 g, 18.9 mmol), sodium hydrox-
ide (0.38 g, 9.6 mmol), and ethanol (70 mL) were
used. Chromatography on silica gel eluted with
dichloromethane/hexane 1:5 afforded M6 as a
red solid (2.1 g).

Yield: 53%. 'H NMR (CDCls, ppm), d: 7.72
(dd, J = 8.7, 1.8 Hz, 1H), 7.45-7.36 (m, 3H),
7.29-7.18 (m, 3H), 7.07-7.01 (m, 5H), 6.79 (d,
J = 8.7 Hz, 2H), 3.80 (t, J = 7.2 Hz, 2H), 1.80 (m,
2H), 1.45-1.14 (m, 6H), 0.89 (m, 3H). '*C NMR
(CDCl3, ppm), 6: 148.11, 146.00, 143.66, 140.67,
140.14, 138.08, 135.80, 134.54, 132.05, 131.00,
130.89, 130.67, 128.54, 128.11, 127.49, 126.56,
125.31, 124.32, 123.88, 123.53, 122.87, 116.56,
116.49, 115.43, 114.99, 112.64, 112.62, 102.51,
100.94, 48.00, 31.35, 29.67, 26.49, 22.59, 13.98.
MS (EI): m/z [M*] 788.94, caled m/z [M*] 789.0.
Anal. Caled for C36H27BI'QN3S4Z C, 5475, H,
3.45; N, 5.32. Found: C, 55.19; H, 3.90; N, 4.82.

General Procedures for the Syntheses of
Copolymers P1-P12%77%?

The synthetic route of polymers is shown in
Scheme 3. All of the polymerizations were car-

ried out through the palladium(0)-catalyzed
Suzuki coupling reactions. Into 50 mL of two-
neck flask, 1 equiv. of dibromo compounds [(2,7-
dibromo-9,9-dihexylfluorene (11) and monomers
M1-M6 (PT1-PT6)] and 1 equiv. of 2,7-bis-
[(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
dihexylfluorene (12)] were added in 10 mL of
anhydrous toluene. The Pd(0) complex, Pd{P
(p-tolyl)3}3 (1 mol %), was transferred into the
mixture in a dry environment. Then, 2 M aque-
ous potassium carbonate and the phase transfer
catalyst, i.e., aliquat 336 (several drops), were
subsequently transferred via cannula into the
previous mixture under nitrogen. The reaction
mixture was stirred at 90 °C for 2 days, and
then the excess amount of iodobenzene and phe-
nylboronic acid, the end-capper, dissolved in 1
mL of anhydrous toluene was added and stirring
for 4 h, respectively. The reaction mixture was
cooled to 50 °C and added slowly into a vigo-
rously stirred mixture of 300 mL of methanol.
The polymers were collected by filtration and
reprecipitation from methanol. The crude poly-
mers were further purified by washing with ace-
tone for 3 days in a Soxhlet apparatus to remove
oligomers and catalyst residues. The resulting
polymers were soluble in common organic solvents.

P1 (FO,-PT1)

Compounds 11 (0.25 equiv.), 12 (0.5 equiv.),
and M1 (0.25 equiv.) were used in this poly-
merization.

Yield: 62%. 'H NMR (CDCl;, ppm), J: 8.05-7.3
(m, 32H, ArH), 6.94 (br, 2H, vinylic proton), 3.89
(weak br, CHy attached to nitrogen of phenothia-
zine, 2H), 2.06-0.76 (m, aliphatic, ~89H). ELEM.
Anar. Found: C, 85.05; H, 8.02; N, 2.75. S, 2.18.

P2 (FO;-PT1)

Compounds 12 (0.5 equiv.) and M1 (0.5 equiv.)
were used in this polymerization.

Yield: 88%. '"H NMR (CDCl;, ppm), d: 7.90-7.32
(m, 20H, ArH), 6.97 (br, 2H, vinylic proton), 3.90
(weak br, CH, attached to nitrogen of phenothia-
zine, 2H), 2.17-0.76 (m, aliphatic, ~37H). ELEM.
AnaL. Found: C, 77.88;H, 6.71; N, 4.13. S, 3.30.

P3 (FO5-PT2)

Compounds 11 (0.25 equiv.), 12 (0.5 equiv.), and
M2 (0.25 equiv.) were used in this polymeriza-
tion.

Journal of Polymer Science: Part A: Polymer Chemistry

DOI 10.1002/pola



NOVEL NARROW-BAND-GAP CONJUGATED COPOLYMERS 4293

Yield: 78%. "H NMR (CDCls, ppm), J: 7.83—
7.23 (m, 28H, ArH), 6.90 (br, 2H, vinylic proton),
3.90 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.20-0.77 (m, aliphatic, ~89H).
Eiem. AnaL. Found: C, 81.11; H, 7.71; N, 2.55. S,
6.00.

P4 (FO;-PT2)

Compound 12 (0.5 equiv.) and M2 (0.5 equiv.)
were used in this polymerization.

Yield: 61%. '"H NMR (CDCl;, ppm), d: 7.89—
7.27 (m, 16H, ArH), 6.97 (br, 2H, vinylic proton),
3.89 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.23-0.78 (m, aliphatic, ~37H).
ELEM. ANaL. Found: C, 72.77; H, 6.34; N, 4.21. S,
9.72.

