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Two new wide bandgap block copolymers (PL1 and PL2) with porphyrin-incorporated side
chains have been designed and used as electron donors for solution-processed bulk
heterojunction (BHJ) polymer solar cells. The photophysical, electrochemical and
photovoltaic properties, charge transport mobility and film morphology of these two block
copolymers were investigated. Detailed investigations revealed that the different alkyl groups
and electron-withdrawing substituents on the porphyrin pendant units have significant
influence on the polymer solubility, absorption energy level, band gap and charge separation
in the bulk-heterojunction thin films, and thus the overall photovoltaic performances. Organic

photovoltaic devices derived from these copolymers and PC7:BM acceptor showed the best
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power conversion efficiencies (PCE) of 5.83% and 7.14%, respectively. These results show
that the inclusion of a certain proportion of side chain porphyrin group as a pendant in the
traditional D-A type polymer can broaden the molecular absorption range and become a full-
color absorbing molecule. The size of the porphyrin pendant also has an obvious effect on the

properties of the molecule.

1. Introduction

Organic solar cells (OSCs) consisting of various building blocks are attracting considerable
attention because of their light-weight, high flexibility and easy processing as well as the
potential to tune the optical, mechanical, and electrical properties.® Based on these
advantages, OSCs have achieved significant advances recently.[5%1 At present, the energy
conversion efficiency (PCEs) of the single-junction fullerene polymer solar cells based on
conjugated polymers as the donor has exceeded 16%.1%%° The photovoltaic properties of
OSCs based on donors containing porphyrin rings and their derivatives are impressive,*¢ and
they have been used in dye-sensitized solar cells (DSSCs) for a long time.[*”-1%1 However,
porphyrin-based polymers or small molecules (SM) contribute relatively less to BHJ OSCs.
At the same time, porphyrin and its derivatives have excellent electrochemical properties and
thermal stability. It has a planar largely m-conjugated structure, and the m-m accumulation
between extensively conjugated m bonds gives it a high electron mobility along the stacked
direction.!?-2%1 While the performance barriers of inferior solubility, distasteful aggregation,
insufficient exciton diffusion distance and bad charge mobility need to be solved,?+261 we
envision that porphyrin-containing polymers will play a more significant role in BHJ OSCs
through a wise configurational design.

At present, the optical absorption range of organic semiconductor is often too narrow
to achieve panchromatic absorption which is crucial for conceiving high efficiency.?’! To this

end, the third component has been introduced into the traditional D-A conjugated polymer
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which improves the properties of the polymer, such as energy level, band gap, and the
correlation between the current and voltage balance to optimize the molecular structure for
high device performance.[?83% The ternary random copolymerization could be an effective
strategy to realize the excellent solubility and low degree of aggregation of the corresponding
polymers and suitable molecular orbital energy levels and improved light harvesting
capability.[t 2]

Herein, we synthesized two novel block copolymers (PL1 and PL2) (Figure 1) by
incorporating porphyrin pendant units as a complementary light-harvesting unit in a
conventional D-A polymer, and obtained two new panchromatic absorbers. The effects of
different porphyrin pendants on the spectral absorption, charge transfer, morphology and
photovoltaic properties were investigated. The two polymers consist of thienyl-porphyrins
(compounds Porl and Por2, respectively), bis(trimethyltin) BDT monomer and the dibromo
TT species. All the conditions and steps for the synthesis of these two polymers are shown in
Scheme 1. The high solubility of Zn-porphyrin allows the copolymers to be easily fabricated

into devices.

