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Three conjugated polymers incorporating pentacyclic lactam (PCL) and diketopyrrolopyrrole (DPP) units
into conjugated polymers were designed and synthesized, in which the aromatic linkers between PCL
and DPP varied from thiophene to methylthiophene. Methylated polymers were found to show slightly
blue-shift absorption and high-lying energy levels compared to non-methylated polymers. The three
polymers also exhibit good crystalline properties and hole mobilities up to 0.57 cm? V! s~ in field-
effect transistors. Non-methylated polymers as electron donors in solar cells show an efficiency of 4.2%
with a relatively low short circuit current density (Jso) of 8.3 mA cm™2, while methylated polymers exhibit
dramastically enhanced Jc of 12.8 mA cm~2 and PCEs up to 6.1%. Micro-phase separation in bulk-
heterojunction thin films were systematically investigated, in which methylated polymers in blended thin
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Accepted 10th October 2016 films were found to provide better micro-phase separation with small crystal domain. The observation
can explain their improved photocurrent in solar cells. Our studies demonstrate that by intentionally
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Introduction

Polymer solar cells (PSCs) have made great progress in the last
two decades with power conversion efficiencies (PCEs)
approach 12%,"” demonstrating their potential application in
large-area and flexible devices.* The high performance is
partially attributed to the materials development of conjugated
polymers, such as constructing from electron-donating and
electron-withdrawing units, as so called “donor-acceptor”
polymers.*® In order to further enhance the performance, new
conjugated polymers are required to be developed, concerning
their absorption spectra, energy levels, crystalline properties
and charge carrier mobilities. In particular, conjugated poly-
mers with deep lowest unoccupied molecular orbital (LUMO)
levels are very useful since they can provide low LUMO offset
when combining with fullerene derivatives, such as [6,6]-
phenyl-C71-butyric acid methyl ester ([70]PCBM) as electron
acceptor. This will lower the energy loss (Ej.ss)® between optical
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great potential application in high performance solar cells.

band gap (E;) and open circuit voltage (Vo) and further enhance
the PCEs of solar cells.”

The designation by incorporating binary electron-deficient
units into conjugated polymers is an efficient route to realize
deep LUMO levels."* In general, introducing strong electron-
donating moieties into conjugated polymers is helpful for
realizing high-lying highest occupied molecular orbital (HOMO)
levels, while strong electron-deficient units can reduce the
LUMO levels of conjugated polymers. When introducing two
electron-deficient units into conjugated backbone, deep LUMO
levels can be easily realized. In our previous work, we design
a conjugated polymer using a weak electron-deficient pentacy-
clic lactam (PCL) unit and a strong electron-deficient diketo-
pyrrolopyrrole (DPP) unit.** The polymer showed a low LUMO
level of —3.89 eV and good crystalline property. Solar cells based
on this polymer as donor exhibit a PCE of 4.7% with a small Ej¢s
of 0.65 eV. Since we found that the polymer showed near-
infrared absorption up to 900 nm and a high mobility of 0.81
em”® V™' 57", we speculate that this polymer has the potential to
realize better PCEs if finely tuned chemical structures can be
provided.

With this purpose, we are dedicated to exploring new
conjugated polymers based on PCL and DPP units in order to
improve the PCEs in solar cells. DPP-based compounds contain
aromatic linkers due to the synthetic nature of DPP units.”” In
our previous work,"” the polymer was constructed by using
thiophene (T) as linker, which is also widely reported in DPP
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polymers.**** In this work, we intend to use methylthiophene
(MT) to replace of T as linkers in the polymers. MT-based DPP
polymers have been found to show slightly high-lying energy
levels (both of HOMO and LUMO) but with similar absorption
spectra as non-methylated DPP polymers.>>*® This indicates that
the energy offset between the polymer donor and PCBM as
acceptor will increase. Since in bulk-heterojunction solar cells
exciton is bounded by strong Coulomb force, so it requires
excess energy to separate into free charges. Therefore, high
energy offset will help the exciton separation and significantly
increase the quantum efficiencies in solar cells. In this work, we
explore two new conjugated polymers based PCL and DPP in the
conjugated backbone, in which MT as linkers were introduced,
as shown in Fig. 1. The new polymers were found to show
slightly blue-shift absorption and high-lying energy levels
compared to the polymer with T as linkers. In addition, the
three polymers exhibit similar hole mobilities of 0.47-0.57 cm?
V™' s7! in field-effect transistors (FETs). The polymers were
applied into solar cells, in which methylated polymers perform
high PCEs up to 6.1% due to significantly enhanced short
circuit current density (J;.) of 12.8 mA cm ™%, As compare, non-
methylated polymer with PCL and DPP units exhibits a Js. of
8.3 mA cm > and PCE of 4.2%. Further investigation of
morphology in blended thin films by atom force microscopy
(AFM), transmission electron microscopy (TEM), grazing-
incidence wide-angle X-ray scattering (GIWAXS) and resonant
soft X-ray scattering (R-SoXS) reveals that methylated polymers
in BHJ thin films show improved micro-phase separation with
small crystal domain, explaining their high photocurrent in
solar cells.

