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A series of novel acceptor-pended conjugated polymers featuring a newly developed carbazole-derived unit are designed and
synthesized. The relationships between chemical structure and optoelectronic properties of the polymers are systematically in-
vestigated. The control of UV-Vis absorption spectra and energy levels in resulting polymers are achieved by introducing
suitable pended acceptor units. The photovoltaic properties of the resulting polymers are evaluated by blending the polymers
with (6,6)-phenyl-C5;-butyric acid methyl ester. The resulting solar cells exhibit moderate performances with high open-circuit
voltage. Charge transport properties and morphology were investigated to understand the performance of corresponding solar

cells.
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1 Introduction

In the past decade, polymer solar cells (PSCs) consist of a
phase-separated blend of an electron-donating conjugated
polymer and an electron-accepting fullerene derivative have
gained enormous attractions due to their unique advantages
including low-cost, light weight, mechanical flexibility and
their potential for making large area flexible devices [1-6].
Recently, significant progress have been made in improving
the performance of PSCs, with power conversion efficiency
(PCE) up to 10% has been attained for small-area single
junction devices [7-14]. In PSCs, electron-donating conju-
gated polymers play a crucial role as they harvest the energy
of sun light and transport charge carriers. To realize high
performance PSCs, it is critical to develop a polymer with
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an absorption spectrum matching well with solar spectrum,
fine-tuned energy levels, and excellent hole transport prop-
erty at the same time [15-18]. Recent successful examples
in developing novel conjugated polymers usually apply do-
nor-acceptor molecular design, since the hybridization of
the energy levels of the donor and acceptor can narrow op-
tical band gap and fine-tuned side chains afford the polymer
good processability and proper miscibility with fullerene to
form optimal morphology [19-20]. Besides the widely
studied donor-acceptor polymers with linear backbones,
acceptor-pended conjugated polymers also received consid-
erable attentions due to their unique advantages [21]. In this
polymer design, the absorption bands and energy levels of
the resulting conjugated polymers can be readily tuned by
changing the acceptors in the side chain. Furthermore, the
two-dimensional like structures may endow the polymers
good solubility and desired isotropic charge transporting
abilities [22-38].
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Triphenylamine is one of the most widely used building
unit in constructing acceptor-pended conjugated polymers
in previous reports owing to their unique merits, such as
excellent hole transporting ability, outstanding thermal and
oxidation stability, and facile accessibility [22-26,28,31,32,
39]. However, the propeller structure of triphenylamine unit
may constraint the conjugate length of along polymer main
chain and limit electron delocalization between main chain
and pended side chain, which are unfavorable for hole
transporting along polymer main chain and electron cou-
pling in the side chain direction. We thus focus on reducing
the rotation freedom of propeller-shaped triphenylamine
(Scheme 1), aiming at improving hole transporting abilities
of the polymers and enhancing photovoltaic property of the
final devices.

Herein, we report the design and synthesis a series of
novel acceptor-pended conjugated polymers (PFC-DCN,
PFC-DTA, PCC-DCN and PCC-DTA) based on a newly
developed carbazole-derived moiety. The thermal, optical,
and electrochemical properties of the resulting polymers are
systematically studied. The photovoltaic properties of the
polymers are investigated via blending the polymers with
(6,6)-phenyl-C71-butyric acid methyl ester (PC;;BM). All
polymers display moderate photovoltaic performance with
the best PCE of 2.0% attained for PCC-DCN.

2 Experimental

2.1 General details

Carbazole, 1,4-dibromobenzene, POCI; and diethyl (2-me-
thylthiophene)-phosphonate were purchased from Alfa Ae-
sar (USA). Malononitrile, 1,3-diethyl-2-thiobarbituric acid
were purchased from Acros (Belgium). Pd(PPh;), was pur-
chased from Sigma-Aldrich (USA). All the reagents were
used without further purification. All the solvents used were
purified prior to use according to normal procedure. Other
materials were common commercial level and used as re-
ceived. '"H NMR and C NMR spectra were recorded on a
Bruker AV-300 (300 MHz) (Germany) in deuterated chlo-

(@) @ D, -® 1, D
- A - A D =)

Linear D-A polymer

Acceptor-pended polymer

(b)

Planar fused

f
Less rotation freedom

Scheme 1 The illustration of acceptor-pended polymer (a) and our new
polymer design (b) (color online).
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roform solution using tetramethylsilane (TMS; 6=0 ppm) as
internal standard. Molecular weight and polydispersity in-
dice (PDI) of the polymers were determined by a Waters
GPC 2410 (USA) in tetrahydrofuran (THF) using a calibra-
tion curve with standard polystyrene as a reference. Ther-
mogravimetric analyses (TGA) were performed on a Ne-
tzsch TG 209 (Germany) under N, flow at a heating rate of
10 °C min"'. Differential scan calorimetry (DSC) measure-
ments were performed on a Netzsch DSC 204 (Germany)
under N, flow at heating and cooling rates of 10 °C min .
UV-Vis absorption spectra were recorded on a Hewlett
Packard (HP) 8453 spectrophotometer (USA). Cyclic volt-
ammetry (CV) was performed on a CHI800C electrochem-
ical workstation (CH Instruments Inc., China) with a plati-
num working electrode and a Pt wire counter electrode at a
scan rate of 50 mV s ' against a saturated calomel electrode
(SCE) reference electrode with a nitrogen-saturated anhy-
drous solution of 0.1 mol L™ tetrabutylammonium hex-
afluorophosphate in acetonitrile. The polymer films for
electrochemical measurements were coated from a polymer-
THF dilute solution.