-3.60
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Figure 1. Molecular structures of PL1 and PL2, the device structure, energy level diagram of

PL1, PL2 and PC7:BM.
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2.  Experimental Section

2.1 Materials and synthesis

All chemicals and solvents were purchased from Suna Tech Inc., Aldrich, Alfa Aesar. and
were used as received unless otherwise noted. (4,8-Bis(5-octylthiophen-2- yl)benzo[1,2—
b:4,5-b]dithiophene-2,6-diyl)bis(trimethylstannane) (BDT) and 2- ethylhexyl-4,6—-dibromo-3-
fluorothieno[3,4-b]thiophene—2-carboxylate (TT) were purchased from Suna Tech Inc. All air
and water sensitive reactions were performed under an argon atmosphere. Toluene and
tetrahydrofuran were purified according to the literature method prior to use. The compounds
4 and 7 were synthesized according to the literature.[*¥1 The synthetic routes of PL1 and PL2
are shown in Scheme 1 and their chemical compositions were characterized by *H NMR and

13C NMR spectroscopy and MALDI-TOF mass spectrometry.

2.1.1. Synthesis of compound 2

In a 500-mL flask, 2,5-dibromo-3-iodothiophene (2 g, 5.44 mmol) was dissolved in THF (30
mL) and EtsN (6 mL) and the solution was bubbled with argon for 30 min. After that,
trimethylsilylacetylene (3.86 mL, 27.2 mmol), PdCI>(PPhs)2 (190 mg, 0.27 mmol), Cul (51
mg, 0.27 mmol) and PPhz were added to the solution under a nitrogen flow. The reaction
mixture was heated to 60 °C for 8 h. After cooling to 20 °C, removal of the solvent in vacuo
followed by column chromatography (SiO2, hexane) yielded the desired compound 1 (1.56 g,

84%) as a yellow oil.

2.1.2. Synthesis of compound 3

To a 200-mL flask, 2 (1.56 g, 4.60 mmol), K2CO3(1.91 g, 13.8 mmol), and methanol (30
mL) were added, and the mixture was stirred at 20 °C for 3 h. The mixture was diluted with
dichloromethane and the organic phase was washed three times with water. After drying over

Na S04, the solution was filtered. Removal of the solvent in vacuo and column
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chromatography (SiO2, hexane) yielded the desired compound 3 (1.17 g, 95%) as a scarlet
solid. *H NMR (400 MHz, CDCls §): 3.30 (s, 1 H), 6.96 ppm (s, 1H). 3C NMR (100 MHz,

CDCls, 6): 76.12, 81.68, 110.96, 117.08, 123.97, 132.22 ppm.

2.1.3. Synthesis of compound 5

In a 500-mL flask, 4 (500 mg, 0.47 mmol) and 5-ethynylthiophene-2-carbaldehyde (63.9 mg,
0.47 mmol) were dissolved in THF (15 mL) and EtsN (3 mL) and the solution was bubbled
with argon for 30 min. After that, Pd(PPh3)s (35 mg, 0.03 mmol) and Cul (5.7 mg, 0.03
mmol) were added to the solution under a nitrogen flow. The solution was refluxed for 12 h
under nitrogen. The solvent was removed under vacuum, and the solid residue was purified by
preparative thin layer chromatography using a CHCls/hexane (2:1) as eluent. Recrystallization
from CHCls/methanol gave 5 as a purple solid. *H NMR (400 MHz, CDCls §): 9.97 (s, 1H),
9.84-9.49 (m, 6H), 9.27 (m, 2H), 7.85 (d, 2H), 7.69 (d, 2H), 5.22 (d, J = 32.3 Hz, 2H), 2.96
(m, 4H), 2.72 (m, 4H), 1.57 (m, 5H), 1.41-0.91 (m, 51H), 0.87-0.65 (m, 12H). MALDI-TOF

MS (m/z): calcd for CesHgeBrN4sOSZn: 1119.8, found: 1120.257.