Experimental
Materials and measurements

All synthetic procedures were performed under argon atmo-
sphere. Commercial chemicals (from Sigma-Aldrich, JK Chem-
ical and TCI) were used as received. THF and toluene were
distilled from sodium under an N, atmosphere. 4,10-Bis(2-
hexyldecyl)thieno[2',3":5,6]pyrido[3,4-g]thieno[3,2-c]isoquino-
line-5,11(4H,10H)-dione (1),** 3-(4-methylthiophen-2-yl)-6-(thio-
phen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (2),>* 3,6-bis(4-
methylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (3)*

CeHiz
Hy XY = CHyH or H:CHy C4Ho

PMDPP2TPCL

P2MDPP2TPCL

Fig. 1 The chemical structures of the polymers studied in this work.
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and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo
[3,4-c]pyrrole-1,4(2H,5H)-dione (M2)*” were synthesized accord-
ing to literature procedures."H-NMR and “*C-NMR spectra were
recorded at 400 MHz and 100 MHz on a Bruker AVANCE spec-
trometer with CDCl; as the solvent and tetramethylsilane (TMS)
as the internal standard. Molecular weight was determined with
GPC at 140 °C on a PL-GPC 220 system using a PL-GEL 10 um
MIXED-B column and 0-DCB as the eluent against polystyrene
standards. Low concentration of 0.1 mg mL " polymer in 0-DCB
was applied to reduce aggregation. Optical absorption spectra
were recorded on a JASCO V-570 spectrometer with a slit width
of 2.0 nm and a scan speed of 1000 nm min . Cyclic voltam-
metry was performed under an inert atmosphere at a scan rate
0f 0.1 Vs~ "and 1 M tetrabutylammonium hexafluorophosphate
in acetonitrile as the electrolyte, a glassy-carbon working elec-
trode coated with samples, a platinum-wire auxiliary electrode,
and an Ag/AgCl as a reference electrode.

Atomic force microscopy (AFM) images were recorded using
a Digital Instruments Nano scope IIla multimode atomic force
microscope in tapping mode under ambient conditions. Bright
field TEM images were performed on a Hitachi SU8200 scan-
ning electron microscope.

GIWAXS measurements were performed at beamline 7.3.3
(ref. 28) at the Advanced Light Source. Samples were prepared
on Si substrates using identical blend solutions as those used in
devices. The 10 keV X-ray beam was incident at a grazing angle
of 0.12-0.16°, selected to maximize the scattering intensity from
the samples. The scattered x-rays were detected using a Dectris
Pilatus 2M photon counting detector.

R-SoXS transmission measurements were performed at
beamline 11.0.1.2 (ref. 29) at the Advanced Light Source (ALS).
Samples for R-SoXS measurements were prepared on
a PEDOT:PSS modified Si substrate under the same conditions
as those used for device fabrication, and then transferred by
floating in water to a 1.5 mm x 1.5 mm, 100 nm thick Si;N,
membrane supported by a 5 mm x 5 mm, 200 pm thick Si
frame (Norcada Inc.). 2-D scattering patterns were collected on
an in-vacuum CCD camera (Princeton Instrument PI-MTE). The
sample detector distance was calibrated from diffraction peaks
of a triblock copolymer poly(isoprene-b-styrene-b-2-vinyl pyri-
dine), which has a known spacing of 391 A. The beam size at the
sample is approximately 100 pm by 200 um.

