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Abstract Selection of the strategically substituted alkyl chains has a significant effect to modulate the physical properties of conjugated
polymers, electro-optical characteristics, and active layer morphology of the corresponding polymer solar cells (PSCs). Herein, we systematically
synthesized three dibenzo[a,c]phenazine based D-m-A donor polymers named PBP-CO, PBP-C8, and PBP-C6 with different alkyl substitutions on
thiophene m-bridges, without alkyl, 2-ethylhexyl and n-hexyl groups, respectively. The absence of the alkyl chain (PBP-C0) on the m-bridge caused
poor solubility and unfavorable miscibility with the Y5 acceptor, leading to the lower photovoltaic performance. The bulky alkyl chain of 2-
ethylhexyl on the m-bridge group caused the twisting of PBP-C8 conjugated backbone, which limits the charge transport and also compromises
the photovoltaic performance. In contrast, the PBP-C6-with flexible linear alkyl chains has almost planar curvature geometry resulting in the small
uniform domain size and appropriate phase separation in the blend film morphology. These favorable properties enhanced the exciton
generation to dissociation, charge carrier mobility, and also lowered the charge recombination. Among three polymers, PBP-C6-based devices
exhibit the best PCE of 11.60%. From these results, thiophene m-bridge alkyl substitution demonstrated an important strategy to adjust energy

level, absorption, and phase separation morphology to enhance the photovoltaic performance of the PSCs.
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INTRODUCTION

Polymer solar cells (PSCs) have gained a lot of attention from
researchers attributed to inherent advantages, flexibility, light-
weight, low cost, easy solution processability, and potential
commercial large-scale layer to layer production.'-'% Recently,
the power conversion efficiency (PCE) of PSCs has been enha-
nced dramatically after the emergence of the Y-series of non-
fullerene acceptors with a unique A-D-A"-D-A structure. In 2019,
Y6 non-fullerene acceptor was discovered by Zou and co-
workers, exhibiting an impressive PCE of 15.7% with the star
donor polymer PM6.'"'2 Since then many research groups
performed rational structural derivatization to further boost
photovoltaic performance.’3-'®! As Y-series acceptors demon-
strated extraordinary performances, it is highly requisite to
design the highly efficient complementary polymer donors.
Therefore, researchers put forward many efforts to design novel
efficient polymer donors and also to improve the already known
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molecular structure. PM6 is the most frequently used star high-
performance D-n-A donor polymer, reported by Hou and co-
workers in 2015, where 4,8-bis(5-(2-ethylhexyl)-4-fluorothio-
phen-2-yl)benzo[1,2-b:4,5-b"1 (BDT-F) was employed as electron-
rich (D) unit and 1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl)be-
nzo-[1,2-c:4,5-c'ldithiophene-4,8-dione (BDD) as electron defici-
ent (A) unit""! PM6 remains the first choice to realize the high-
performance PSC, it is evident that most of the efficient PSCs
over 17% are fabricated with PM6 as a donor.'’-23! Meanwhile,
there are several other noticeable high-performance donor
polymers based on binary devices reported, PBTT-F,?* D18,1%
PBD-C1,12! BNTB-2T%?”) and PBQ6.%®!

In 2018, Li and co-workers reported a quinoxaline-based
polymer donor PTQ10, where difluorinated-alkoxy-substituted
quinoxaline (DFQ) was employed as (A) unit and thiophene as
(D) unit, realized the PCE of 12.7% with IDIC as acceptor.l29 To
further reveal the potential of quinoxaline, they developed
high-performance polymers.24 The availability of multiple
substitution sites on quinoxaline units provides an exception-
al advantage to modulate electro-optical properties along
with the film morphology. Compared to pendant phenyl ring
on quinoxaline, cyclized dibenzola,clphenazine has more
planarity and extended conjugation. In previous reports,
dibenzola,clphenazine unit copolymerized with several other
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electron-rich units, carbazole,3% fluorene,3 |DT,132331 and
BDT,134-371 but the binary devices based on those materials
only delivered PCEs around 5%, according to the best of our
knowledge.