P5 (FO5-PT3)

Compounds 11 (0.25 equiv.), 12 (0.5 equiv.), and
M3 (0.25 equiv.) were used in this polymerization.

Yield: 82%. 'H NMR (CDCl;, ppm), d: 7.82—
7.25 (m, 30H, ArH), 6.90 (br, 1H, vinylic proton),
3.90 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.17-0.77 (m, aliphatic, ~89H).
ErLEM. AnaL. Found: C, 81.58; H, 7.93; N, 1.88. S,
4.32.

P6 (FO,-PT3)

Compound 12 (0.5 equiv.) and M3 (0.5 equiv.)
were used in this polymerization.

Yield: 64%. '"H NMR (CDCl;, ppm), &: 7.89—
7.26 (m, 17H, ArH), 6.88 (br, 2H, vinylic proton),
3.88 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.17-0.74 (m, aliphatic, ~37H).
ELEM. AnaL. Found: C, 79.32; H, 7.13; N, 3.29. S,
7.30.

P7 (FO3-PT4)

Compounds 11 (0.25 equiv.), 12 (0.5 equiv.), and
M4 (0.25 equiv.) were used in this polymerization.

Yield: 86%. '"H NMR (CDCl;, ppm), d: 7.83—
7.24 (m, 28H, ArH), 6.88 (br, 1H, vinylic proton),
3.89 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.16-0.78 (m, aliphatic, ~89H).
EvLEMm. ANnaL. Found: C, 81.41; H, 7.87; N, 1.77. S,
6.53.
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P8 (FO,-PT4)

Compound 12 (0.5 equiv.) and M4 (0.5 equiv.)
were used in this polymerization.

Yield: 71%. 'H NMR (CDCl;, ppm), d: 7.79—
7.13 (m, 15H, ArH), 6.86 (br, 2H, vinylic proton),
3.88 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.17-0.74 (m, aliphatic, ~37H).
EvLeEM. AnaL. Found: C, 71.62; H, 6.30; N, 3.23. S,
11.38.

P9 (FO;-PT5)

Compounds 11 (0.25 equiv.), 12 (0.5 equiv.), and
M5 (0.25 equiv.) were used in this polymerization.

Yield: 87%. '"H NMR (CDCls, ppm), J: 7.83—
7.25 (m, 34H, ArH), 6.90 (br, 2H, vinylic proton),
3.90 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.17-0.77 (m, aliphatic, ~89H).
EvLEM. AnaL. Found: C, 83.24; H, 7.66; N, 2.47. S,
4.34.

P10 (FO4-PT5)

Compound 12 (0.5 equiv.) and M5 (0.5 equiv.)
were used in this polymerization.

Yield: 70%. '"H NMR (CDCls, ppm), J: 7.80—
7.08 (m, 22H, ArH), 6.86 (br, 2H, vinylic proton),
3.87 (weak br, CH, attached to nitrogen of phe-
nothiazine, 2H), 2.17-0.76 (m, aliphatic, ~37H).
EiEm. AnaL. Found: C, 80.48; H, 6.08; N, 4.31. S,
6.85.

P11 (FO5-PT6)

Compounds 11 (0.25 equiv.), 12 (0.5 equiv.), and
M6 (0.25 equiv.) were used in this polymerization.

Yield: 89%. '"H NMR (CDCls, ppm), J: 7.83—
7.24 (m, 30H, ArH), 6.86 (br, 2H, vinylic proton),
3.87 (weak br, CHy attached to nitrogen of phe-
nothiazine, 2H), 2.16-0.78 (m, aliphatic, ~89H).
EvLEM. AnaL. Found: C, 75.77; H, 7.12; N, 2.35. S,
7.46.

P12 (FO4-PTé6)

Compound 12 (0.5 equiv.) and M6 (0.5 equiv.)
were used in this polymerization.

Yield: 75%. '"H NMR (CDCl;, ppm), &: 7.85—
7.27 (m, 18H, ArH), 6.89 (br, 2H, vinylic proton),
3.87 (weak br, CHy attached to nitrogen of phe-
nothiazine, 2H), 2.14-0.77 (m, aliphatic, ~37H).
EvLeEM. AnaL. Found: C, 74.32; H, 6.07; N, 4.25. S,
13.29.
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Measurements and Characterization

