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A novel alternating polymer, poly{[N-9’-heptadecyl-2,7-carbazole]-alt-5,5-5,8'-di-2-thienyl-(6’-fluoro-
2',3'-bis-(3"-octyloxyphenyl)-quinoxaline)]} (PCzFTQx), based on mono-fluorinated quinoxaline
derivative and 2,7-carbazole was synthesized and applied as electron donor material in polymer solar
cells. Compared to the corresponding counterpart polymer without fluorine substituent (PCzTQx),
PCzFTQx possesses similar absorption properties and optical bandgap (~2.0 eV). However, the highest
occupied molecular orbital (HOMO) energy level of PCzFTQx was lowered to —5.31 eV, about 0.09 eV
deeper than that of PCzTQx. Benefit from the low-lying HOMO energy level caused by the strong

) electron deficient fluorine atom on the quinoxaline unit, the optimized photovoltaic device based on
iig:g&% 17‘7;?5;2?2%?;2016 PCzFTQx and phenyl-C;;-butyric acid methyl ester (PC;BM) exhibited an enhanced power conversion
efficiency (PCE) of 5.19% with corresponding high open-circuit voltage (V) of 0.94 V, relatively to those

DOI: 10.1035/c6ra28128a of 472% and 0.82 V for PCzTQx-based device. The experimental data indicated that fluorinated
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1. Introduction

Currently, polymer solar cells (PSCs) with bulk-heterojunction
(BHJ) composite layers have attracted broad attention due to
their potential applications for large area, low cost, and flexible
renewable power sources.”™ Although the power conversion
efficiency (PCE) of PSCs was already promoted to ~10%,>®
compared with silicon solar cells or other thin-film counter-
parts, high PCE for PSCs was pursued for its commercializa-
tion.*™** One key factor to obtain desired photovoltaic properties
of PSCs is the development of promising donor conjugated
polymers with a broad absorption range and a low-lying highest
occupied molecular orbital (HOMO). Furthermore, an inter-
penetrating network with nano-scale phase separation and
a large interfacial area in the donor/acceptor composite layer
are also important factors to realize high efficiency of PSCs.*>**
In order to improve open-circuit voltage (V,.) and PCE of PSCs,
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quinoxaline based polymer PCzFTQx should be a promising donor for polymer solar cells.

an effective approach is to introduce a strong electron with-
drawing group into donor polymer structure and accordingly
achieved deep HOMO energy levels."*** For example, ketone,
sulfonyl and fluorine atoms, with the characteristics of high
electron affinity and none deleterious steric effect, were intro-
duced into conjugated polymers and photovoltaic performance
of the solar cells had been optimized.>**** Moreover, the HOMO
and lowest unoccupied molecular orbital (LUMO) energy levels
could be lowered by incorporating fluorine atom into copoly-
mers and high V,. of PSCs could be obtained.*"*

Quinoxaline is a common-used electron-withdrawing moiety
and the HOMO and band gaps of the quinoxaline-based alter-
nating polymers could be effectively modulated due to the
tunable structure of quinoxaline unit.>*** Therefore, fluorinated
quinoxaline-based alternating polymers showed low-lying
HOMO and improved photovoltaic performance.***' Herein,
a new alternating polymer poly{[N-9'-heptadecyl-2,7-carbazole]-
alt-5,5-[5',8'-di-2-thienyl-(6'-fluoro-2',3’-bis-(3"-octyloxyphenyl)-
quinoxaline)]} (PCzFTQx) based on mono-fluorinated quinoxa-
line and 2,7-carbazole derivative was synthesized. Benefit from
its lowered HOMO energy level (—5.31 eV), about 0.09 eV deeper
than that of the non-fluorinated counterpart®* (named as
PCzTQx in this work), a remarkable V. (0.94 V) and PCE (5.19%)
were obtained for PCzFTQx : phenyl-C,;-butyric acid methyl
ester (PC,;BM)-based PSCs, which were 10% and 12% larger
than those of the analogue PCzTQx-based devices under the
same condition. The experimental data implied that PCZFTQx
would be a promising donor copolymer for PSCs in future.
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2. Experimental
2.1 Materials and characterization