The organic field-effect transistors were fabricated on
a commercial Si/SiO,/Au substrate purchased from First
MEMS Co. Ltd. A heavily N-doped Si wafer with a SiO, layer of
300 nm served as the gate electrode and dielectric layer,
respectively. The Ti (2 nm)/Au (28 nm) source—-drain electrodes
were sputtered and patterned by a lift-off technique. Before
deposition of the organic semiconductor, the gate dielectrics
were treated with octadecyltrichlorosilane (OTS) in a vacuum
oven at a temperature of 120 °C, forming an OTS self-
assembled monolayers. The treated substrates were rinsed
successively with hexane, chloroform, and isopropyl alcohol.
Polymer thin films were spin coated on the substrate from
solution with a thickness of around 30-50 nm. The devices
were thermally annealed at the corresponding temperature in
air for 10 min, cooled down and then moved into a glovebox
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filled with N,. The devices were measured on an Keithley 4200
SCS semiconductor parameter analyzer at room temperature.
The mobilities were calculated from the saturation region with
the following equation: Ing = (W/2L)Ciu(Vg — Vir)?, where Igp is
the drain-source current, W is the channel width (1400 pm), L
is the channel length (50 pm), u is the field-effect mobility, C;
is the capacitance per unit area of the gate dielectric layer, and
Ve and Vi are the gate voltage and threshold voltage, respec-
tively. This equation defines the important characteristics of
electron mobility (1), on/off ratio (I,n/I.g), and threshold
voltage (Vy), which could be deduced by the equation from the
plot of current-voltage.

Photovoltaic devices were made by spin-coating poly-(ethyl-
enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Cle-
vios P, VP AI 4083) onto pre-cleaned, patterned ITO substrates.
The photoactive layers were deposited by spin coating a chlo-
roform solution containing the DPP polymer, the electron
acceptors and the appropriate amount of processing additive
diphenylether (DPE) in air. LiF (1 nm) and Al (100 nm) were
deposited by vacuum evaporation at ca. 4 x 10> Pa as the back
electrode.

The active area of the cells was 0.04 cm?®. The J-V charac-
teristics were measured by a Keithley 2400 source meter unit
under AM1.5G spectrum from a solar simulator (Enlitech model
SS-F5-3A). Solar simulator illumination intensity was deter-
mined at 100 mW c¢cm ™ > using a monoctystal silicon reference
cell with KG5 filter. Short circuit currents under AM1.5G
conditions were estimated from the spectral response and
convolution with the solar spectrum. The external quantum
efficiency was measured by a Solar Cell Spectral Response
Measurement System QE-R3011 (Enli Technology Co., Ltd.). The
thickness of the active layers in the photovoltaic devices was
measured on a Veeco Dektak XT profilometer.

4,10-Bis(2-hexyldecyl)-2,8-bis(trimethylstannyl)-4,10-dihy-
drothieno[2/,3':5,6]pyrido[3,4-g]thieno[3,2-c]isoquinoline-5,11-
dione (M1). To a solution of compound 1 (225 mg, 0.29 mmol)
in THF (10 mL) at —78 °C the freshly prepared LDA was added
dropwise. The mixture was stirred at —78 °C for 2 hours and
them 0.93 mL of trimethyltin chloride (1 M in hexanes) was
added dropwise. After 2 hours, the mixture was poured into
water (100 mL) and extracted with diethyl ether. The organic
layer was washed with water and dried over magnesium
sulphate. After drying solvent, the residue was purified by
recrystallization from ethanol to give a yellow product M1 (243
mg, 76%)."H NMR & (ppm): 8.88 (s, 2H), 7.16-7.04 (m, 2H), 4.25
(s, 4H), 2.04 (s, 2H), 1.30 (m, 48H), 0.84 (m, 12H), 0.59-0.35 (m,
18H). *C NMR & (ppm): 161.94, 140.85, 140.37, 129.78, 126.46,
124.82, 124.11, 123.49, 49.64, 37.35, 32.03, 31.96, 31.92, 30.14,
29.81, 29.70, 29.43, 26.88, 22.80, 22.78, 14.22. MS (MALDI):
calculated: 1098.85, found: 1098.4 (M").