2.1.4. Synthesis of compound 6

In a 500-mL flask, 5 (300 mg, 0.27 mmol) and 2 (71.2 mg,0.27mmol) were dissolved in THF
(15 mL) and EtsN (3 mL) and the solution was bubbled with argon for 30 min. After that,
Pd(PPh3)s (35 mg, 0.03 mmol) and Cul (5.7 mg, 0.03 mmol) were added to the solution under
a nitrogen flow. The solution was refluxed for 12 h under nitrogen. The solvent was removed
under vacuum, and the solid residue was purified by preparative thin layer chromatography
using a CHCls/hexane (3:1) as eluent. Recrystallization from CHCls/methanol gave 6 as a
purple solid. *H NMR (400 MHz, CDCls, §): 10.42 (s, 2H), 9.74 (m, 8H), 8.23 (d, 1H), 7.51 (s,
1H), 7.11 (d, 1H), 5.26 m, 2H), 3.03 (m, 4H), 2.78 (m, 4H), 1.10 (m, 48H), 0.93 -0.81 (m,
16H), 0.77 (m, 12H). 3C NMR (100 MHz, CDCls, §): 182.36, 152.23, 152.10, 149.78, 149.35,

149.06, 148.42, 148.14, 147.87, 136.61, 135.71, 135.47, 135.22, 134.86, 134.39, 134.02,

-5-



OCoO~NOUAWNE

133.87, 132.15, 131.58, 130.93, 130.65, 130.34, 130.04, 129.91, 129.69, 128.63, 128.54,
127.76, 127.09, 123.15, 122.90, 122.65, 111.34, 98.16, 88.56, 88.41, 47.02, 42.50, 31.82,
31.76, 29.95, 29.73, 29.50, 29.47, 29.21, 29.18, 22.62, 22.54, 14.07, 14.05. MALDI-TOF MS

(m/z): calcd for C71He0Br2N4OS2Zn: 1304.84, found: 1304.030.

2.1.5. Synthesis of compound Porl

To a solution of 6 (200 mg, 0.15 mmol) in CHCI3 (20 mL), two drops of piperidine and 3-
ethylrhodanine (228.3 mg, 1.370 mmol) were added, and the resulting solution was refluxed
for 12 h under argon. The reaction was quenched with water (30 mL) and extracted with
CHCIs (3 x 20 mL). The organic layer was dried over Na2SO4 and evaporated to dryness. The
solid residue was purified first on a silica gel column and second by preparative thin layer
chromatography using CHCIs as eluent. Further recrystallization from hexane and CHCIs
mixed solvent for five times afforded the target compound Porl as a black solid. *H NMR
(400 MHz, CDCl3, 8): 9.83-9.44 (m, 8H), 8.22 (d, 1H), 7.76 (s, 1H), 7.25 (s, 1H), 7.17 (d, 1H),
5.20 (s, 2H), 4.24 (g, J = 7.1 Hz, 2H), 2.96 (d, J = 9.8 Hz, 4H), 2.72 (s, 4H), 2.57 (s, 3H), 1.51
(s, 4H), 1.34 (t, J = 7.1 Hz, 7H), 1.25-1.20 (m, 3H), 1.18-0.96 (m, 43H), 0.81-0.68 (m, 12H).

MALDI-TOF MS (m/z): calcd for C76HosBraNsOSasZn: 1448.06, found: 1447.192.

2.1.6. Synthesis of compound 8

To a two-neck round flask N-iodosuccinimide (277.7 mg, 1.24 mmol) was added to
compound 7 (800 mg,1.24 mmol) in 100 mL chloroform under nitrogen. The mixture was
stirred at room temperature for 0.5 h, and quenched with 100 mL of methanol. After the
filtration, the solid was dissolved in 100 mL chloroform and 0.5 mL of pyridine, followed by
the addition of Zn(OAc)2-2H20 (664 mg, 3 mmol) in methanol (10 mL). The reaction mixture
was stirred overnight at room temperature. The solvents were removed, and the residue was

washed with ethanol three times and then purified by column chromatography using
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CHCla/hexane (3:1) as the eluent. A purple solid was obtained after the recrystallization from

DCM/ethanol.