'H NMR spectra were recorded on a Varia Unity
300 MHz spectrometer using CDCl3 and DMSO
solvents. Elemental analyses were performed on
a HERAEUS CHN-OS RAPID elemental ana-
lyzer. Transition temperatures were determined
by differential scanning calorimetry (DSC) on a
Perkin—Elmer Pyris 7 thermal analyzer with a
heating and cooling rate of 10 °C/min. Thermog-
ravimetric analysis (TGA) was conducted with a
TA instrument Q500 at a heating rate of 20 °C/
min under nitrogen. Gel permeation chromatog-
raphy (GPC) analyses were conducted on a
Waters 1515 separation module using polysty-
rene as a standard and THF as an eluent. UV—
visible absorption spectra were recorded in
dilute THF solutions (10°° M) on a HP G1103A
spectrophotometer. Thin films of UV-vis meas-
urements were spin-coated on a quartz sub-
strate from chlorobenzene solutions with a con-
centration of 5 mg/mL. Electrochemistry meas-
urements were performed using an Autolab
Model PGSTAT30 potentiostat/galvanostat with
a standard three-electrode electrochemical cell
in a 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAPF6) solution (in acetonitrile) at
room temperature with a scanning rate of 50
mV/s. A platinum working electrode, a platinum
wire counter electrode, and an Ag/AgCl refer-
ence electrode were used. The films of the poly-
mers were coated onto the Pt working electrode
by dipping the Pt wire into 1 wt % THF solu-
tions. The onset potentials were determined
from the intersection of two tangents drawn at
the rising current and background current of
the cyclic voltammogram (CV).

Device Fabrication and Characterization of PVCs

The PVC device structure used in this study
was a sandwich configuration of ITO/PEDOT:
PSS/active layer/LiF/Al. We fabricated the PVC
devices according to the procedures similar to
those of electroluminescence devices. After dry-
ing the substrate of ITO, a thin layer (~50 nm)
of PEDOT:PSS was spin-coated and dried. Sub-
sequently, on the top of the PEDOT:PSS layer,
the active layer was prepared by spin coating
from composite solutions of P2, P6, P8, and
P10/PCBM (1:4 w/w) and of P12/PCBM (1:1,
1:2, and 1:4 w/w) in the mixed solvents of chlor-
obenzene and chloroform (1:1 vol). The spin rate
was ~800 rpm, and the thickness of the active

layer was typically ~100 nm. The devices were
completed by deposition with 1 nm of LiF and
150 nm of Al. For PVC measurements, I-V
curves were recorded under a solar simulator
with AM 1.5 illumination (at 100 mW/cm?). All
cells were prepared and measured under ambi-
ent conditions.

RESULTS AND DISCUSSION

Synthesis and Characterization

The general synthetic routes of monomers M1-
M6 (PT1-PT6) are shown in Schemes 1-2. All
monomers were synthesized by following the
modified multistep procedures in the litera-
ture,*®*! and some of them (compounds 2, 3,
and 6) were started from commercially available
phenothiazine. Monomers (M1-M6 and PT1-
PT6) were satisfactorily characterized by 'H
NMR, !3C NMR, MS spectroscopy, and elemen-
tal analyses. The synthetic procedures towards
polymers P1-P12 are outlined in Scheme 3.
Conjugated polymers derived from monomers
M1-M6 were prepared by palladium(0)-catalyzed
Suzuki coupling reactions with an equivalent
molar ratio of diboronic ester monomer 12 to
dibromo monomers (11 and M1-M6). During the
polymerization, the feed in monomer ratios of
fluorene units to monomers M1-M6 were 3:1
and 1:1, respectively. The copolymers P1-P12
were synthesized from a Suzuki coupling reac-
tion in a biphasic system (toluene/aqueous
NayCOg3) with freshly prepared Pd{P(p-tolyl)s}s
as a catalyst precursor.*? The obtained polymers
were further purified by washing with acetone
in a Soxhlet apparatus for 24 h to remove
oligomers and catalyst residues and were dried
under reduced pressure at room temperature.
After purification and drying, all polymers were
obtained as red fibrous solids in overall good
yields (61-89%). As shown in Table 1, the ele-
mental analyses indicated that the FO contents
in copolymers P1-P12 were very close to the
feed in compositions. All copolymers exhibited
good solubilities in common organic solvents,
such as THF, chloroform, and chlorobenzene.
The molecular weights of the polymers deter-
mined by GPC against polystyrene standards in
THF are summarized in Table 1. These results
show that considerable molecular weights were
obtained in these copolymers, which had num-
ber-average molecular weights (M,) ranging

Journal of Polymer Science: Part A: Polymer Chemistry
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Table 1. Molecular Weights, Yields, and Thermal Data of Polymers and PT Content in the Copolymers

Ratio of PT Units

In the In the Yield T,* T4

Polymer M2 PDI? Feed (%) Copolymers® (%) (%) °C) (°C)

P1 (FO3-PT1) 26,800 2.00 25 26.6 62 153 411
P2 (FO,-PT1) 14,600 1.55 50 48.6 88 175 401
P3 (FO3-PT2) 18,700 1.45 25 24.8 78 175 416
P4 (FO,-PT2) 10,800 1.30 50 47.8 61 189 404
P5 (FO3-PT3) 49,600 2.40 25 26.1 82 n.d. 410
P6 (FO,-PT3) 19,200 1.44 50 48.3 64 n.d. 405
P7 (FO3-PT4) 59,200 2.65 25 25.9 86 130 415
P8 (FO,-PT4) 17,400 1.43 50 53.0 71 134 408
P9 (FO3-PT5) 102,900 3.68 25 27.0 87 132 419
P10 (FO,-PT5) 13,700 1.36 50 51.0 70 137 401
P11 (FO3-PT6) 30,200 1.63 25 25.5 89 158 409
P12 (FO,-PT6) 18,100 1.40 50 50.9 75 n.d. 406

& Molecular weights and polydispersity were measured by GPC, using THF as an eluent, polystyrene as a standard. M,,
number-average molecular weight; M, weight-average molecular weight.

b Calculated from results of elemental analyses.