3-(5-Bromo-4-methylthiophen-2-yl)-6-(5-bromothiophen-2-
yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(M3). To a solution of 2 (0.92 g, 2.93 mmol), potassium
carbonate (1.52 g, 10.97 mmol), and 18-crown-6 (10 mg) in DMF
(30 mL) was added 2-ethylhexyl bromide (1.70 g, 8.79 mmol).
The reaction mixture was stirred at 120 °C for 16 h and then
cooled to room temperature. CHCl; (100 mL) and water (100
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mL) were added and the layers were separated. The organic
layer was washed with brine and the solvent evaporated. The
resulting solid was subjected to column chromatography (silica,
eluent hexane/CH,Cl,, v/v 80/20) to afford 2,5-bis(2-ethylhexyl)-
3-(4-methylthiophen-2-yl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione as red solid (0.33 g, 20.9%).

To a solution of 2,5-bis(2-ethylhexyl)-3-(4-methylthiophen-2-
yl)-6-(thiophen-2-yl)pyrrolo[3,4-c|pyrrole-1,4(2H,5H)-dione (0.33
g, 0.61 mmol), K,CO; (0.50 g, 3.64 mmol) in CHCl; (20 mL) was
added dropwise a Br, (1.86 g, 2.45 mmol) in CHCl;(15 mL)
solution in 10 min at 0 °C. The reaction mixture was stirred at
room temperature for 10 min. Sodium thiosulfate (5 g, 20 mL
H,O0) solution was added into reaction mixture and stirred for
30 min to remove Br,. The mixture was washed with brine and
the layers were separated. The resulting solid was subjected to
column chromatography (silica, eluent hexane/CH,Cl,, v/v 80/
20) to afford M3 as crude product. The solid was dissolved in
CHCl; (5 mL) and precipitated into methanol (100 mL) to afford
pure M3 (0.41 g, 99%) as a red solid."H NMR 6 (ppm): 8.64-8.58
(m, 2H), 7.22 (d, 1H), 3.99-3.88 (m, 4H), 2.30 (s, 3H), 1.84 (s,
2H), 1.54 (s, 2H), 1.43-1.18 (m, 16H), 0.87 (m, 12H). *C NMR
6 (ppm): 160.61, 138.94, 138.27, 135.83, 134.29, 130.51, 128.11,
117.90, 116.12, 107.34, 106.94, 76.42, 76.16, 75.84, 45.21, 38.29,
29.42, 27.55, 22.83, 22.18, 14.34, 13.13, 9.68. MS (MALDI):
calculated: 696.60, found: 696.0 (M").

3,6-Bis(5-bromo-4-methylthiophen-2-yl)-2,5-bis(2-ethylhexyl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (M4). Same procedure as
for M3 was used, but now 3 (2 g, 8.4 mmol) was used as the
reactant. Yield: 2.2 g (83.3%)."H NMR 6 (ppm): 8.57 (s, 2H), 3.93
(m, 4H), 2.30 (s, 4H), 1.84 (m, 2H), 1.53 (m, 4H), 1.46-1.09 (m,
12H), 0.87 (m, 9H). *C NMR 6 (ppm): 160.65, 138.57, 138.30,
135.65, 128.18, 115.88, 107.06, 45.22, 38.30, 29.46, 27.59, 22.87,
22.20,14.34,13.14, 9.74. MS (MALDI): calculated: 710.63, found:
710.0 (M").

PDPP2TPCL. To a degassed solution of the monomer M1
(41.90 mg, 0.061 mmol), M2 (67.45 mg, 0.061 mmol) in toluene
(2 mL) and DMF (0.2 mL) tris(dibenzylideneacetene)dipalla-
dium(0) (1.69 mg, 1.83 pmol) and triphenylphosphine (1.93 mg,
7.32 pmol) were added. The mixture was stirred at 115 °C for 16
h, after which it was precipitated in methanol and filter through
a Soxhlet thimble. The polymer was extracted with acetone,
hexane, dichloromethane and then dissolved in 1,1,2,2-tetra-
chloroethane (TCE) (80 mL) at 140 °C, which was then precipi-
tated into acetone. Finally the resulting polymer can be
solubilized in CHCI; and toluene for device fabrication. Yield:
71.60 mg (90%). GPC (0-DCB, 140 °C): M,, = 53.0 kg mol ™", M,, =
109.5 kg mol " and Py = 2.07.