2.1.7. Synthesis of compound Por2

In a 500-mL flask, 3 (500 mg, 0.60 mmol) and 2 (159.7 mg,0.60 mmol) were dissolved in
THF (15 mL) EtsN (3 mL) and the solution was bubbled with argon for 30 min. After that,
Pd(PPh3)s (35 mg, 0.03 mmol) and Cul (5.7 mg, 0.03 mmol) were added to the solution under
a nitrogen flow. The solution was refluxed for 12 h under nitrogen. The solvent was removed
under vacuum, and the solid residue was purified by preparative thin layer chromatography
using a CHCls/hexane (3:1) as eluent. Recrystallization from CHCls/methanol gave Por2 as a
purple solid. *tH NMR (400 MHz, CDCls 8): 9.98 (s, 1 H), 9.71 (s, 1 H), 9.33 (s, 1 H), 9.20 (m,
12H), 9.12 (m, 12H), 9.06 (m, 12H), 7.69 (m, 12H), 7.22 (m, 12H), 3.23(m, 12H), 2.05 (m,
12H), 1.68 (m, 12H), 1.07-1.38 (m, 12H). 3C NMR (100 MHz, CDCls, §): 150.58, 149.92,
148.66, 148.46, 147.43, 140.05, 133.72, 133.21, 132.00, 131.73, 131.29, 130.92, 125.52,
123.45, 115.72, 112.10, 111.40, 111.00, 105.60, 103.33, 89.64, 89.40, 77.39, 77.07, 76.76,
31.96, 30.56, 29.77, 29.26, 22.86, 14.35.ppm. MALDI-TOF MS (m/z): calcd for

CasH40BraN4SsZn: 970.2220; found, 971.7870.

2.1.8. Synthesis of PL1

To an eggplant type reaction bottle containing compound 3 (8.6 mg, 0.01 mmol), BDT (100
mg, 0.111 mmol) and TT (48.4 mg, 0.110 mmol) in a mixture of degassed toluene (2.4 mL)
and DMF (0.6 mL), a catalytic amount of tetrakis(triphenylphosphine)palladium(0)
[Pd(PPhs)s; 26 mg, 0.03 mmol] was added. The mixture was allowed to stir for 2 days at 110
°C. After reaction completion and cooling to room temperature, the mixture was poured into
methanol (200 mL). The precipitated solid was recovered by filtration in a Soxhlet thimble
and extracted with acetone, hexane, and chloroform for 12 h each. GPC (Chloroform,

polystyrene standard, 25 °C): M, = 71882, PDI = 3.2.
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Scheme 1. Synthetic routes of PL1 and PL2.
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2.1.9. Synthesis of PL2

To an eggplant type reaction bottle containing compounds 4 (12.1 mg, 0.01 mmol), BDT (100
mg, 0.111 mmol) and TT (48.4 mg, 0.110 mmol) in a mixture of degassed toluene (2.4 mL)
and DMF (0.6mL), a catalytic amount of tetrakis(triphenylphosphine)palladium(0)
[Pd(PPhs)s; 26 mg, 0.03 mmol] was added. The mixture was allowed to stir for 2 days at 110
°C. After reaction completion and cooling to room temperature, the mixture was poured into
methanol (200 mL). The precipitated solid was recovered by filtration in a Soxhlet thimble
and extracted with acetone, hexane, and chloroform for 12 h each. GPC (THF, polystyrene

standard, 25 °C): Mn = 112268, PDI = 2.32.