All chemicals and solvents were purchased from Aldrich or Alfa &
Aesar. Tetrahydrofuran (THF) is dried over Na/benzophenone
ketyl and freshly distilled prior to wuse. 5,8-Bis((5-
bromothiophen-2-yl)-2,3-bis(3-octyloxy)phenyl)quinoxaline (M1)
and  5,8-bis((5-bromothiophen-2-yl)-6-fluoro-2,3-bis(3-octyloxy)
phenyl)quinoxaline (M2) that followed our previous work®
were prepared. 2,7-Bis(4’,4’,5,5'-tetramethyl-1',3’,2’-dioxabor-
olan-2'-yl)-N-9”-heptadecanylcarbazole (M3)** were synthesized
according to the reported literatures. The synthetic routes of
monomers and copolymers are given in Scheme 1.

2.2 Synthesis of PCzZFTQx and PCzTQx

In a 50 mL dry flask, monomer M1 (175.7 mg, 0.2 mmol) or M2
(172.2 mg, 0.2 mmol) and 2,7-bis(4’,4',5',5"-tetramethyl-1',3’,2'-
dioxaborolan-2'-yl)-N-9”-heptadecanyl-carbazole M3 (131.5 mg,
0.2 mmol) were dissolved in a mixture of 20% aqueous tetrae-
thylammonium hydroxide (1.5 mL) and degassed toluene (10
mL). The mixture was flushed with nitrogen for 30 min. Tris-
(dibenzylideneacetone)dipalladium(0) (Pd,(dba);) (3.7 mg) and
tri(o-tolyl)phosphine (P(0-Tol);) 6.5 mg were added, flushed
with nitrogen again. Then the mixture was vigorously stirred at
100 °C for 48 h under a nitrogen atmosphere. The polymer was
end-capped by adding phenyl boronic acid (2.4 mg) and bro-
mobenzene (2.2 pL) at the end of polymerization. After cooling
to room temperature, the solution was poured into methanol.
The obtained polymer was then subjected to Soxhlet-extracted
with methanol, hexane and chloroform successively. The chlo-
roform solution was concentrated to a small volume, and
precipitated by pouring this solution into methanol. Finally, the
polymer was collected by filtration, dried under vacuum at 50 °C
overnight.

For PCzTQx. (148 mg, yield 67.1%). "H NMR (CDCl;, 500
MHz) 6 (ppm): 8.22 (br, 2H), 7.98 (br, 2H), 7.71 (br, 6H), 7.48 (br,
4H), 7.36 (br, 4H), 7.01 (d, 2H, J = 10 Hz), 3.95-3.86 (br, 5H). Gel
permeation chromatography (GPC, as shown in Fig. S1 in the
ESIt) (tetrahydrofuran, polystyrene standard): M, = 9.93 kDa,
M,, = 17.89 kDa, PDI = 1.80. Anal. calcd for (C;3HgoN30,S,),
(%): C 79.37, H 8.12, N 3.80. Found (%): C 77.77,H 7.86, N 3.77.

For PCzFTQx. (155 mg, 69.2% yield). '"H NMR (CDCl;, 500
MH?z)  (ppm): 8.22 (br, 1H), 7.96 (br, 2H), 7.72 (br, 6H), 7.48 (br,
4H), 7.36 (br, 4H), 7.00 (d, 2H, J = 8 Hz), 3.95-3.86 (br, 5H). GPC
(tetrahydrofuran, polystyrene standard): M;, = 54.37 kDa, M,, =
127.79 kDa, PDI = 2.35. Anal. calcd for (C;3HggN30,FS,), (%): C
78.10, H 7.90, N 3.74. Found (%): C 77.99, H 7.80, N 3.53.
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Scheme 1 Synthetic route of PCzFTQx and PCzTQx.
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2.3 Characterization