¢ Glass transition temperature (°C) was measured by DSC at a heating rate of 10 °C/min.
4 Temperature (°C) at 5% weight loss measured by TGA at a heating rate of 20 °C/min under nitrogen.

¢ No noticeable T, was observed.

8400-27,900 and weight-average molecular
weights (M,,) ranging 10,800-102900, respec-
tively, with polydispersity indices (M/M,) rang-
ing 1.30-3.68. In contrast to FO3-PT polymer
derivatives (FO:PT = 3:1), the lower molecular
weights of corresponding FO;-PT polymer ana-
logues (FO:PT = 1:1) with higher PT contents
were attributed to the lower solubilities of PT
units (PT1-PT6) in their copolymerization proc-
esses. The PT contents of the resulting polymers
can be estimated from elemental analysis (EA)
results. It was found that S contents of the
copolymers increased with the added PT con-
tents during the copolymerization and were
close to the monomer feed ratios of FO:PT (Table
1).' For example, the actual molar ratios of PT/
FO were calculated from the S contents from
the experimental EA divided by those from the
calculated EA.

The thermal properties of the copolymers
determined by thermogravimetric analysis
(TGA) and DSC are shown in Table 1. The TGA
thermograms of the D-A copolymers (P1-P12)
revealed that 5% weight loss temperatures (T'gs)
were in the range of 401-416 °C, indicative of
excllent thermal stabilities. FO;-PT polymer
derivatives (FO:PT = 1:1) showed lower T4 val-
ues than respective FO3-PT polymer analogues
(FO:PT = 3:1), which may be probably due to
the lower molecular weights of the former

Journal of Polymer Science: Part A: Polymer Chemistry
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copolymers with lower FO contents. As for DSC
properties, two thermally induced phase transi-
tions, including a glass transition (T; = 158 °C)
and a melting peak (T}, = 180 °C), were merely
observed in P11. However, P5, P6, and P12
exhibited no obvious phase transitions until
300 °C where slight decompositions began, and
only one glass transition with T, values between
130 and 189 °C were found in the other copoly-
mers. Compared with FO3-PT polymer deriva-
tives (FO:PT = 3:1), FO;-PT polymer analogues
(FO:PT = 1:1) generally showed higher T, val-
ues owing to the higher contents of rigid PT seg-
ments. These phenomena demonstrate that the
physical properties of the copolymers, such as
conformation, planarity, rigidity, and stacking,
will be affected by the variation of PT structures
and contents. Basically, the thermal stabilities
of the copolymers are adequate for their applica-
tions in polymer solar cells and other optoelec-
tronic devices.

The molecular structures of the copolymers
were identified by FTIR and 'H NMR. Represen-
tative FTIR spectra of copolymers P3, P4, P11,
and P12 are shown in Figure 1, where the
cyano functional groups appeared at 2270-2210
cm ! in the triple bond region of FTIR spectra
showed a sharp band with a medium intensity.
As a result of the stretching modes of cyano
groups in the copolymers, the absorption bands



4296 LI ET AL.

——P4 (FO,PT2)
- - -P3 (FO,PT2)
—-=- P12 (FO -PT6)
----- P11 (FO-PT6)
2
g
W
<@
5
S e ————— PatANY,
= \ iR s - !
£ "Al / \‘ “ o \/ ll
g .......... I \t' Pt '\‘ p
& _.I\. ______ o \\ [ Vi o ."-
& Ky -~ st 1
v AR
................. ni '
Y b
1M ;
T T T T T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm’)

Figure 1.
and P12.

FTIR spectra of copolymers P3, P4, P11,

typically appeared at 2210 cm ™!, and the inten-
sity of this band increased with higher fractions
of phenothiazine units in these polymers. Figure
2 shows the proton NMR spectra of monomer
M4 and polymers P7-P8 in CDCl;. For example,
the characteristic signal of the CHy; segments
attached to the nitrogen atoms of phenothiazine

5 —~Y ’j e M4
| { 4 1I JKN"""'\J; —_

CgHyy

units can be seen clearly ca. 6 = 3.8 ppm for all
monomers and copolymers. Compared with 'H
NMR spectra of polymers P7-P8 in Figure 2, it
was generally found that sharper and more
splitted signals of monomer M4 disappeared af-
ter polymerization. In addition, in contrast to
polymer P7 (FO3-PT4), a larger integrated sig-
nal (ca. 0 = 3.8 ppm) was observed in polymer
P8 (FO,-PT4) with a higher molar ratio of phe-
nothiazine units (FO:PT4 = 1:1). Similar results
were observed in the FTIR and 'H NMR spectra
for all copolymers.

Optical Properties

The photophysical characteristics of polymers
P1-P12 were investigated by UV-vis absorption
spectra in dilute THF solutions as well as in
solid films, as revealed in Figures 3 and 4,
respectively. The UV-vis absorption properties
of the D-A copolymers based on 9,9-dihexylfluor-
ene and phenothiazine units are presented in
Table 2. As shown in Figure 3, most of the FO-
PT based copolymers (except P4 and P12 in
THF solutions) exhibit two distinct peaks, and
one of the peaks ~375 nm is consistent with
that reported for poly(9,9-dihexylfluorene) homo-
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Figure 2.