2.2 Fabrication of hole-only devices

Hole mobility was measured in hole-only devices by using
the space charge limited current (SCLC) method with a de-
vice configuration of ITO/PEDOT:PSS/active layer/MoO;/
Al. The mobility were determined by fitting the dark current
to the model of a single carrier SCLC with field-dependent
mobility, which was described by the Mott-Gurney square
law: J=(9/8)sosr/1((V2)/(d3)), where J was the current, 4 was
the zero-field mobility, gy was the permittivity of free space,
& was the relative permittivity of the material, d was the
thickness of the active layer, and V was the effective volt-
age.

2.3 Fabrication and characterization of PSCs

A PEDOT:PSS layer (~40 nm) was spun on indium tin ox-
ides (ITO) substrate and dried at 140 °C for 20 min in air,
thereafter the blended solution was prepared by mixing co-
polymer and PC;;BM into the mixed solvent (chloroform/
chlorobenzene=1:1, v/v) and subsequent spin coating of the
solutions onto the PEDOT:PSS film were carried out in a
N,-filled glove box, followed by annealing at 150 °C for 10
min. Finally, the devices were completed with the deposi-
tion of a Ca (10 nm)/Al (100 nm) cathode under high vac-
uum. The resultant photovoltaic cells were then encapsulat-
ed by an UV-curable epoxy resin and tested under ambient
conditions using a Keithley Instruments Model 2400 (USA)
source-measurement unit and an Oriel xenon lamp (450 W,
Enlitech, Taiwan, China) with an AM1.5 filter. The illumi-
nation intensity of the light source was calibrated before the
testing using a standard silicon solar cell with a KGS5 filter,
calibrated using a National Renewable Energy Laboratory
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(NREL) calibrated silicon photodiode, giving a value of 100
mW cm” in the test. The current density-voltage (J-V)
characteristics of the devices were recorded with a Keithley
2400 source meter.

2.4 Synthesis of monomers and polymers

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-di-
octylfluorene [40], and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-N-9-heptadecanylcarbazole [41] were
prepared according to the reported procedures.

24.1 9-(4-Bromophenyl)-9H-carbazole (C1)

To a solution of carbazole (1.67 g, 10 mmol) and 1,4-
dibromobenzene (4,72 g, 20 mmol) in 2 mL of 1,3-dime-
thyl-2-oxohexahydropyrimidine (DMPU), 18-crown-6 (100
mg), K,CO; (5.52 g, 40 mmol) and Cul (0.76 g, 4 mmol)
were added under nitrogen atmosphere. The reaction mix-
ture was heated to 150 °C and stirred for 12 h under this
temperature. After cooling to room temperature, water was
added and the mixture was extracted with dichloromethane
for three times. The collected organic phases were washed
with water and sequentially dried over anhydrous MgSO.,.
The solvent was removed under reduced pressure and the
residue was subjected to silica gel column. The pure product
was obtained by eluting the silica gel column with petrole-
um ether/dichloromethane (5:1, v/v) as a white solid (0.97 g,
30% yield). '"H NMR (CDCls, 300 Hz), (ppm): 8.15-8.12
(d, J=7.4 Hz, 2H), 7.93-790 (d, J=8.5 Hz, 0.25 H),
7.74-7.71 (d, J=8.5 Hz, 1.75 H), 7.46-7.29 (m, 6H), 7.24
(m, 2H). *C NMR (CDCl;, 75 Hz), § (ppm): 140.63,
139.10, 136.83, 133.13, 128.96, 128.74, 126.10, 123.51,
120.91, 120.41, 120.23, 109.56.