All the compounds were characterized by nuclear magnetic
resonance spectra (NMR) recorded (Bruker AV 500 spectrom-
eter) in chloroform-d (CDCl;) at room temperature using tetra-
methylsilane (TMS) as an internal reference. The chemical
shifts were accounted in ppm related to the singlet of CDCl; at
7.26 ppm for 'H NMR. Molecular weights and distributions of
the copolymers were estimated by gel permeation chromatog-
raphy (GPC) method, tetrahydrofuran (THF) as eluent and
polystyrene as standard. The absorption spectra and thermog-
ravimetric analysis (TGA, as shown in Fig. S2 in the ESI}) were
measured with a Unico UV-2102 scanning spectrophotometer
and a Universal V2.6D TA instrument, respectively. The elec-
trochemical cyclic voltammetry (CV) was determined by a CHI
660D Electrochemical Workstation with glassy carbon, Pt wire,
and Ag/Ag" electrodes as the working electrode, counter elec-
trode, and reference electrode respectively in a 0.1 mol L™*
tetrabutylammonium hexafluorophosphate (Bu,NPF¢) acetoni-
trile solution. Polymers in chloroform solution (analytical
reagent, 2 mg mL ") were drop casted onto working electrode
and dried in air at room temperature. Atomic force microscopy
(AFM) measurement of the surface morphology of samples was
conducted in air under ambient condition using the PicoPlus
microscope (Agilent).

2.4 PSCs fabrication and characterization

PSCs with the configuration of ITO/PEDOT : PSS/
PCzFTQx : PC,,BM/poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN)/Al were fabri-
cated and characterized in this work. With varying the weight
ratio of PCzFTQx : PC,;BM from 1: 1 to 1: 4, the photovoltaic
properties of PSCs were systematically investigated. For
comparison, the control device based on PCzTQx: PC,;BM
(1:3) (the optimal specimen in the previous literature®?) was
also prepared with the same configuration and experimental
condition in this work.

ITO-coated glass with sheet resistance of ~15 Q per square
(@ O~ ") was used as the anode. The ITO glass was ultrasonically
cleaned with detergent, distilled water, acetone, isopropyl
alcohol, and then treated with ultraviolet-ozone (Ming Heng,
PDC-MG) for 20 min. Then a 40 nm thick PEDOT : PSS (Clevios
P VP AI 4083, H. C. Starck Inc.) layer was spin-coated from an
aqueous solution onto ITO substrates, followed by being
annealed at 120 °C for 30 min on a hotplate in air. The
substrates were transferred into a nitrogen-filled glove box.
Then the photoactive layers were prepared by spin-coating

CsH, 7YC3H] 7

PCZTQx : R=H
PCZFTQx : R=F

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Cyclic voltammogram of PCzFTQx and PCzTQx films on glassy
carbon electrode (0.1 mol L™ BusNPFe, acetonitrile solution with
a scan rate of 100 mV s™4).

05 1.0

(1000 rpm, 30 s) a blend solution of the polymer and PC,,BM in
ortho-dichlorobenzene (0DCB) on the top of ITO/PEDOT : PSS
substrates. The thickness of the photoactive layers was
controlled in the range of 80-100 nm. A 5 nm PFN layer was
then spin-coated from methanol solution in the presence of
a trace amount of acetic acid onto the active layer. The thin PFN
layer was employed as the cathode interlayer since it could
improve the electron extraction.® Finally, the substrates were
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Fig. 3 Schematic illustration of relative positions of HOMO/LUMO
energy levels of the materials in the PSCs.

transferred into a vacuum chamber and Al cathodes (~120 nm)
were thermally deposited onto the substrates. The effective area
of PSCs was ~0.16 cm” controlled by the shadow mask. The
photovoltaic properties of PSCs were recorded by -V measure-
ment (using a Keithley 2400 source meter) under 1 sun, AM 1.5G
spectrum from a solar simulator (Newport model 940214, 100
mW cm™?). A monocrystal silicon cell (VLSI Standards Inc.)
calibrated by the National Renewable Energy Laboratory (NREL)
is used as a reference. The incident photo to current conversion
efficiency spectra were measured by using a Hypermonolight
System (QTEST 1000 AD, Crowntech Inc.).

3. Results and discussion

3.1 Thermal properties

As shown in the TGA curves of the polymers (Fig. S2 in the ESI{),
the thermal decomposition temperature (5% weight loss) of
PCzFTQx was about 403 °C, slightly lower than that of PCzTQx
(405 °C), indicating its good thermal stability for photovoltaic
applications.