'H NMR spectra of monomer M4 and polymers P7-P8 in CDCl;.
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Table 2. Optical Data of P1-P12 in THF Solutions (~10~® M) and Solid Films®

UV-vis (14, nm)

EP (eV)

Polymer Solution Dedge’ Film Dedge’ Al Solution Film
P1 (FO3-PT1) 373, 450 560 375, 472 600 22 2.21 2.06
P2 (FO,-PT1) 363, 453 569 365, 478 630 25 2.18 1.96
P3 (FO3-PT2) 378, 480 592 381, 510 700 30 2.09 1.77
P4 (FO,-PT2) 491 600 830 25 2.07 1.49
P5 (FO3-PT3) 375, 442 550 374, 450 590 8 2.25 2.10
P6 (FO,-PT3) 370, 446 555 800 11 2.23 1.55
P7 (FO3-PT4) 380, 475 570 388, 490 690 15 2.18 1.79
P8 (FO,-PT4) 477 585 800 23 2.12 1.55
P9 (FO3-PT5) 376, 460 560 380, 518 715 58 2.21 1.73
P10 (FO,-PT5) 366, 462 568 800 63 2.18 1.55
P11 (FO3-PT6) 380, 493 608 390, 540 800 47 2.04 1.55
P12 (FO,-PT6) 500 613 800 48 2.02 1.55

& Spin-coated from THF solution.

® The optical band gap was obtained from the equation Egpt = 1240//.cqge-
¢ The onset value of absorption spectrum in long wavelength direction.

Al = Amax,fiim — )~max,solution (nm)

polymer,*® which can be attributed to the fluo-
rene segments in the copolymers. The other
peak with an extra long wavelength absorption
band appeared between 439 and 500 nm, with
tailing of the absorption to around 610 nm can
be attributed to the PT units incorporated into
the main-chains of the copolymers. For all
copolymers, the higher PT contents in the ran-
dom copolymers, the larger absorbance ratios of
PT to fluorene units. However, a gradual blue
shift of the short wavelength absorption accom-
panying with a small red shift of the long wave-
length absorption were commonly observed in
these polymers as the PT contents increased.
This result can be explained by that as more PT
segments were incorporated into the main-
chains of the copolymers (with higher PT con-
tents), more efficient conjugation or higher
extents of aggregation occured between PT units
but less sufficient conjugation or lower extents
of aggregation arose between fluorene units.**6
Two distinguished absorption features revealed
that the electronic states of the two contents in
random FO-PT copolymers were not well over-
lapped. Compared with the other random
copolymers, P4 and P12 possessed completely
different absorption spectra, where the absorp-
tion band ~375 nm attributed to the fluorene
segments disappeared and only a broad and
strong absorption band showed ~500 nm. The
single UV—vis absorption spectra of polymers P4
and P12 were quite different from the two sepa-

rated absorptions of the other random copoly-
mers derived from fluorene and low band-gap
PT aromatic heterocyclics.*”° This phenom-
enon suggested that the electronic configura-
tions of both segments, i.e., fluorene and PT
units, were somehow related to each other in
the random copolymers P4 and P12.

The UV-vis absorption spectra of the copoly-
mers in solid films are presented in Figure 4.
The solid films showed similar absorption pat-
terns as THF solutions (see Fig. 3). However,
compared with solutions, the polymer films gen-
erally had 8-63 nm of red shifts due to the
interchain association and aggregation in the
solid state, and the spectral red-shifts were gen-
erally more significant when higher PT contents
(FO1-PT series in comparison with FO3-PT
series) and longer PT units (e.g., P9-P12 con-
taining PT5 and PT6 units) were incorporated
into the polymers (Table 2). According to UV
absorptions of FO-PT copolymers in solid films,
FO;-PT polymer derivatives (FO:PT = 1:1) pos-
sessed broader spectral absorption ranges
(between 400 and 800 nm) than their FO3-PT
polymer analogues (FO:PT = 3:1) to make them
suitable candidates to harvest more photons.

As mentioned earlier in the reference,?® the
UV-vis absorption result of P2 in solid films
was similar to the reported data. Although some
phenothiazine-based conjugated polymers have
been developed, longer conjugation relationship
of phenothiazine-based conjugated polymers
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Figure 5. Cyclic voltammograms of fluorene-phenothiazine polymers P1-P12.

with aromatic (or heterocyclic) structures still
need to be further explored. Therefore, our
results can be compared with those reported
ones and realize the effect of adding different
numbers of aromatic rings (i.e., benzene and thi-
ophene groups).28405%51 Among these related
literatures, Jenekhe and coworkers?® reported

Journal of Polymer Science: Part A: Polymer Chemistry
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that the absorption maxima of the phenothia-
zine-fluorene alternating copolymer (PPTF) was
located ~384 nm in solid films. In our copoly-
mers containing PT units, the donor (D) and
acceptor (A) groups, such as thiophene and
cyano groups, respectively, were incorporated
into these polymers. Hence, the absorption max-
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Table 3. Electrochemical Potentials and Energy Levels of Copolymers P1-P12?