24.2  9-(4-Bromophenyl)-9H-carbazole-3-carbaldehyde (C2)

POCI; (1 mL) was added into 3 mL of N,N-dimethylfor-
mamide (DMF) at 0 °C under nitrogen atmosphere, and the
mixture was warmed to room temperature. After stirring for
30 min, the solution of C1 (1.61 g, 5 mmol) in 1,2-dichlo-
roethane (10 mL) was added into the reaction in one por-
tion. The reaction was heated to refluxing and was stirred
for 12 h. After cooling to room temperature, saturated so-
dium acetate aqueous solution was added. The mixture was
extracted with dichloromethane for three times. The organic
phases were collected and dried over anhydrous MgSO,.
The solvent was removed on rotary evaporator and the res-
idue was subjected to silica gel column and was eluted with
petroleum ether/dichloromethane (1:2, v/v). The titled
compound C2 was obtained as a white solid (1.1 g, 63%
yield). "H NMR (CDCls, 300 Hz), (ppm): 10.12 (s, 1H),
8.66 (s, 1H), 8.21-8.19 (d, J=7.2 Hz, 1H), 7.96-7.94 (d,
J=8.3 Hz, 1.2H), 7.79-7.76 (d, J=8.3 Hz, 1.8H), 7.48-7.29
(m, 5H). ®C NMR (CDCl;, 75 Hz), § (ppm): 191.65,
144.22, 141.60, 139.40, 135.80, 133.42, 129.71, 128.99,
128.81, 127.63, 127.17, 123.76, 123.34, 122.01, 121.48,
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120.78, 110.18, 109.91.

24.3 6-Bromo-9-(4-bromophenyl)-9H-carbazole-3-carba-
ldehyde (C3)

C2 (1 g, 2.86 mmol) was dissolved in 15 mL of dichloro-
methane and the solution was cooled to 0 °C. A solution of
bromine (457 mg, 2.86 mmol) in 10 mL of dichloromethane
was added dropwise under nitrogen atomsphere. After stir-
ring at O °C for 5 h, the reaction was warmed to room tem-
perature and 20 mL NaHSO; aqueous solution was added.
The mixture was extracted with dichloromethane and the
organic phases were collected. The solvent was removed
under reduced pressure and the residue was recrystallized
from methanol to afford a white solid (980 mg, 80% yield).
'H NMR (CDCls, 300 Hz), d (ppm): 10.10 (s, 1H), 8.58 (s,
1H), 8.29 (s, 1H), 7.98-7.96 (d, /=8.4Hz, 1H), 7.79-7.76 (d,
J=8.5 Hz, 2H), 7.56-7.53 (d, J=8.7 Hz, 1H), 7.42-7.39 (d,
J=8.4 Hz, 3H), 7.24-7.22 (d, J=8.7 Hz, 1H). *C NMR
(CDCl;, 75 Hz), 6 (ppm): 191.38, 144.39, 140.24, 135.33,
133.56, 130.01, 129.91, 128.79, 128.70, 127.98, 125.04,
124.17, 123.57, 122.60, 122.38, 114.34, 111.67, 110.23.

2.4.4  3-Bromo-9-(4-bromophenyl)-6-(2-(thiophen-2-yl)-
vinyl)-9H-carbazole (C4)

To a solution of C3 (2.15 g, 5 mmol) and diethyl (2-me-
thylthiophene)-phosphonate (1.4 g, 6 mmol) in 20 mL of
dry THF, potassium fert-butoxide (0.57 g, 6 mmol) was
added at room temperature under nitrogen atmosphere. The
solution was changed from light yellowish to brownish-red
immediately. The reaction was stirred overnight, and water
was added. The reaction was extracted with dichloro-
methane and the collected organic phases were washed with
water and dried over anhydrous MgSQO,. The solvent was
removed on rotary evaporator and the residue was subjected
to silica gel column. After eluting with petroleum/
dichloromethane (1:1, v/v), a pure titled compound C4 was
obtained as a light yellowish solid (2.2 g, 86% yield). 'H
NMR (CDCl;, 300 Hz), ¢ (ppm): 8.20 (s, 1H), 8.07 (s, 1H),
7.71-7.68 (d, J=8.3 Hz, 2H), 7.52-7.43 (m, 2H), 7.35-7.32
(d, J=8.3 Hz, 2H), 7.23-7.16 (m, 4H), 7.08-7.00 (m, 3H).
C NMR (CDCls, 75 Hz), § (ppm): 143.25, 140.46, 139.65,
136.15, 133.28, 130.03, 128.99, 128.64, 128.45, 127.65,
125.61, 125.35, 125.19, 123.92, 123.26, 122.84, 121.36,
120.32, 118.45, 113.26, 111.19, 110.02.

2.4.5 5-(2-(6-Bromo-9-(4-bromophenyl)-9H-carbazol-3-
ylvinyl)thiophene-2-carbaldehyde (C5)