PMDPP2TPCL. Same procedure as for PDPP2TPCL was used,
but now M3 (53.59 mg, 0.077 mmol) and M2 (84.53 mg, 0.077
mol) were used as the monomers. Yield: 89.00 mg (89%) as
a dark solid. GPC (0-DCB, 140 °C): M, = 33.2 kg mol ", M,, =
72.0 kg mol ™" and Dy = 2.17.

P2MDPP2TPCL. Same procedure as for PDPP2TPCL was
used, but now M4 (51.48 mg, 0.072 mmol) and M2 (79.59 mg,
0.072 mol) were used as the monomers. Yield: 91.2 mg (94%) as
a dark solid. GPC (0-DCB, 140 °C): M, = 20.4 kg mol ', M,, =
35.2 kg mol~" and Py = 1.73.
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Results and discussion
Synthesis

The synthetic procedures for the monomers and polymers are
presented in Scheme 1. The starting compound 2 and 3 can be
efficiently achieved by using the traditional method as shown in
Scheme S1.1 The monomer bisstannyl-PCL (M1),** the dibromo-
monomer M3 (ref. 26) and M4 (ref. 25) were synthesized by
using the similar procedures as reported in the literatures. The
polymers PDPP2TPCL, PMDPP2TPCL and P2MDPP2TPCL were
prepared via Stille polymerization, in which a Pd,(dba);/PPh;
(1 :4) catalyst and toluene/DMF (10 : 1) solvent mixture were
applied to achieve high molecular weight. The molecular weight
of the polymers was determined by gel permeation chroma-
tography (GPC) with 0-DCB as eluent at 140 °C, as summarized
in Table 1. The polymer PDPP2TPCL shows a number-average
molecular weight (M,) of 53.9 kg mol ' and molar-mass dis-
persity (Py)** of 2.0. In comparison, the methylated polymers
PMDPP2TPCL and P2MDPP2TPCL exhibit relatively low M, of
33.2 kg mol " and 20.4 kg mol . It is worth mentioning that
the polymer PDPP2TPCL was previously prepared via Suzuki
polymerization and provided a high M,, of 72.8 kg mol " and Py
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of 3.3."* We also tried to prepare the methylated polymers via
Suzuki reaction, but the synthesis of diboronic ester of meth-
ylated DPP monomers was failed.

Absorption spectra and energy levels

Absorption spectra of the polymers in chloroform solution and
thin films were shown in Fig. 2 and the data was summarized at
Table 1. All the three polymers have red-shift absorption spectra
in thin films compared to that in solution. PDPP2TPCL has the
optical band gap (E,) of 1.44 eV with absorption onset at 864 nm
in thin films, which is similar to that of the polymer prepared by
Suzuki  polymerization.” The methylated polymers
PMDPP2TPCL and P2MDPP2TPCL show slightly high E, of 1.47
eV and 1.50 eV, which may cause by the slightly steric hindrance
between MT and PCL units.

The energy levels of the polymers were determined by cyclic
voltammetry measurements, as shown in Fig. 2b and Table 1.
PDPP2TPCL has HOMO and LUMO levels of —5.35 eV and
—3.91 eV, while PMDPP2TPCL and P2MDPP2TPCL show
slightly high-lying HOMO and LUMO levels of —5.30 eV (—5.24
eV) and —3.83 eV (—3.74 eV). Since the fullerene derivative, [70]
PCBM has a LUMO level of —4.16 eV,** the LUMO offset between

Cete C,Hg
Lo
N
N

i
+ oA~ —— popP2TPCL
N,

o
CoHs

C.Hy
M2

— > PMDPP2TPCL

CHs
(D~er + M1 ——» P2MDPP2TPCL

P CHs I
HN iili, iv
S A I\ —_— Br.
\ / s —_—
NH
HC 4 H
3

Scheme 1 Synthetic routes of the monomers and polymers. (i) LDA, —78 °C, and Sn(CHz)sCl at —78 °C. (ii) Stille polymerization by using
Pd,(dba)s/PPhs in toluene/DMF (10 : 1, v/v) at 115 °C. {(iii) K,COs3, 18-crown-6, and 2-ethylhexyl bromide in DMF at 120 °C, 16 h. (iv) Br, in CHCls.