Oxidation Potential

Reduction Potential

V vs. Ag/Ag” V vs. Ag/lAg™ Energy Level? (eV) Bandgap (eV)
POlymer on/onsetb -on/oc Ef'red/onsetb Ejred/oc EHOMO ELUMO Egc Egpt
P1 1.03 1.15 —1.07 —1.28 —5.38 —3.28 2.1 2.06
P2 1.00 1.06 —0.99 -1.19 —5.35 —3.36 1.99 1.96
P3 0.94 1.02 —0.88 —1.20 -5.29 —-3.47 1.82 1.77
P4 0.83 0.94 —0.86 —1.10 —5.18 —-3.49 1.69 1.49
P5 1.05 1.13 —1.07 —1.36 —5.40 —3.28 2.12 2.10
Pé6 0.80 0.87 —-1.04 —-1.31 -5.15 -3.31 1.84 1.55
P7 0.96 1.02 -0.91 —1.26 -5.31 —3.44 1.87 1.79
P8 0.75 0.87 —0.89 —-1.13 -5.10 —3.46 1.64 1.55
P9 0.97 1.07 —-0.84 -1.13 —5.32 —-3.51 1.81 1.73
P10 0.74 091 —0.83 -1.13 -5.09 —3.52 1.57 1.55
P11 0.81 0.94 —0.81 -1.15 —5.16 —3.54 1.62 1.55
P12 0.78 0.89 -0.81 —1.08 -5.13 —3.54 1.59 1.55

# Reduction and oxidation potentials measured by cyclic voltammetry in solid films.

® Onset oxidation and reduction potentials.
¢ Formal oxidation and reduction potentials.

4 Enomo/Erumo = [—(Eonset — 0.45) — 4.8] eV where 0.45 V is the value for ferrocene vs. Ag/Ag" and 4.8 eV is the energy

level of ferrocene below the vacuum.

ima of FO-PT copolymers in solid films were
around 450 to 548 nm, which were further red-
shifted ~66-164 nm compared with the corre-
sponding spectrum of PPTF. The differences of
the spectra between FO-PT and PPTF copoly-
mer can be explained by the push-pull effect of
D and A groups within the molecules and the
increase of the effective conjugation lengths in
the polymers. The optical band gaps of the
copolymers in solid films, which were deter-
mined by the cutoff wavelengths of optical
absorptions, are listed in Table 2. For all copoly-
mers, the optical band gaps decreased with
increasing PT contents and the push-pull (D-A)
effect resulted in narrower optical band gaps of
copolymers by our approach, which induced
broader visible absorption ranges (between 400
and 800 nm) than PPTF.

Electrochemical Characterization

The electronic states, i.e., highest occupied mo-
lecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels, of the FO-PT
copolymers were investigated by cyclic voltam-
metry (CV) to understand the charge injection
processes in these new NBG polymers and their
PVC devices. The oxidation and reduction CVs
of polymers P1-P12 in solid films are displayed
in Figure 5. The electrochemical measurements

of the formal potentials, onset potentials, band
gaps, and the estimated positions of the upper
edges of the valence band (HOMO) and the
lower edges of the conduction band (LUMO) are
summarized in Table 3. Ag/AgCl was served as
a reference electrode, and it was calibrated by
ferrocene (E;ﬁocene = 0.45 mV versus Ag/AgCl).
The HOMO and LUMO energy levels were esti-
mated by the oxidation and reduction potentials
from the reference energy level of ferrocene (4.8
eV below the vacuum level) according to the fol-
lowing equation®*®’: Egomorumo = [—Eonset —
0.45) — 4.8] eV. For all copolymers, two p-doping
processes and one n-doping process could be
recorded, and partial reversibilities in both p-
doping and n-doping processes were evidenced
from the areas and close proximity of the anodic
and cathodic scans. The formal oxidation and
reduction potentials of P1-P12 were in the
range of (0.87-1.15) eV and -(1.08-1.36) eV,
respectively. The band-gap values directly meas-
ured by CV (Eg° between 1.57 and 2.12 eV) and
the optical band-gap values observed from UV-
vis spectra (E** between 1.55 and 2.10 eV) were
close to each other.

Two different onsets of oxidation processes
occurred between ~0.74-1.05 and 1.28-1.35 eV,
which were originated from the PT and FO°?
segments, respectively, in FO-PT copolymers.
The onsets of the reduction processes of all
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copolymers were observed at —(0.81-1.07) eV,
except the data of copolymer P2, which is differ-
ent from the earlier reported result.?® Because
the reduction potential of polyfluorene homopol-
ymer was observed typically at —2.28 eV,*® the
moderate reduction wave at —(0.81-1.07) eV
should be attributed to the electron withdrawing
effect of the PT moiety in the reduction process.
The second reduction wave corresponding to the
fluorene segment was unable to record. It could
be probably because the reduced states of the
copolymers at higher negative voltages were
unstable. According to the previous equation,
the copolymers were relatively stable up to oxi-
dation with low HOMO levels varying 5.09-5.40
eV. Owing to the results of low HOMO levels,
the copolymers were easily handled in air with-
out encountering wundesired oxidation. The
copolymers possessing LUMO levels ~3.28-3.54
eV were also good donors for charge transfer to
PCBM acceptors (with 0.66—0.92 eV LUMO off-
sets regarding LUMO level of PCBM being at
4.2 eV). These characters are valuable proper-
ties to make use of these materials into opto-
electronics.