POCI; (9 mL) was added into 60 mL of (DMF) dropwise at
0 °C under nitrogen atmosphere, and the mixture was
warmed to room temperature. After stirring for 30 min, the
solution of C4 (2.55 g, 5 mmol) in 1,2-dichloroethane (10
mL) was added into the reaction in one portion. The reac-
tion was heated to 60 °C and was stirred overnight. After
cooling to room temperature, saturated sodium acetate
aqueous solution was added. The mixture was extracted
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with dichloromethane and the collected organic phases were
dried over anhydrous MgSO,. The solvent was removed on
rotary evaporator and the residue was subjected to silica gel
column and was eluted with petroleum ether/dichlorome-
thane (1:2, v/v). The titled compound C5 was obtained as an
orange solid (2.15 g, 80% yield). 'H NMR (CDCls, 300
Hz), 6 (ppm): 9.83 (s, 1H), 8.21 (s, 1H), 8.12 (s, 1H),
7.74-7.71 (d, J=6.6 Hz, 2H), 7.64 (s, 1H), 7.57-7.54 (d,
J=8.0 Hz, 1H), 7.49-7.47 (d, J/=8.2 Hz, 1H), 7.38-7.35 (d,
J=6.5 Hz, 2H), 7.25-7.18 (m, 4H), 7.13 (s, 1H). *C NMR
(CDCl;, 75 Hz), 6 (ppm): 182.50, 152.60, 141.10, 139.77,
137.40, 135.90, 133.36, 129.26, 128.84, 128.48, 126.04,
125.80, 125.01, 123.30, 122.92, 121.63, 119.43, 119.13,
113.53,111.33, 110.24.

2.4.6 Poly[2,7-(9,9-dioctylfluorene)-alt-6,4"-(5-(2-(9-
phenyl-9H-carbazol-3-yl)vinyl)thiophene-2-carbaldehyde)]
(PFC-CHO)

To a solution of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl1)-9,9-dioctylfluorene (321 mg, 0.5 mmol), C5
(268 mg, 0.5 mmol) in 10 mL of degassed toluene,
Pd(PPh;), (5 mg), sodium carbonate aqueous solution (2.0
M, 2 mL) and three drops of aliquat 336 was added into a
50 mL two-necked round-bottomed flask under nitrogen
atmosphere. The reaction was heated to 95 °C and was
stirred vigorously for 24 h. After cooling to room tempera-
ture, the mixture was precipitated from methanol. The col-
lected polymer was dried and sequentially washed with ac-
etone in a Soxhlet apparatus to remove oligomers and cata-
lyst residues. The resulting material was dissolved in 15 mL
of chloroform. The solution was filtered through a 0.45 pm
PTFE filter, and precipitated from methanol to yield
PFC-CHO as an orange solid (310 mg, 81% yield). 'H
NMR (CDCl;, 300 Hz), 6 (ppm): 9.88-9.78 (m, 1H),
8.50-24 (m, 2H), 7.98-7.93 (m, 2H), 7.92-7.88 (m, 2H),
7.84-7.63 (m, 8H), 7.60-7.31 (m, 4H), 7.20-7.12 (m, 2H),
2.16 (br, 4H), 1.28-1.14 (m, 24H), 0.88-0.79 (m, 6H).
M,=14.0 kg mol ', PDI=2.0.

247  Poly[2,7-(9,9-dioctylfluorene)-alt-6,4"-(2-((5-(2-(9-
phenyl-9H-carbazol-3-yl)vinyl)thiophen-2-yl)methylene)-
malononitrile)] (PFC-DCN)

To a solution of PFC-CHO (100 mg, 0.13 mmol) and
malononitrile (300 mg, 4.5 mmol) in 10 mL of chloroform
was added 0.5 mL of pyridine. The mixture solution was
stirred in the dark for 24 h at room temperature, after which
the resulting mixture was precipitated from methanol. The
collected precipitate was dried and redissolved in 10 mL of
chloroform. The solution was filtered through a 0.45 pm
PTFE filter, and precipitated from methanol to yield
PFC-DCN as a red solid (99 mg, 93% yield). 'H NMR
(CDCl;, 300 Hz), 6 (ppm): 8.50-8.26 (m, 2H), 8.00-7.82
(m, 4H), 7.74 (m, 7H), 7.67-7.48 (m, 6H), 7.46-7.31 (m,
1H), 7.22-7.19 (m, 1H), 2.17 (br, 4H), 1.30-1.14 (m, 24H),
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0.88-0.79 (m, 6H). M,=14.7 kg mol ', PDI=2.0.

248 Poly[2,7-(9,9-dioctylfluorene)-alt-6,4"-(1,3-diethyl-
5-((5-(2-(9-phenyl-9H-carbazol-3-yl)vinyl)thiophen-2-yl)-
methylene)2-thioxo-dihydropyrimidine-4,6(1H,5H)-dione)]
(PFC-DTA)

To a solution of PFC-CHO (100 mg, 0.13 mmol) and
1,3-diethyl-2-thiobarbituric acid (500 mg, 2.5 mmol) in 10
mL of chloroform was added 0.5 mL of pyridine. The mix-
ture solution was stirred in the dark for 24 h at room tem-
perature, after which the resulting mixture was precipitated
from methanol. The collected precipitate was dried and
re-dissolved in 10 mL of chloroform. The solution was fil-
tered through a 0.45 um PTFE filter, and precipitated from
methanol to yield PFC-DTA as red solid (117 mg, 95%
yield). '"H NMR (CDCls, 300 Hz), 6 (ppm): 8.61 (s, 1H),
8.49-8.26 (m, 2H), 7.97-7.75 (m, 4H), 7.65-7.55 (m, 7H),
7.52-7.40 (m, 4H), 7.35-7.30 (m, 2H), 7.22-7.18 (m, 1H),
4.63 (br, 4H), 2.18 (br, 4H), 1.43-1.15 (m, 30H), 0.88-0.79
(m, 6H). M,=13.5 kg mol ', PDI=1.6.