3.2 Absorption properties

The normalized UV-vis absorption spectra of PCzFTQx and
PCzTQx in chloroform (CHCl;) solution and film states were
exhibited in Fig. 1. The absorption peaks of PCzZFTQx and PCzTQx
in CHCI; solution were almost identical. The peaks located at
386 nm and 517 nm, which were attributed to the absorption of
carbazole segment and intramolecular charge transfer, respec-
tively.*” As to the film state, the absorption peaks of PCzZFTQx and
PCZzTQx in the long wavelength region were red shifted to 536 nm
and 542 nm, respectively. The weak bathochromic shift effect of
the polymers from solution state to film state implied that the
aggregation and chain-chain stacking of PCzFTQx and PCzTQx
were relatively limited. The optical band gap (Eg™) of the polymers

Table 1 Electrochemical potentials and energy levels of PCzFTQx and PCzTQx

Polymers Eonser (V) ERd (V) Enomo (€V) Erumo (eV) Eg (eV) EP (eV)
PCzFTQx 0.59 —1.62 —5.31 —-3.10 2.21 2.04
PCzTQx 0.50 —1.64 —5.22 —3.08 2.14 1.98

This journal is © The Royal Society of Chemistry 2017
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was calculated to be 2.04 eV for PCZFTQx and 1.98 eV for PCzZTQx
from the absorption onset of the films.

3.3 Electrochemical properties

In order to study the electrochemical properties of the poly-
mers, cyclic voltammetry (CV) was carried out using an
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electrochemical workstation. CV curves of PCzFTQx and
PCzTQx films were measured as shown in Fig. 2. The level of
ferrocene/ferrocenium (Fc/Fc') was —4.72 eV below the vacuum
level.? The former potential of Fc¢/Fc' was ~0.08 eV against Ag/
Ag'. The onset oxidation and reduction potential of PCZFTQx
film located at 0.59 V and —1.62 V, respectively. Therefore, the

C‘HnYCan

Cxﬂnj)csﬂn CtHn\rClHn

F

PCzFTQx

LUMO+1=-2.19 eV

LUMO=-2.26 eV

HOMO=-4.59 eV

HOMO=-4.64 eV

HOMO-1=

-4.74 eV

HOMO-1=-4.78 eV

Fig.4 Molecular structures and electron density of LUMO+1, LUMO, HOMO and HOMO-1 for PCzTQx and PCzFTQx computed at the B3LYP/

6-31G* level.
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HOMO and LUMO of PCzFTQx were evaluated to be —5.31 eV
and —3.10 eV, respectively. The electrochemical energy band
gap (Eg") of PCzFTQx film was calculated to be 2.21 eV. Although
Eg° value was a little bit larger than EgP* (2.04 eV) estimated from
the UV-vis spectra, it was still in the range of error (0.1-0.5 eV).
As to PCzTQx film, the HOMO and LUMO were measured to be
—5.22 eV and —3.08 eV, respectively. The Eg° and EgP* of PCZTQx
were 2.14 eV and 1.98 eV, slightly smaller than those of
PCzFTQx. The energy level data were summarized in Table 1
and the schematic illustration of energy levels of PCzFTQx,
PCzTQx, PC,;BM?** and PEDOT : PSS* was depicted in Fig. 3.
The HOMO of PCzFTQx was ~0.09 eV deeper than that of
PCzTQx, which was ascribed to the introduction of fluorine
atom onto the quinoxaline segment in PCzFTQx.>”** Therefore,
the gap between the HOMO level of PCZFTQx and LUMO level of
PC,,BM was as large as 1.40 eV, which facilitated high V. of
photovoltaic devices. Moreover, the LUMO level of PCZFTQx was
~0.81 eV higher than that of PC,;BM, then electrons could
transfer automatically at the donor/acceptor interface.