Among the reports of phenothiazine homopoly-
mer (PHPT) and PPTF copolymer, it is clear
that HOMO levels of the polymers were domi-
nated by the contribution from the phenothia-
zine moiety, but no reduction wave of either
polymer was observed for LUMO levels.*® Inter-
estingly, there are clear differences of n-doping
processes between the previous phenothiazine
copolymers without any functional groups and
our PT copolymers (with detectable reduction
waves). Furthermore, the presence of different
numbers of electron-donating thiophenes and
electron-withdrawing cyano groups in both sides
of our phenothiazine moieties changed the elec-
trical properties of PT copolymers so that they
possessed both p-type and n-type properties.
Therefore, it is clear that the HOMO/LUMO lev-
els of FO-PT copolymers have been significantly
varied relative to those of PFO and PHPT due
to the modulated push-pull strengths of thio-
phene and cyano groups. Another important fea-
ture was also observed that as the PT contents
of the copolymers were equivalent to 25 and
50%, the first onset potentials of p-doping and
n-doping waves decreased with increasing PT
contents. This result eventually induced nar-
rower band-gaps of FO-PT copolymers owing to
the increase of their HOMO levels and the
reduction of their LUMO levels. The characters
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of reversible electrochemical oxidation and
reduction processes in the copolymers suggested
promising prospects for superior electrochemical
stabilities in the applications of organic elec-
tronic devices.

Polymeric Photovoltaic Cell (PVC) Properties

In the fabrication of bulk-heterojunction photo-
voltaic cell (PVC) devices, copolymers P2, P6,
P8, P10, and P12 were used as the donor phase
to blend with different ratios of methanofuller-
ene6,6-PCBM as the typical acceptor phase. As
described by UV absorptions of FO-PT copoly-
mers in solid films, FO;-PT polymer derivatives
(FO:PT = 1:1) possessed broader spectral
absorption coverages than their FO3z-PT poly-
mer analogues (FO:PT = 3:1) in the visible
ranges between 400 and 800 nm. Because of the
benefits of narrower band-gaps and broader visi-
ble absorption ranges in FO;-PT polymers with
higher PT contents, FO;-PT polymer derivatives
were chosen to survey their potentials for PVC
applications. In Figure 6(a), the HOMO and
LUMO levels of FO.-PT polymer derivatives
also match those of good hole-transporting mate-
rials for PVC devices with an electron-transport-
ing material PCBM. Thus, FO;-PT polymer
derivatives were appropriate for the fabrication
of PVC devices with a configuration of ITO/
PEDOT:PSS/FO-PT:PCBM/LiF/Al as shown in

Dmors 13

Accepor

Active lnyer —3
PEDOT:
PSS

Glass

Figure 6. (a) Energy levels for an ideal donor poly-
mer for PCBM along with donors P1-P12. Dashed
lines display the HOMO and LUMO thresholds of an
ideal donor polymer between 5.2-3.8 eV for air stabil-
ity (5.2 eV) and effective charge transfer to PCBM
(3.8 eV).>* (b) Device structure consisting of an 100
nm thick blending active layer (copolymers:PCBM),
which was sandwiched between PEDOT:PSS and an
aluminum top electrode.
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Figure 7. PL spectra of P12 film and a blending
film of P12/PCBM (1:4 w/w).

Figure 6(b). To evaluate the PVC properties of
FO-PT copolymers, a composite thin film of
FO,-PT:PCBM was prepared by spin-coating a
solution of P12 and PCBM (1:4 w/w) in the mix-
ture solution of chlorobenzene and chloroform
(1:1 vol) onto a quartz plate, and its PL spec-
trum was recorded, as shown in Figure 7. Com-
pared with the PL spectrum of pure P12, com-
plete PL quenching was observed as a result of
blending P12 with PCBM, which could be
attributed to the different kinetics of charge
transfer (~10"** s) and recombination (~103
s).3! The PL quenching property indicates that

E
=
27 —a—(a)
a
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Figure 8. I-V curves of the polymer solar cells with
different compositions of P12/PCBM (a) 1:1 w/w
(square symbols), (b) 1:2 w/w (circle symbols), and (c)
1:4 w/w (star symbols) measured in the dark (dash
lines) and under the illumination of AM 1.5, 100 mW/
cm? (solid lines).

FO-PT copolymers can be used as proper elec-
tron donors in PVC devices.