2.4.9 Poly[2,7-(N-9-heptadecanylcarbazole)-alt-6,4'-(5-(2-
(9-phenyl-9H-carbazol-3-yl)vinyl)thiophene-2-carbaldehyde)]
(PCC-CHO)

PCC-CHO was synthesized according to a procedure simi-
lar to that for PEC-CHO with corresponding monomers. 'H
NMR (CDCl;, 300 Hz), 0 (ppm): 9.88 (m, 1H), 8.54 (s, 1H),
8.41 (s, 1H), 8.27 (br, 2H), 8.01-7.86 (m, 4H), 7.77-7.58
(m, 8H), 7.48-7.31 (m, 2H), 7.20-7.18 (m, 2H), 4.81 (s,
1H), 2.50 (br, 2H), 2.09 (br, 2H), 1.34-1.19 (m, 24H),
0.89-0.79 (m, 6H). M,=12.4 kg mol ', PDI=1.6

2.4.10  Poly[2,7-(N-9-heptadecanylcarbazole)-alt-6,4"-(2-
((5-(2-(9-phenyl-9H-carbazol-3-yl)vinyl)thiophen-2-yl)-
methylene)malononitrile)] (PCC-DCN)

PCC-DCN was synthesized according to a procedure simi-
lar to that for PEC-DCN. 'H NMR (CDCls, 300 Hz), ¢
(ppm): 8.52-8.41 (m, 2H), 8.25 (br, 2H), 7.99-7.93 (m,
4H), 7.74 (s, 3H), 7.66-7.36 (m, 7H), 7.19 (2H), 4.79 (s,
1H), 2.49 (br, 2H), 2.07 (br, 2H), 1.43-1.18 (m, 24H),
0.88-0.80 (m, 6H). M,=14.5 kg mol ', PDI=1.6.

24.11  Poly[2,7-(N-9-heptadecanylcarbazole)-alt-6,4"-(1,3-
diethyl-5-((5-(2-(9-phenyl-9H-carbazol-3-yl)vinyl)thio-
phen-2-yl)methylene)2-thioxo-dihydropyrimidine-4,6-(1H,
5H)-dione)] (PCC-DTA)

PCC-DTA was synthesized according to a procedure similar
to that for PFC-DTA. "H NMR (CDCl, 300 Hz), & (ppm):
8.60 (s, 1H), 8.50-8.41 (m, 2H), 8.29-8.25 (m, 3H),
7.97-7.78 (br, 3H), 7.80-7.77 (m, 4H), 7.64 (br, 4H),
7.56-7.49 (m, 4H), 7.39-7.29 (m, 2H), 4.79 (s, 1H),
4.62-4.57 (m, 4H), 2.48 (br, 2H), 2.07 (br, 2H), 1.43-1.18
(m, 30H), 0.88-0.80 (m, 6H). M,=9.4 kg mol ', PDI=1.5.
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3 Results and discussion

3.1 Molecules design, synthesis and characterization

The routes for the preparation of monomer C5 and target
conjugated polymers are depicted in Scheme 2. Compound
C1 was prepared from carbazole and 1,4-dibromobenzene
via Ullmann reaction in DMPU with relative low yield due
to the generation of bis-substituted byproduct. Vilsmeier-
Haack formylation subsequently afforded compound C2
from C1. Bromination of C2 by bromine in dichloro-
methane yielded the dibromide compound C3, which was
then reacted with diethyl (2-methylthiophene)-phosphonate
to form compound C4. Aldehyde-functionalized dibromide
monomer CS was finally obtained via Vilsmeier-Haack
formylation. The two aldehyde-containing precursor poly-
mers PFC-CHO and PCC-CHO were prepared by standard
Suzuki polycondensation between the monomer CS5 with
equimolar amount of fluorene-based diboronic ester and
carbazole-based diboronic ester, respectively. The polymer-
ization was performed in a biphasic system of toluene and
2.0 M aqueous Na,CO; for 24 h. After purification, the two
precursor polymers were obtained as orange solids and were
applied for post-functionalization. The target polymers
PFC-DCN, PFC-DTA, PCC-DCN, PCC-DTA were ob-

@
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tained by treating PFC-CHO or PCC-DTA with malono-
nitrile or 1,3-diethylbarbituric acid, respectively, through
pyridine-catalyzed Knoevenagel condensation. All four tar-
get polymers showed good solubility in common organic
solvents such as chloroform and chlorobenzene at room
temperature. The molecular weight and molecular weight
distribution of the polymers were estimated by gel permea-
tion chromatography (GPC) using THF as an eluent cali-
brated with a series of monodispersed polystyrene stand-
ards. The number-average molecular weight (M,) of
PFC-DCN, PFC-DTA, PCC-DCN, and PCC-DTA were
estimated to be 14.7, 13.5, 14.5 and 9.7 kg mol ! with PDI
of 2.0, 1.6, 1.6, and 1.5, respectively.