3.4 Theoretical calculations

Quantum chemistry calculation by the DFT (B3LYP/6-31G*
level) method was employed to demonstrate the electronic
structures of the PCzTQx and PCzFTQx. Three repeat units were
chosen as the model compounds for the simulations of PCzZTQx
and PCzFTQx, and the actual long alkyl groups were kept
without simplification. As shown in Fig. 4, the electron density
in HOMO orbitals distributed along the whole backbone despite
somewhat more intensely at carbazole conjugated units and
less at quinoxaline units. However, the electron density in
LUMO orbitals mainly localized at the quinoxaline units. The
HOMO-1 electron density distributed more intensely in -
bridge thiophene and carbazole conjugated units, while the
LUMO+1 electron density distributed more intensely at the
quinoxaline units. The electron density distribution of the
different orbitals implied that the internal charge transfers were
possible in the conjugated systems. It should be noted that the F
atom that incorporated onto the quinoxaline unit showed
significant effect on the HOMO and LUMO energy levels of
PCzFTQx (—4.64 eV/—2.26 eV). The additional F atoms
depressed both HOMO and LUMO energy levels, which agreed
well with the trend of electrochemical results.

3.5 Photovoltaic properties

In order to study the photovoltaic properties of PCZFTQXx, PSCs
with the conventional structure of ITO/PEDOT : PSS/
PCzFTQx : PC,;BM/PFN/Al were fabricated. PCZFTQx was used
as the electron donor and PC,;BM as the electron acceptor.
Chlorobenzene was used as the solvent to prepare the
PCzFTQx : PC;;BM blend films. The weight ratio of
PCzFTQx : PC,;BM was changed from 1:1 to 1:4 and J-V
curves of PSCs were modulated accordingly as shown in Fig. 5.
When the weight ratio of PCzZFTQx : PC,,BM reached 1 : 3, the
PSC exhibited a reasonable photovoltaic performance as shown
in Table 2 and the V., Js., FF and PCE values were evaluated to
be 0.94 V, 9.71 mA cm >, 0.56 and 5.09%, respectively. As

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Current density vs. voltage characteristics of PSCs under AM
1.5G irradiation of 100 mW cm™2.

Table 2 Photovoltaic data of the polymer solar cells

PCzFTQx : PC,,BM* Voe (V) JsemAcm ™) FF  PCE (%)
1:1 0.94 4.86 0.42 1.92
1:2 0.90 9.27 0.57 4.70
1:3 0.94 9.71 0.56  4.09
1: 0.94 9.31 0.59 5.19
PCZTQx : PC,BM (1:3)°  0.82 9.57 0.60 4.72

“ The thickness of the active layer was in the range of 80-100 nm.

expected, the PSC based on PCzFTQx:PC,;BM (1:3) has
higher V,. and PCE than those of the corresponding PCzTQx-
based device (blend ratio of 1 : 3),* which was ascribed to the
introduction of fluorine atom into the polymer and the low-
lying HOMO level of PCzFTQx. It was worthy to note that the
PSC with PCZFTQx : PC,1BM (1 : 3) as the active layer exhibited
the highest J,. of 9.71 mA cm™? in this work, approximately 0.14
mA cm™ 2 higher than that of PCzTQx control device. Moreover,
when the weight ratio of PCzZFTQx : PC,,BM reached 1 : 4, the
highest PCE of 5.19% was achieved, mainly due to the increased
FF of 0.59. Therefore, the PCE value was almost unaltered when
the ratio of PCzZFTQx : PC,;BM changed from 1:3 to 1: 4.

The external quantum efficiency (EQE) curves were also
recorded to characterize the photovoltaic properties of the PSCs
as shown in Fig. 6. The EQE curves covered from 350 nm to
650 nm, which matched well with the absorption range of the
organic photoactive layers. Compared with any other
PCzFTQx : PC,;BM-based devices with different blend ratios,
the PCzFTQx : PC,,BM (1 : 3)-based device exhibited a high EQE
value up to 62%, leading to a high short circuit current density
of 9.71 mA cm >,

Atomic force microscopy (AFM) was conducted to evaluate
the phase-separated morphologies of the blend films and the
topography images (5 pm x 5 um) of PCzTQx : PC,;BM (1 : 3)
and PCzFTQx:PC,;BM (1:4) corresponding to the best
photovoltaic performance were shown in Fig. 7. The

RSC Adv., 2017, 7, 16041-16048 | 16045
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Fig. 6 EQE spectra of the PSCs.