The I-V characteristics of photovoltaic cell
devices with different weight ratios of
P12:PCBM = 1:1, 1:2, and 1:4 as an active layer
are presented in Figure 8, which were measured
under AM 1.5 illumination for a calibrated solar
simulator with an intensity of 100 mW/cm?2. The
photovoltaic properties obtained from the I-V
curves are listed in Table 4. The open circuit
voltage (V,.), short circuit current (Iy.), and fill
factor (FF) of the PVC device based on the ratio
of P12:PCBM = 1:4 (w/w) were 0.64 V, 2.7 mA/
ecm?, and 29%, respectively, which were all
higher than those of PVC devices based on the
ratios of P12:PCBM = 1:1 and 1:2 (w/w). Gener-
ally, the values of ECE in PVC devices are sensi-
tive to the weight ratios of acceptors to donors.
In the case of P12/PCBM blends, the best effi-
ciency observed was P12:PCBM = 1:4 (w/w),
which was a similar dependence on donor/
acceptor weight ratio in some earlier publica-
tions.'®*7%% In addition, according to the photo-
voltaic results of these copolymers in Table 4,
the highest ECE value of 0.51% was obtained
from a solar cell device with P12 as an electron
donor. Apparently, comparing the molecular
structures of copolymers P2, P6, P8, P10, and
P12, the longest conjugation length and the het-
erocyclic structures (thiophene units) of P12
could lead to the highest photovoltaic efficiency
among these synthesized copolymers. This result
indicates that the incorporation of longer conju-
gation lengths and heterocyclic moieties into
conjugated copolymers could make favorable
contribution to photovoltaic properties.

Several parameters are suspected to responsi-
ble for the low efficiencies in the PVCs, such as

Table 4. Photovoltaic Properties of Copolymers
with a Solar Cell Device Configuration of ITO/
PEDOT:PSS/Copolymer: PCBM/LiF/Al*

Voe I, FF ECE
Active Layer V) (mA/cm?) (%) (%)
P2/PCBM(1:4) 0.43 1.86 27 0.22
P6/PCBM(1:4) 0.52 1.46 22 0.17
P8/PCBM(1:4) 0.27 2.21 27 0.16
P10/PCBM(1:4) 0.53 1.30 26 0.18
P12/PCBM(1:1) 0.55 2.10 25 0.29
P12/PCBM(1:2) 0.56 2.30 28 0.36
P12/PCBM(1:4) 0.64 2.70 29 0.51

& Measured under AM 1.5 irradiation, 100 mW/cm.
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the thickness of the film, the disorder of the film
morphology, and the large difference of charge-
carrier mobility, etc. The lower molecular
weights of FO;-PT polymer derivatives resulted
in the solid films with thinner thicknesses and
the fewer harvested photons from the solar
energy. Therefore, the I . values of the copoly-
mers (listed in Table 4) were only 1.30-2.70 mA/
cm?. For example, the V,, I, FF, and ECE val-
ues of P2 were 0.43 V, 1.86 mA/cm?, 27%, and
0.22%, respectively, which were not as high as
the same polymer published earlier by Cho and
coworkers,*”™° which might be due to the lower
molecular weight or the lower FF of P2. In com-
parison with the photovoltaic results of P2, P6,
P8, and P10, the PVC based on P12 showed a
much higher V.. value of 0.64 V in Table 4,
except P4 because of its poor solubility. Gener-
ally, the V,. value is related to the difference
between the oxidation potential of the donor and
the reduction potential of the acceptor
(PCBM).’® However, compared with the other
polymers with lower HOMO levels, the PVC
based on P12 possessing the highest V. value
did not follow the previous general regulation in
this work. In addition to the above-mentioned
influences on PVCs, the deficits of the ECE val-
ues in our polymers were mainly caused by low
FFs which indicate lacks of ordered continuity
in the polymer/PCBM blends.’”*® The disorder
of the film morphology also severely affects the
charge carrier mobility, which is believed to be
the bottleneck for the I.. values.?®

Although the photovoltaic properties of the
copolymers in this work were not the best
results compared with the other low bandgap
polymers, the preliminary results of PVC devi-
ces made of the newly synthesized polymers
were still not optimized. Further improvements
are underway to optimize the PVC devices by
the modification of the film morphology, layer
thicknesses, postproduction treatment condi-
tions, and the other electron acceptors.

CONCLUSIONS

Souble conjugated donor-acceptor low-band-gap
copolymers derived from 9,9-dihexylfluorene
(FO) and phenothiazine-arylcyanovinyl units
were synthesized by palladium (0)-catalyzed
Suzuki coupling reactions and characterized by
NMR, FTIR, and elemental analyses. The more
heterocyclic units and cyano-groups incorpo-

Journal of Polymer Science: Part A: Polymer Chemistry
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rated into phenothiazine derivatives, the stron-
ger strength of intramolecular charge-transfer
interaction. Thus, the optical and electrochemi-
cal properties of the copolymers were induced to
visible and even further to near infrared absorp-
tion with narrow band gaps, which the lowest
result were 1.55 eV. Photoluminescence quench-
ing measurements indicated that FO-PT was
functioning as a photo-excited donor in case of
blending with PCBM. Bulk heterojunction PVC
devices fabricated from a thin film composed of
a blend of FO{-PT polymer derivatives and
PCBM, with the configuration of ITO/PEDOT:
PSS/(FO,-PT:PCBM = 1:4)/LiF/Al, showed the
preliminary results of the PVC devices, and
their optoelectronic performance can also be
much improved in the future.
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