Herein, we employed quinoxaline derivative dibenzo[a,c]
phenazine as (A) unit to construct D-7r-A polymers with BDT-F
as (D) unit. We rationally used different alkyl-substituted
thiophene m-bridge to synthesize polymer named as PBP-CO,
PBP-C8, and PBP-C6 with non-alkylated, 2-ethylhexyl, and n-
hexyl alkyl chains on thiophene bridge, respectively. To
design new D-m-A based polymers, m-bridges play a critical
role to regulate the conjugated backbone conformation and
molecular geometry.38-441 Therefore, the introduction of -
bridges requires careful consideration due to the subtle ef-
fects on the electro-optical properties, structure geometry,
film morphology, processability, and photovoltaic perform-
ance. In general, weak electron-donating thiophene derivat-
ives as r-bridges have a reputation to achieve balance in in-
trinsic properties and processability.45-481 Both PBP-CO and
PBP-C8 exhibited low photovoltaic performance because of
the poor solubility and twisted conjugated backbone, re-
spectively. Whereas in a previous report, the introduction of
alkyl-substituted m-bridge induces twisted zigzag conforma-
tion allowing easy solution processability to realize the high
performance for BDD-based polymers.[91 PBP-C6 with n-hexyl
substituted thiophene m-bridge relatively have a planar con-
jugated backbone. The binary devices based on PBP-C6:Y5
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demonstrated the best PCE of 11.6%. To the best of our know-
ledge, we are reporting the highest PCE of dibenzola,c]
phenazine-based binary devices as 11.6% with Y5 as acceptor.
These results reveal the subtle effect of alkyl groups on 7-
bridge to control the optical properties, energy levels, solubil-
ity, and phase separation morphology, which all are essential
to developing efficient polymer donors.

EXPERIMENTAL

Materials and Measurements

The synthetic routes to the three target polymers, PBP-CO, PBP-
C8 and PBP-C6, are fully illustrated in Scheme 1. All chemicals in
this study were purchased from commercial resources unless
additional noted. Compounds 2, 3, and 4 were synthesized
according to the previous report.”® 'H-NMR was used to char-
acterize all the molecules. Besides, '*C-NMR and matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) were used to characterize the three monomers.

Synthesis of Compound 6

The solution of compound 5 (3.0 g, 10.28 mmol) in anhydrous
ethanol was prepared. Then, 12 g (290 mmol) of NaBH, was
added in small batches at 0 °C. After 10 min reaction, the
mixture was gradually raised to room temperature and stirred
overnight. After the evaporation of ethanol, the solid was
dissolved in dichloromethane and washed with saturated brine
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PBP-C6: R = n-hexyl

Synthetic routes to PBP-CO, PBP-C8 and PBP-C6 polymers.
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for three times. The organic phase was dried with sodium
sulfate and the solvent was evaporated after filtration to obtain
white solid compound 6. The crude product can be used in the
next reaction without further purification.

Synthesis of Compound 7

Under an argon atmosphere, compound 4 (1.0 g, 2.31 mmol)
and compound 6 (0.74 g, 2.78 mmol) were dissolved in acetic
acid (50 mL) and refluxed overnight. Then, the temperature of
the reaction mixture was brought to room temperature, the
yellow solid appeared in the liquor. The yellow solid compound
7 (0.78 g, yield=42%) was obtained from silica column chrom-
atography by using hexane as the eluent. "H-NMR (400 MHz,
Chloroform-d, 6, ppm) 9.31 (d, J=8.1 Hz, 2H), 8.25 (s, 2H), 7.96 (s,
2H), 7.55 (d, J/=8.6 Hz, 2H), 2.84 (d, J=7.1 Hz, 4H), 1.84-1.75 (m,
2H), 1.42-1.29 (m, 16H), 0.9-0.90 (m, 12H).

Synthesis of Compound 8a

The Stille-coupling reaction was carried out to acquire comp-
ound 8a. Compound 7 (0.25 g, 0.39 mmol) and tributyl(thiop-
hen-2-yl)stannane (0.59 g, 1.58 mmol) were added in a sealed
flask with Pd(PPh;),Cl, (20 mg, 0.019 mmol) as catalyst. Vacu-
uming and backfilling the flask with argon gas three times to
ensure oxygen free system. After adding 20 mL of deoxygen-
ated toluene as solvent, the temperature of the reaction mixture
was raised to 110 °C and kept stirring overnight. After comp-
letion of the reaction, the toluene was removed through a
rotary evaporator and further subjected to silica column chro-
matography to give a red solid product 8a (0.90 g, yield=71%),
hexane:dichloromethane (9:1) as the eluent. "TH-NMR (400 MHz,
Chloroform-d, 6, ppm) 9.47 (d, J=8.1 Hz, 2H), 8.32 (s, 2H), 8.23 (s,
2H), 7.92 (d, J=3.2 Hz, 2H), 7.65 (d, J=5.2 Hz, 2H), 7.62 (d, J=8.2 Hz,
2H), 7.28 (s, 2H), 2.86 (d, J=7.1 Hz, 4H), 1.85-1.76 (m, 2H),
1.37-1.31 (m, 24H), 0.97-0.88 (m, 12H).