interpenetrating feature with bicontinuous network between
the polymer and PC,;BM was realized for both the two blend
films. PCzTQx : PC,;BM blend film showed a relatively smooth
surface with a root-mean-square roughness (RMS) of 2.99 nm
and an ideal domain size of 10-20 nm, which were favorable for
efficient diffusion of excitons to donor-acceptor interfaces.***”
However, for the fluorinated polymer PCzFTQx-based blend
film, RMS value was enlarged (5.27 nm) with the corresponding
domain size of 40-60 nm, which was somewhat larger than the
typical exciton diffusion length of ca. 10 nm," thus was not
desired for efficient exciton dissociation at the D/A interfaces.
To get insight into the charge transporting property of the
two polymers, the hole-only devices were fabricated to measure
the hole mobility using the space-charge-limited current (SCLC)
method. The hole-only devices employed the structure of ITO/
PEDOT : PSS/polymer : PC;;BM/Mo0O;/Al. And the j-V charac-
teristics of the hole-only devices were measured and fit the dark
current using the SCLC model, which was described by the
(Vapp — Vs — Vii)°
I3
density, ¢, was the permittivity of free space, ¢ was the relative

. 9
equation: J = §€08“ , where J was the current
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Fig. 8 Absorption spectra of PCzTQx:PC»BM (1:3) and

PCzFTQx : PC,BM (1: 4) films.

permittivity of polymers, u was the charge carrier mobility, Vapp
was the applied voltage, Vs was the voltage drop from the
substrate's series resistance and V}; was the built-in voltage. As
illustrated in Fig. S3,T the hole (u;,) mobilities were calculated
through the slope of the j*>~V curves, which were exhibited in
Table S1.1 Relative to the uj, value of 3.12 x 10 > em?* V™~ 's™* for
PCzTQXx, the fluorinated polymer PCzFTQx showed slightly high
un value of 6.18 x 107° em? V™' s™%, which was consistent with
the experimental data of the previous literature.”> And the high
un of PCzFTQx was beneficial to the photovoltaic performance
of the corresponding devices.

The absorption spectra of PCzTQx:PC,;BM and
PCzFTQx : PC,sBM active layers under the optimal weight
ratios were recorded in Fig. 8. It can be seen that in the region
from 300 nm to 440 nm, the PCzFTQx blend film showed
slightly high absorption property, which was mainly resulted
from the high ratio of PC,;BM in the blend film. In addition,
a little stronger absorption for PCzZFTQx blend film in the range
of 440-600 nm might be ascribed to the slightly enhanced
absorption behavior of PCzZFTQx pristine film in this region as

Fig. 7 AFM topography images (5 um x 5 pum) of ITO/PEDOT : PSS/PCzTQx : PC#BM (1: 3) (left, RMS = 2.99 nm), and ITO/PEDOT : PSS/

PCzFTQx : PC#BM (1: 4) (right, RMS = 5.27 nm).
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seen in Fig. 1, which would be benefit to the improvement of
photocurrent. As described ahead, the domain size of
PCzFTQx : PC,,BM blend film was larger to some extent and
not suitable for the efficient exciton dissociation. Then, the J.
of the corresponding PCzFTQx : PC,;BM based device was 9.31
mA cm™?, almost equal to that of PCzTQx:PC,;BM based
device. Therefore, if further improvement of morphology can
be adopted to obtain ideal domain size and phase separation,
enhanced photovoltaic performance may be anticipated for
PCzFTQx based solar cells.

4. Conclusions

A novel copolymer PCzFTQx with mono-fluorinated quinoxaline
derivative and 2,7-carbazole segment was reported and the
photovoltaic properties of PCzFTQx were investigated in this
work. Due to the introduction of fluorine atom in quinoxaline
unit, PCzZFTQx exhibited a lowered HOMO level (—5.31 eV),
about 0.09 eV deeper than that of the non-fluorinated coun-
terpart PCzTQx (—5.22 eV). High V. (0.94 V) and PCE (5.19%)
were achieved for the optimized PCzFTQx : PC,;BM-based
PSCs, which were 12% and 10% larger than those of the non-
fluorinated analogue PCzTQx-based devices. Therefore, the
fluorine atom in PCzFTQx was an effective electron-withdrawing
unit and the accompanying beneficial modulation of the energy
levels for PCzFTQx was realized accordingly. Hence, PCZFTQx
showed remarkable photovoltaic properties and would be
a promising donor candidate for PSCs and other optoelectronic
devices.
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