3.2 Thermal properties

Thermal behavior of the resulting polymers was evaluated
by differential scanning chromatography (DSC) and ther-
mogravimetric analysis (TGA) under nitrogen atmosphere,
and the results are shown in Figure 1 and Table 1. As illus-
trated in Figure 1(a), the polymers exhibit good thermal
stability in the temperature range from 40 to 800 °C in the
nitrogen atmosphere. The 5%-weight loss temperatures
(T4s) are 386, 315, 386 and 315 °C for PFC-DCN,
PFC-DTA, PCC-DCN, and PCC-DTA respectively. DSC

Br

Br
© %)
Bry, CH;CI, I : 1 O_/

tBuONa THF

PFC-CHO

PFC-DCN

Ycan

PFC-DTA

CaHir

PCC-CHO

PCC-DCN

PCC-DTA

Scheme 2 The routes for the preparation of new monomers and target conjugated polymers (color online).
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Table 1 Reaction yields, molecular weights and thermal properties of PFC-DCN, PFC-DTA, PCC-DCN, and PCC-DTA

Polymer Yield (%) M, (kg mol™) PDI T4 (°C)
PFC-DCN 93 14.7 2.0 386
PFC-DTA 95 13.5 1.6 315
PCC-DCN 92 14.5 1.6 386
PCC-DTA 93 9.7 1.5 315
100 It is worth mentioning that the same acceptor side chain
a0l () results in similar ICT absorption peak in spite of the differ-
= 8ol ent conjugated main chains. In high energy region, these
by copolymers also show a very close absorption peak, indi-
8 "°[ ——prc.ocN cating similar conjugation length along the main chains
= 5ol —=PFC-DTA g ) jugation length g )
~oPeC-DON The absorption onset in thin films is 574, 631, 576, and 631
sor nm for PFC-DCN, PFC-DTA, PCC-DCN, and PCC-DTA,
404507200 300 200 500 600 700 800 respectively. The optical band gaps (E,) are calculated to be
Temperature (°C) 2.16 eV for PFC-DCN, 1.96 eV for PFC-DTA, 2.15 eV for
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Figure 1 TGA (a) and DSC (b) plots of PFC-DCN, PFC-DTA, PCC-
DCN and PCC-DTA.

measurements show that there is no distinct exothermal
transition for these copolymers in the second heating cycle
over the temperature range of 40-250 °C (Figure 1(b)), in-
dicating that no crystalline behavior or phase transition
happens in this temperature range.

3.3 Optical properties

The UV-Vis absorption spectra of the resulting polymers in
dilute solutions and in films are demonstrated in Figure 2(a)
and 2(b), respectively. Relevant parameters are summarized
in Table 2. The polymers show two resemble absorption
bands, where the first absorption peak below 400 nm can be
attributed to the characteristic absorbance of n-n* transition
of polymer backbones, while the low-energy absorbance,
located in the region of 400—700 nm, can be attributed to
the intramolecular charge transfer (ICT) effects between the
electron-donating carbazole moieties in main chain and
electron-withdrawing side-chains. Along with the increase
of electron-withdrawing ability of the pendant acceptors, the
ICT absorption peak significantly red-shifted from around
500 nm for malononitrile-attached polymers (PFC-DCN and
PCC-DCN) to around 550 nm for 1,3-diethyl-2-thiobar-
bituric acid-attached polymers (PFC-DTA and PCC-DTA).

3.4 Electrochemical properties

The electronic structures of the copolymers were investi-
gated by cyclic voltammetry (CV) experiments. The ferro-
cene/ferrocenium (Fc/Fc™) reference was employed as an
internal standard, which was supposed an absolute energy
of 4.8 eV vs. vacuum level [42]. Under the same experi-
mental conditions, the oxidation potential of Fc/Fc™ was
measured to be 0.31 V with respect to the SCE reference
electrode. Highest occupied molecular orbital (HOMO)
energy levels are estimated to be —5.50 eV for PFC-DCN,

1.0
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Figure 2 UV-Vis absorption spectra of PFC-DCN, PFC-DTA, PCC-
DCN and PCC-DTA in chloroform solutions (a) and in films (b).
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Table 2 Optical and electrochemical properties of PFC-DCN, PFC-DTA, PCC-DCN and PCC-DTA

Polymers Jabs ) (nm) Jabs? (nm) Eqp® (V) Eox (V) HOMO (eV) LUMO (eV)
PFC-DCN 353,502 361, 511 2.16 1.12 -5.50 -3.34
PFC-DTA 354,553 359, 558 1.96 1.19 -5.50 -3.54
PCC-DCN 357,503 359, 516 2.15 1.02 -5.49 -3.34
PCC-DTA 348, 550 362, 553 1.96 1.14 -5.50 -3.54

a) In solution; b) in film; c) calculated from the absorption onset in film

—5.50 eV for PFC-DTA, —5.49 eV for PCC-DCN, and —5.50
eV for PCC-DTA (Table 2). Since no reliable reduction
characteristics were recorded in our measurements, the
lowest unoccupied molecular orbital (LUMO) energy levels
are calculated from HOMO levels and optical band gaps. As
listed in Table 2, PFC-DCN, PFC-DTA, PCC-DCN, and
PCC-DTA show a LUMO level of —3.34, -3.54, —3.34, and
—3.54 eV, respectively.