Table 1 Molecular weight, optical, and electrochemical properties of the DPP polymers

Solution Film
Polymer M, (kg mol™") Py Apeak (MM)  Agneee (M) Eg (€V)  Apear (NM)  Aongee (NM)  Eq (eV) Enomo’ (eV)  Erumo’ (eV)
PDPP2TPCL 53.9 2.0 765 838 1.48 770 864 1.44 —5.35 —3.91
PMDPP2TPCL 33.2 2.2 757 816 1.52 763 846 1.47 —5.30 —3.83
P2MDPP2TPCL 20.4 1.7 750 809 1.53 756 826 1.50 —5.24 —3.74

“ Determined with GPC at 140 °C using 0-DCB as the eluent. b Determined using a work function value of —4.8 eV for Fc/Fc'. ¢ Determined as Eyomo

film
+ gfim,
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Fig. 2 (a) Absorption spectra (solid lines, in CHClz solution; dash lines,
in thin films) and (b) cyclic voltammograms of the DPP polymers.
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the polymers and PCBM is increased from 0.25 eV for
PDPP2TPCL to 0.42 eV for P2MDPP2TPCL. The enhanced
energy offset will be helpful for exciton dissociation into free
charges in solar cells.

Charge transport properties

The charge transport properties of the polymers are determined
using field-effect transistor devices with a bottom gate-bottom
contact (BGBC) configuration. The polymer thin films were
deposited via spin coating from CHCl;/0-DCB (10%) solution and
thermally annealed for 10 min. The transfer and output curves
are shown in Fig. 3, and the key parameters are summarized in
Table 2. The polymer PDPP2TPCL exhibits a hole mobility (uy) of
0.56 cm® V™' s~ with a low threshold voltage (Vi) at —1.5 eV and
a on/off ratio of 10%, while the mobilities of PMDPP2TPCL and
P2MDPP2TPCL are 0.57 and 0.47 cm”> V' s, respectively. The
three polymers exhibit very similar hole mobilities in FETs. These
acceptor-acceptor polymers were also found to perform electron
mobilities around 10> em® V™' s™' in FETs (Fig. S1 and Table
S1t). The ambipolar charge transports can also be found in other
DPP polymers, such as alternating with the strong acceptor
benzothiadiazole.***

We further use GIWAXS to study the morphology of the thin
films, as shown in Fig. 4. PDPP2TPCL shows the strong (100) and
(010) diffraction peaks in the out-of-plane direction, corre-
sponding to the lamellar and m- stacking of the polymers in
thin films. This indicates that PDPP2TPCL has a mixed
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Fig. 3 (a—c) Transfer and (d—f) output curves obtained from BGBC FET devices for p-type characteristics. (a and d) for DPP2TPCL; (b and e) for
PMDPP2TPCL and (c and f) for P2MDPP2TPCL. The thin films were spin cast from CHCls/0o-DCB (10%) solution and annealed at 120 °C for

PDPP2TPCL and P2ZMDPP2TPCL, and 150 °C for PMDPP2TPCL.
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Table 2 Field-effect hole mobilities of the DPP polymers in a BGBC configuration. The parameters from GIWAXS were also included

Hh Vr d d
Polymer (em®*v's™) \% Ion/Toge (100) (nm) (010) (nm)
PDPP2TPCL 0.56 —-1.5 1 x 10* 1.95 0.37
PMDPP2TPCL 0.57 7.2 9 x 10° 1.94 0.36
P2MDPP2TPCL 0.47 2.9 4 x 10* 1.94 0.37

orientation of “edge-on” and “face-on” orientation in thin films.
The d-spacings of lamellar packing and m— stacking are 1.95 nm
and 0.37 nm (Table 2). PMDPP2TPCL with asymmetric structure
also presents (100) and (010) diffraction peaks in the out-of-plane
direction, but the (100) diffraction peak in the in-plane is also
significantly increased. This means that PMDPP2TPCL has the
tendency to form “face-on” orientation. P2PMDPP2TPCL with MT
as linkers present (100) diffraction peaks in the out-of-plane and
in-plane direction, while the (010) diffraction peaks is significant
reduced, corresponding to the reduced crystalline properties. The
results indicate that although the introduction of methyl units
into the polymers can reduce the crystalline properties, the hole
mobility is still similar to that of non-methylated polymers.