2.2 Instruments and characterization

NMR spectra were recorded on a Bruker AV400 MHz FTNMR spectrometer with TMS as the
internal standard with deuterated chloroform as solvent at 25 °C. UV-vis spectra were
recorded with a PE Lamda 25 UV-Vis spectrometer. Thermogravimetric analysis (TGA)
measurements were conducted on a TA Q600 thermogravimetric analyzer under nitrogen at a
heating rate of 20 °C minl. Cyclic voltammetry was performed using a CHI6600B
workstation, and measurements were carried out in anhydrous acetonitrile containing 0.1 M
BusNPFe as a supporting electrolyte. Glassy carbon electrode coated with polymer film and
platinum piece was used as a working electrode and a counter electrode respectively.
Saturated calomel electrode served as a reference electrode, and the scan rate was 100 mV s2.
The samples for testing were prepared from film using chloroform. The atomic force
microscopy (AFM) measurements of the surface morphology of samples were conducted on a

Dimension 3100 (Veeco) Atomic Force Microscope in the tapping mode.

2.3 Fabrication and characterization of solar cells
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The photovoltaic devices with a conventional structure (as shown in Figure 1) of
ITO/PEDOT:PSS/donor:PC7:BM/PFN/AI was constructed to evaluate the photovoltaic
performance. All the active layers with or without 1.5% DIO additive were spin-cast from
chlorobenzene solution (donor:acceptor = 1:1.5). The current-voltage (J-V) characteristics of
the devices were measured on a Keithley 2450 Source Measure Unit. The current—voltage
characteristics of the solar cells were measured under the illumination of AM 1.5G (100
mW/cm?) using a SS-F5-3A (Enli Technology Co. Ltd.) solar simulator (AAA grade, 50 mm
X 50 mm photobeam size). The EQE was measured by Solar Cell Spectral Response
Measurement System QER3011 (Enli Technololy Co. Ltd.). The light intensity at each

wavelength was calibrated with a standard single-crystal Si photovoltaic cell.

3. Results and Discussion

3.1 Synthesis and structure characterization

The synthetic routes for the monomers and polymers are illustrated in Scheme 1. The
thiophene-substituted porphyrin center was synthesized through the Stille coupling reaction
between 2,5-dibromo-3-ethynylthiophene and each of the compounds 5 and 8 using Pd(PPhz)4
and Cul as the catalyst for 24 h. The PL1 and PL2 were synthesized through the Stille
coupling reaction and showed good solubility in common organic solvents such as chloroform
and tetrahydrofuran. Gel permeation chromatography (GPC) was utilized to measure the
molecular weight of the polymer. The number average molecular weights (Mn) of the
polymers were 71.8 and 112.2 kDa for PL1 and PL2, respectively, with polydispersity
indexes (PDI) of 3.21 and 2.32. The thermal properties of the two polymers were studied by

TGA and the results are shown in Figure S6. The TGA curves reveal that the decomposition
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temperatures with 5% weight-loss (Tq) of PL1 and PL2 are 329 °C and 326 °C, respectively,

which indicates that they have good thermal stability for the application in OPVs.

3.2. Photophysical characterization

Figure 2 and Table 1 depict the absorption spectra and optical data of PL1 and PL2
measured in chloroform (CHCI3) solution and in thin solid films, which showed the maximum
absorption peak at 682 nm, and the shoulder peak at 639 nm, but the shoulder peak of PL1
was more intense. Obviously, it shows that the aggregation of PL1 is stronger in the solution
state, but the absorption of porphyrin Soret band of PL2 at 432 nm is more obvious than that
of PL1. In the film state, the absorption of PL1 and PL2 is obviously red-shifted, the shoulder
of PL2 is enhanced, and the shoulder of PL1 is weakened, indicating that PL2 may have
stronger m-electron delocalization and intermolecular n-mt stacking. Perhaps it can cause a
higher Jsc. The absorption edges (1on) of PL1 and PL2 are 816 nm and 761 nm, respectively,
and the corresponding optical band gaps (E¢°") are 1.52 eV and 1.63 eV, respectively. The
narrow band gap is favorable for the generation of excitons, which may bring about high Jsc

and PCE.

1.0} —— PL1 solution
—e— PL2 solution

1.0  ——PLA1 film
| —e—PL2 film

08 0.8+
0.6 0.6
0.4 0.4

0.2 0.2 -

Normalized absorbance (a.u.)
Normalized absorbance (a.u.)