It is worth noting that the HOMO levels of these copol-
ymers show no obvious disparity despite the presence of
different acceptors in side chains. As shown in Figure 3(b),
the LUMO-LUMO offset, and HOMO-HOMO offset be-
tween the polymers and PC;BM are all larger than 0.3 eV,
providing sufficient driving forces for efficient electron
transfer [43] and hole transfer [44]. Moreover, the deep-
lying HOMO levels of the polymers are appreciated for

(a)
+PFC-DCN4
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c
g
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o
——PCC-DCN J
——PCC-DTA j ::
0 0.4 0.8 1.2 1.6
Potential (V vs SCE)
1 ®)
-3.0 334 a4
1 -3.54 -3.54
-3.54
S‘ 4
B 40l LuMO
= =
] { B s (3] =
g a5 B o Q o
[$) : [$) 7
o2 { O 3] b
o [ o [&]
& -5.04 o o
2
5 |
o 55
| -550 550  -549  -550
-6.04 HOMO
-6.5
Figure 3 (a) Cyclic voltammograms curves of the polymers films meas-

ured in 0.1 M BuyNPF; vs. SCE in acetonitrile; (b) energy levels of poly-
mers and PC7;BM (color online).

getting high open circuit voltage (V,.) in solar cells, as V, is
related to the offset between the HOMO levels of donor and
the LUMO levels of acceptor [45].

3.5 Photovoltaic properties

The photovoltaic properties of the resulting copolymers are
evaluated in device with a structure of ITO/ PEDOT:PSS
(40 nm)/active layer (80-90 nm)/Ca (5 nm)/Al (100 nm),
wherein the photoactive layer uses PC;;BM as the acceptor
with the optimized weight ratio of copolymer:PC7BM of
1:4. The J-V characteristics of the solar cells are shown in
Figure 4(a), and relevant photovoltaic parameters are sum-
marized in Table 3. PCC-DCN shows the best photovoltaic
performance among all the polymers with a V. of 0.80 V, a
short-circuit current density (Ji.) of 442 mA cm?, a fill
factor (FF) of 0.39, and a PCE of 2.0%. All PSCs exhibited
the same V., which is consistent with the HOMO level of
the polymers. The PCEs of these devices are limited by Jg.
and FF. The J, is lower than 4 mA cm 2, while FF is lower
than 0.40 for all polymers. To confirm the photo-response
and J,. of the bulk-heterojunction (BHJ) solar cells based on

2
(a)
0
5
<-2r
£
] 2 ——PFC-DCN
4 - —=—PFC-DTA
Coerr T ——PCC-DCN
——PCC-DTA
-6 1 1 1 1
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s
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i

500 600 700 800

Wavelength (nm)

400
Figure 4 The J-V characteristics (a) and EQE spectra (b) of the devices

with the configuration of ITO/PEDOT:PSS (40 nm)/active layer (80-90
nm)/Ca (5 nm)/Al (100 nm) (color online).
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Table 3 Photovoltaic parameters of the BHJ-PSCs with the device configuration of ITO/PEDOT:PSS/polymer:PC7BM (1:4)/Ca/Al under the illumination
of simulated AM 1.5G conditions (100 mW cm 2) and hole mobility of the neat polymers and polymer:PC;BM (1:4) blends estimated by SCLC method

Polymer Ve (V) Ji. (mA cm™?) FF PCE (%) Hpotymer(cm® V7' s7) Uojena (cm? V157
PFC-DCN 0.80 3.4 0.35 1.3(1.3) 1.2x10™* 5.6x10™*
PFC-DTA 0.80 3.6 0.31 1.3(1.1) 6.0x107* 6.2x107*
PCC-DCN 0.80 44 0.39 2.0 (2.0) 3.9x10™ 5.0x107*
PCC-DTA 0.80 3.8 0.31 1.4 (1.3) 1.5x10* 1.8x10™*

the resulting polymers, the external quantum efficiency 70 Polymers

(EQE) of devices illuminated by monochromatic light were @ PR BN
determined. As presented in Figure 4(b), solar cell of PCC- = eot :Egg-g%\l
DCN demonstrates the most efficient photo-response with 5 50 -
relative high EQE over 30% in a broad range from 400 to %:/ 40

600 nm, while the other polymers produce EQE lower than 3 00

30%. The low Jy. and FF may be attributable to the amor- 30

phous nature of the polymers, as evidenced by the DSC 20 : . . . .
studies. Generally, the amorphous films result in poor 15 20 25 30 35 40 45
charge transport abilities intrinsically and suboptimal BHJ Voltage (V)
morphologies lacking pure polymer domains. As a result, 80 Polymer:PCr BM (1:4)

the sweep out of charge carriers in such well-mixed poly-
mer:fullerene blend films is inefficient, which thereby leads
to low J. and FF [46,47].