Solar cells performance

The polymers as electron donor and [70]PCBM as electron
acceptor were applied into solar cells by using the device
configuration of ITO/PEDOT:PSS as cathode and LiF/Al as
anode. The photo-active layers were spin coated from CHCIl;
solution, in which the fabrication condition including the
additive, the ratio of donor to acceptor and the thickness of
active layers was carefully optimized. In general, PDPP2TPCL
and P2MDPP2TPCL:PCBM cells show the optimized perfor-
mance when the ratio of donor to acceptor is 1:2 with the
processing additive of DPE, while PMDPP2TPCL:PCBM shows
the optimized cells with the ratio of donor to acceptor is 1 : 1.5.

g (3) (d)
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Fig. 4 GIWAXS images of (a) PDPP2TPCL, (b) PMDPP2TPCL and (c)
P2MDPP2TPCL thin films. (d) The out-of-plane and in-plane cuts of
the corresponding GIWAXS patterns. The fabrication condition for the
pure thin films is summarized at Fig. 3.
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The J-V characteristics and external quantum efficiency (EQE)
of the optimized solar cells are shown in Fig. 5 and Table 3. The
Jscs were determined by integrating the EQE with the AM1.5G
(100 mW cm™?) spectrum.

PDPP2TPCL:PCBM cells show a PCE of 4.2% with J,. of 8.3
mA cm 2, Vo, of 0.76 V and FF of 0.66. The performance is
slightly low compared to the cells based on PDPP2TPCL
prepared from Suzuki polymerization.”* PMDPP2TPCL based
cells exhibit the best PCE of 6.1% with a high J,. of 12.8 mA
cm ™2, V. of 0.78 V and FF of 0.61. The polymer P2MDPP2TPCL
provided a PCE of 6.0% with a J,. of 13.3 mA cm ™2 in solar cells.
It is interesting to observe that methylated polymers have
similar V,. to that of non-methylated polymer, which is different
from other methylated polymer solar cells with reduced V,..>
The enhanced Js.s of methylated polymer solar cells were also
reflected by their external quantum efficiencies (EQEs), as
present in Fig. 5b. PDPP2TPCL:PCBM cells show the broad
photo-response from 300 nm to 850 nm with the maximum EQE
of 0.27 in the polymer absorbed region, while the maximum
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Fig. 5 (a) J-V characteristics in the dark (dashed lines) and under
white light illumination (solid lines). (b) EQE of the optimized DPP
polymer:[70]PCBM solar cells.
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Table 3 Solar cell parameters of optimized solar cells of DPP
polymers:PC,BM

Polymer” Jso (MAem™) V. (V) FF PCE (%) Ejoss (V)
PDPP2TPCL 8.3 0.76 0.66 4.2 0.68
PMDPP2TPCL 12.8 0.78 0.61 6.1 0.69
P2MDPP2TPCL  13.3 0.76 0.59 6.0 0.74

% Ratio of donor to acceptor is 1: 1.5 for PMDPP2TPCL and 1 : 2 for
PDPP2TPCL and P2MDPP2TPCL. Optimized spin coating solvent for
active layer is CHCIl; with 5% DPE as additive for the three polymers.
b I as calculated by integrating the EQE spectrum with the AM1.5G
spectrum. The thickness of active layers is 120 nm for PDPP2TPCL,
110 nm for PMDPP2TPCL and 90 nm for P2MDPP2TPCL.

EQE was enhanced to 0.50 and 0.47 for PMDPP2TPCL and
P2MDPP2TPCL based cells. The solar cells based these poly-
mers also show the Ej,ss of 0.68-0.74 eV (Table 3), indicating the
similar efficiency of exciton dissociation into free charges.
Therefore, we propose that other reasons such as micro-phase
separation in blended thin films may be responsible for the
high photocurrent in methylated polymer solar cells.

Morphology investigation

Therefore, we intend to study the micro-phase separation of the
blended thin films in detail. The morphology of the thin films
was firstly investigated by AFM and TEM images, as shown in
Fig. 6. From AFM images, we can observe the reduced rough-
ness of the blended thin films, from 4 nm for
PDPP2TPCL:PCBM to 3 nm and 2 nm for PMDPP2TPCL and
P2MDPP2TPCL based thin films. This may indicate the more
mixed blend based on methylated polymers. The observation
can be further confirmed by TEM images, as shown in Fig. 6d-f.
PDPP2TPCL:PCBM system shows clearly fibrillar structures with
a large diameter (>20 nm), while PMDPP2TPCL and
P2MDPP2TPCL based thin films have fine morphology with
unclear fiber structures, indicating mixed thin films. This can
also explain the reduced FF in solar cells based on methylated
polymers.