0.0 1 1 1 1 1 1 1 1 0.0 1 L 1 1 1 L 1 1
350 400 450 500 550 600 650 700 750 800 850 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm)

Figure 2. Absorption spectra of PL1 and PL2 in CHCIs solution (a) and in film (b)
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Table 1. Optical and electrochemical properties for PL1 and PL2.

o Jim Jm E®® En® Ee® HOMOP LUMO® Eg&0
Polymer  vm)  m)  m) (V) (V) (V) (V) (V) (V)
PL1 % 711 816 152 098 -080 -5.38  -3.60 178
PL2 639, 431, 761 1.63 1.04 -0.93 -544 -3.47 1.97

682 698

TE = 1240/ 0n. " HOMO = -( Eo® + 4.4).  LUMO = -( Ere™ + 4.4). Y E° = LUMO-HOMO.

3.3  Electrochemical properties

In order to obtain the information of the frontier orbital energy levels of the two polymers, we
investigated their redox behaviours by cyclic voltammetry (CV) in acetonitrile containing
0.10 mol L? tetrabutylammonium hexafluorophosphate (BusNPFs) as the supporting
electrolyte and an Ag/Ag* electrode as the reference electrode (Figure 3). The energy levels
(HOMO and LUMO) of the two polymers were calculated from the onset of the oxidation and
reduction potentials by assuming the energy level of ferrocene/ferrocenium (Fc/Fc*) to be -4.8
eV below the vacuum level. The formal potential of Fc/Fc* was measured as 0.40 V against
Ag/Ag*. The onset oxidation (Eox®") and reduction (Er¢®") potentials are 0.98 and -0.80 V,
1.04 and -0.93 V for PL1 and PL2, respectively. According to the empirical equation, Enomo
= -(Ex® + 4.4) (eV) and ELumo = -(Ered™ + 4.4) (eV), respectively, the corresponding HOMO
and LUMO energies were estimated to be -5.38 and -3.60 eV, -5.44 and -3.47 eV for PL1 and
PL2, respectively. As compared with the HOMO (-6.0 eV) and LUMO (-4.19 eV) energy
levels for PC7:.BM, the polymer donors can have prominent exciton dissociation. The low
HOMO levels of these two polymers facilitate the generation of high open circuit voltages in
BHJ polymer solar cells.** Notably, the strategy of embedding a low ratio of porphyrin units
to the D-A copolymer side chain as pendants can present fairly low-lying HOMO levels, as
well as suitable band gaps (Eg), which guaranteed high Vo of the OSCs when blended with
PC71BM, because Vo is proportional to the energy difference between the LUMO of the

acceptor and the HOMO of the donor.[35 3¢

-12-




OCoO~NOUAWNE

—s—PL2

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential (V vs Ag/Ag™)

Figure 3. Cyclic voltammograms of the polymer films on a platinum electrode in 0.1
mol L BusNPFs in acetonitrile solution at a scan rate of 50 mV s,

3.4  Photovoltaic properties

The photovoltaic properties of PL1 and PL2 were investigated with the solution-processed
BHJ OSCs using PC7:BM as the electron acceptor and two polymers as the electron donors
under a conventional device structure of ITO/PEDOT:PSS/donor:PC7:BM/PFN/AI, and then
measured under AM 1.5 G illumination. The ratio of polymer donor and PC7:BM was
optimized to be 1:1.5 (w/w) and those blend films were processed with 1.5% DIO additive
from chlorobenzene. The current density-voltage (J-V) characteristics and external quantum
efficiency (EQE) are shown in Figure 4, and the key device parameters are included in Table
2. As seen in Table 2, the devices without DIO additive based on PL1 and PL2 show low
PCEs of only 3.90% and 4.00%, respectively. But with 1.5% DIO additive in the active layers,
the PCEs are raised remarkably to 5.73% and 7.14%, respectively, contributed by the
significantly improved Jsc and FF values, although the Vo values are reduced slightly. The