3.6 Hole mobility

Since charge transport capacity is one of key factors deter-
mining device performance, it is of vital importance to get
insight into the hole mobility of the devices. Hole-only de-
vices with a configuration of ITO/PEDOT:PSS/active lay-
er/MoQOs/Al were fabricated. Hole mobilities are estimated
by using space charge limited current (SCLC) method,
which can most accurately evaluate the charge transport
ability of the BHJ solar cells active layer [48,49]. The J"2-V
plots of the devices are shown in Figure 5. The mobility
values of the polymers and blends are summarized in Table
3. The hole mobilities are 1.2x10*, 6.0x10*, 3.9x10°*, and
1.5x10™* em®* V7' 57!, respectively, for the neat polymer
films of PFCDCN, PFCDTA, PCCDCN, and PCCDTA.
The hole mobilities of the corresponding polymer:PC;;BM
blends are 5.6x107, 6.2x107, 5.0x10* and 1.8x10*
em® V' s, respectively. The state-of-the-art photovoltaic
polymers in blend films usually exhibit SCLC hole mobili-
ties of 107 cm? V! s’l, a value that is well recognized for
achieving balanced charge transport in BHJ films and high
FF [50]. The relative low hole mobilities of the acceptor-
pended polymers described in this paper are thus, at least
partially, responsible for the low J,. and FF of the resulting
BHJ solar cells.

3.7 Blend morphology

The film morphology of the photoactive layer is essential to
the performance of PSCs [7]. Thus the surface topography

(b)

70 £ ——PFC-DCN
~ . [ —=—PFC-DTA
g 89F ——pcc-neN
S 50f ——PCC-DT,

0.5 1.0 1.5 2.0 25
Voltage (V)

Figure 5 J">-V characteristics of hole-only diodes with a configuration of
ITO/PEDOT:PSS/active layer/MoO;/Al for neat polymer films (a) and
polymer:PC;,BM blend films (b). The solid lines denote the fitting curves
(color online).

of the polymer:PC; BM BHIJ films was investigated by tap-
ping mode atomic force microscopy (AFM). The relevant
images are shown in Figure 6. The films were prepared on
top of the ITO/PEDOT:PSS layer with the same procedures
as those for the fabrication of solar cell devices. As shown
in Figure 5, one can observe the pronounced variation of
films morphology of the copolymer:PC;1BM blends, the
PCC-DCN based blend film shows smooth surface with
root-mean-square (RMS) roughness of 0.496 nm, indicating
the uniform mixing of PCC-DCN and PC;BM. The surface
of PCC-DTA:PC7,BM film is slightly rougher with an RMS
roughness of 0.565 nm along with the emergence of aggre-
gates, mainly owing to the worse solubility of PCC-DTA in
processing solvents. The blend films of fluorene-based
polymers exhibit distinct phase separation with large do-
main size, leading to rather coarse surfaces with RMS
roughness of 1.187 nm for PFC-DCN, and 4.327 nm for
PFC-DTA, respectively. The larger domains observed in
fluorene-based polymer films are attributable to their relative
low solubilities in processing solvents.
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10 nm

5nm

Figure 6 AFM height images of polymer:PC;BM (1:4, wt/wt) blend
films with size of 5 umx5 pm for PFC-DCN:PC;BM (a), PFC-DTA:
PC7BM (b), PCC-DCN:PC;,BM (c), and PCC-DTA:PC7,BM (d) (color
online).

4 Conclusions

In summary, we developed a series of new acceptor-pended
conjugated polymers (PFC-DCN, PFC-DTA, PCC-DCN,
and PCC-DTA), which feature a novel carbazole-derived
building unit for polymer solar cells. The resulting polymers
were fully characterized by TGA, DSC, UV-Vis, and CV.
All the resulting polymers exhibited good solubility, excel-
lent thermal stability, and deep-lying HOMO energy levels.
The absorption spectra and energy levels of these polymers
could be readily tuned by altering the pendant acceptor
groups. The photovoltaic properties of the resulting poly-
mers were studied by blending the polymers with PC;;BM.
All devices exhibited moderate performances with the
highest PCE of 2.0%. The relative low PCEs of the PSCs
are mainly attributable to the low hole mobilities of the
polymers. These observations indicate that the further de-
velopment of photovoltaic polymers based on the accep-
tor-pended design should focus on improving charge
transport abilities, besides the manipulation of electronic
structures.
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