We further use GIWAXS and R-SoXS to study the morphology
of blended thin films based on these polymers, as shown in
Fig. 7 and 8. We observe similar crystalline packing of the

Fig. 6 (a—c) AFM height images (3 x 3 um?) and (d—f) TEM images of
optimized DPP polymer:[70]PCBM thin films. The RMS roughness is
included in the AFM images.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 GIWAXS images of (a) PDPP2TPCL, (b) PMDPP2TPCL and (c)
P2MDPP2TPCL blended with PCBM thin films. (d) The out-of-plane
and in-plane cuts of the corresponding GIWAXS patterns. The fabri-
cation condition for the blended thin films was summarized at Table 3.

polymers in thin films in GIWAXS measurement, with strong
(100) diffraction peaks in the out-of-plane and in-plane direc-
tion. The (010) diffraction peaks that are correlating to -7
stacking of the conjugated backbone are reduced, indicating
that PCBM can disturb the crystal structure of the polymers. The
d-spacings of lamellar and m-m stacking of the polymers in
blended thin films are very similar to those of pure polymers
(Table 4). We can calculate the coherence length (CL), in which
the reduced CL for methylated polymers can be observed,
correlating to the small crystal domain in methylated polymers
based thin films.

The phase separation of the blended thin films is further
investigated by the contrast enhanced technique R-SoXS, which
is based on enhanced contrast between different organic
components and provides information regarding the charac-
teristic mode length (domain size) and average compositional
fluctuation (domain purity). Fig. 8 shows the scattering profile
of the blends at 284.2 eV. The scattering intensity of blended

~10° 4
S
s
‘:cr
2
4 — PDPP2TPCL:PCBM
“2 —— PMDPP2TPCL:PCBM
- 10° — P2MDPP2TPCL:PCBM
0.01 0.1
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Fig. 8 R-SoXS scattering profiles at 284.2 eV of the polymers blended
with PCBM.
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Table 4 Crystallographic parameters of the blend thin films. OOP: out-of-plane. IP: in-plane. CL: coherence length

IP (100) OOP (010)

d-spacing [nm] CL [nm] d-spacing [nm] CL [nm] Domain size (nm) Domain purity
PDPP2TPCL:PCBM 1.97 17.2 0.36 3.5 42 1
PMDPP2TPCL:PCBM 1.96 11.2 0.36 2.4 27 0.88
P2MDPP2TPCL:PCBM 1.95 9.8 0.37 — 36 0.82

thin films is normalized by the materials optical contrast. The
domain size of 42 nm was found for PDPP2TPCL:PCBM thin
film, which was decreased to 27 nm and 36 nm for methylated
polymers based thin films (Table 4). The relative domain purity
can be determined by integrating the profiles over g. The higher
the total scattering intensity is, the purer the domains are.
PDPP2TPCL:PCBM thin film exhibits higher domain purity
compared to methylated polymer blended thin films (Table 4).

Morphology investigation by AFM, TEM, GIWAXS and R-
SoXS reveals that methylated polymers have small domain
size and finely micro-phase separation with PCBM, which is
helpful for exciton diffusion into the interface of donor and
acceptor. This can explain the high photocurrent in methylated
polymer solar cells.

Conclusions

In conclusion, three conjugated polymers incorporating
electron-deficient PCL and DPP units were designed for appli-
cation in PSCs. The polymers contain different aromatic linkers,
from thiophene to methylthiophene. Methylated polymers were
found to show slightly blue-shift absorption and high-lying
energy levels compared to the non-methylated polymers. The
three polymers perform similar hole mobility of 0.47-0.57 cm?®
v~ s7'. Methylated polymers show a high PCE of 6.1% with
a high J,. of 12.8 mA cm ? in solar cells, while the non-
methylated polymer show a low PCE of 4.2% with a low J. of
8.3 mA cm ™% The enhanced photocurrent in methylated poly-
mer solar cells was attributed to the small crystal domain of the
polymers in blended thin films, which is helpful for exciton
diffusion into the interface of donor to acceptor. Our results
demonstrate that conjugated polymers containing several
electron-deficient units can realize high performance solar cells
after intentional modification of chemical structures.
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