-13-
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decrease of Voc but the increase of Jsc and FF values can be ascribed to the strengthened
crystallinity of the porphyrins.B” %1 It is also noted that among all those devices with 1.5%
DIO or without DIO additive, the PL2-based devices show better PCEs with the higher Jsc
and FF values than PL1, which can be partially attributed to the better intramolecular charge
transfer (ICT) and better intermolecular n-n stacking of PL2.5%1 As shown in Figure 4b, the
external quantum efficiency (EQE) curves of the two optimized devices were measured, and
all the devices show a very wide range of photocurrent generation in the region of 300 to 800
nm. The Js values are calculated to be 11.2 and 13.8 mA cm for the devices based on PL1
and PL2, respectively, which agree well with the measured values. It is worth noting that the
overall EQE values of PL1-based device are relatively lower, leading to the lower Jsc value of
12.3 mA cm?, but the EQE values of PL2-based devices are higher from 428 nm to 800 nm,

leading to the higher Js; value of 15.2 mA cm™.

@)~ 2 T ® 0
E o ]
S . —a—PL1 1.5% DIO W
! ——PL21.5% DIO -
= - |
2 - S 404
® . w
S C 301
w
= - —=—PL11.5% DIO
‘E 204 —e—PL2 1.5% DIO
< .
< 101
= | ]
0 I ] ] T 0 r T r T T v T T
02 00 02 04 06 08 1.0 300 400 500 600 700 800
Voltage (V) Wavelength (nm)

Figure 4. (a) J-V curves of the BHJ OSCs based on donor/PC71BM (1:1.5, with 1.5% DIO)
under the illumination of AM 1.5 G at 100 mW cm 2. (b) EQE curves of the devices based on
donor/PC71BM (1:1.5, with 1.5% DIO)
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Table 2. Photovoltaic properties of the OSCs based on donor/PC7:BM (1:1.5, with 1.5%
DI0) under the illumination of AM 1.5 G, 100 mW cm 2,

Voc Jsc® FF PCE® Uh

Polymer —\y  mAcm?) (%) @)  (Em*Visl) (cm? v s1)
PL1* 095 9.05 455 3.90(3.81)  1.90x10* 1.26x10
PL1° 0.86 12.3(11.2) 544 573(557) 8.94x10* 4.56x10*
PL2*  0.95 9.25 454  4.00(3.92) 3.30x10* 2.43x10™

PL2° 0.84 15.2(13.8) 559 7.14(7.03) 1.01x103 8.95x10*

2 As-cast devices. ® With DIO (1.5%, v/v) as additive. ¢ Values calculated from EQE in
brackets. 9 Average value for 20 same devices in brackets.

3.5. Charge transport mobility

A space charge-limited current (SCLC) model was used to estimate the charge carrier
mobility of the blend films. We have measured the hole and electron mobilities of the two
donor/PC7.BM blend films from the J-V characteristics of the hole only and electron only
devices in dark. The information on the charge transfer properties of the fitted curve in the
space charge limiting current (SCLC) model and the values are shown in Figure 5, Figure S8
and Table 2. Obviously, the device based on the material with a larger hole mobility value
shows a higher photovoltaic efficiency. All of the P72CBM-based blend films exhibit balanced
unlue ratios, which are beneficial to obtaining high FF values. Moreover, the un/ue values of
PL1 and PL2 with 1.5% DIO are 1.96 and 1.13, respectively. The device based on PL2 has a
better hole/electron balance than PL1-based device, leading to less charge recombination and
higher Jsc and FF values of the OSC.[*°l The carrier recombination behaviors of the solar cells
were investigated by measuring the dependence of Jsc and Voc on the intensity of incident light
(Piight). The photovoltaic devices with 1.5% DIO additive based on these two polymers, Jsc

under different light intensities (P) were measured, and its relationship with P can be
expressed as Jsc o< P% where o is an exponential factor.[*!l Ideally, the carriers can be

completely collected by the two poles before recombination, and the relationship coefficient a

should be 1 in this case. In general, the higher o value (a<l) represents less bimolecular

-15-



OCoO~NOUAWNE

recombination. On the other hand, when o>1, there is recombination of defects.[*?] As shown
in Figure S9, the values of o for the PL1- and PL2-based devices are 0.893 and 0.991,
respectively, indicating that there is only bimolecular recombination, but the value of a for
PL2-based device is closer to 1, meaning that the recombination of PL2-based device is less,

which is consistent with its higher Jsc and FF.

(a) 250 (b) 200
= PL11.5% DIO = PL11.5% DIO
200 - . PL2 1.50/0 DIO ° PL2 1.5% Dlo
150 -
" g 150- g
5 S 100-
,n_s 100 ms
- = 2 50 .
0 T T T T L) T T 0 T T T T L) Al
05 10 15 20 25 30 35 40 45 15 2.0 25 3.0 3.5 4.0 4.5 5.0
Vappl-vbi-vbr N vappl'vbi'vbr N

Figure 5. J°° vs Vapp curves of the hole-only (a) and electron-only (b) devices
according to the SCLC method.

3.6 Film morphology

The morphologies of the blend films were investigated by atomic force microscopy in the
tapping mode (Figure 6). As seen in the AFM images, the morphology of polymer: PC7:BM-
based BHJ thin films spin-coated without and with 1.5% DIO additive exhibits different
surfaces. The root-mean-square (RMS) of the blend films based on PL1 and PL2 are 0.31 nm
and 0.37 nm, respectively. They show higher RMS roughness values (0.78 nm and 0.74 nm,
respectively.) after adding 1.5% DIO, indicating optimized nanoscale phase separation and
bicontinuous D/A interpenetrating network structure, which could facilitate the separation of
excitons in the composite films, thereby contributing to the improvement of Jsc and FF as well

as a greater mobility.
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(a) pL1 without DIO (b) pL1 1.5% DIO

"

RMS= 0.31 nm RMS= 0.78 nm

(c) PL2 without DIO (d) pL2 1.5% DIO

RMS= 0.37 nm RMS= 0.74 nm

Figure 6. (a), (b), (c) and (d) AFM height images (1 x 1 um, tapping-mode) of PL1/PC71BM,
PL2/PC7:BM, PL1/PC7:BM with 1.5%DIO and PPor-11/PC7:BM with 1.5% DIO composite
film, respectively.

4. Conclusions

In summary, two new block copolymers with porphyrin-incorporated side chains as pendants
were designed and synthesized. They have good solubility in common organic solvents, and
the introduction of porphyrin units renders them panchromatic absorbers. Films with 1.5%
DIO addtive based on PL1 as donor afforded 5.73% photoelectric conversion efficiency.
When the porphyrin pendant is shrinked properly, a 7.14% efficiency was obtained from PL2-

based blend films with higher Jsc and FF, more balanced carrier mobility, less bimolecular
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recombination and better blend morphology. These results indicate that the strategy, in which
a conventional D-A polymer side chain is embedded with a porphyrin pendant, is effective to
realize high-performance solution-processed BHJ OSCs. The size of the porphyrin pendant
affects the optical properties and electrochemical properties of the polymer. By adjusting the
size of the porphyrin pendant appropriately, the charge transport and film morphology of the
device can be effectively improved, which further benefits the development of high

performance copolymers for OSCs with well-matched acceptors and/or donors materials.
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Graphical Abstract

Two new block copolymers with porphyrin-incorporated side chains as pendants were
synthesized. Such strategy, in which a conventional D-A polymer side chain is embedded
with a porphyrin pendant, is effective to realize high-performance solution-processed bulk-

heterojunction organic solar cells.
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