Synthesis of Compound 8b

Compound 8b (0.26 g, 0.29 mmol, yield=88%) was obtained by
using the same reaction conditions as the synthesis of comp-
ound 8a with compound 7 (0.22 g, 0.33 mmol) and tributyl(4-(2-
ethylhexyl)thiophen-2-yl)stannane (0.65 g, 1.33 mmol). '"H-NMR
(400 MHz, Chloroform-d, 6, ppm) 9.47 (d, J=8.2 Hz, 2H), 8.31 (s,
2H), 8.18 (s, 2H), 7.76 (s, 2H), 7.60 (d, J=8.2 Hz, 2H), 7.20 (s, 2H),
2.86 (d, J=7.1 Hz, 4H), 2.73-2.66 (m, 4H), 1.84-1.70 (m, 5H),
1.45-1.32 (m, 33H), 0.95-0.89 (m, 24H).

Synthesis of Compound 8c

Compound 8c (0.34 g, 0.41 mmol, yield=84%) was obtained by
using the same reaction conditions as the synthesis of comp-
ound 8a with compound 7 (0.32 g, 0.48 mmol) and tributyl(4-
hexylthiophen-2-yl)stannane (0.90 g, 1.96 mmol). "H-NMR (400
MHz, Chloroform-d, §, ppm) 9.45 (d, J=8.2 Hz, 2H), 8.30 (s, 2H),
8.16 (s, 2H), 7.77 (d, J=1.5 Hz, 2H), 7.59 (d, J/=8.2 Hz, 2H), 7.22 (s,
2H), 2.85 (d, J=7.1 Hz, 4H), 2.75 (t, J=7.7 Hz, 4H), 1.83-1.74 (m,
6H), 1.40-1.37 (m, 32H), 0.98-0.87 (m, 18H).

Synthesis of Monomer 9a

Under the dark condition N-bromosuccinimide (NBS) (0.143 g,
0.81mmol) was added to solution of compound 8a (0.27 g, 0.40
mmol) in 30 mL of THF at 0 °C. After the removal of ice bath, the
reaction mixture was kept on stirring for 2 h at room temp-
erature. The reaction was quenched by the addition of 10 ml
water. A red solid product compound 9a (0.21 g, yield=63%)

was obtained from silica column chromatography with hexane
as the eluent. "TH-NMR (400 MHz, Chloroform-d, 8, ppm) 9.23 (d,
J=8.0 Hz, 2H), 8.21 (s, 2H), 7.94 (s, 2H), 7.57 (d, J=8.0 Hz, 2H), 7.47
(d, J=3.2 Hz, 2H), 7.12 (d, J=3.0 Hz, 2H), 2.83 (d, J=6.4 Hz, 4H),
1.82 (s, 2H), 1.44-1.31 (m, 16H), 1.00-0.89 (m, 12H). 3C-NMR
(101 MHz, Chloroform-d, 6, ppm) 144.61, 141.79, 139.50, 137.07,
132.14, 130.10, 129.21, 128.92, 127.93, 127.75, 125.17, 12491,
123.05, 116.71, 41.20, 40.90, 32.51, 28.96, 25.63, 23.18, 14.26,
10.93. MALDI-TOF MS: calculated for CyuHseBroN,S, [M*]:
826.7940; Found: 826.1855.

Synthesis of Monomer 9b

Monomer 9b (2.0 g, 1.90 mmol, yield=85%) was obtained by
using the same condition as the synthesis of compound 9a, with
compound 8b (2.0 g, 2.24 mmol) and NBS (0.83 g, 4.70 mmol).
"H-NMR (400 MHz, Chloroform-d, &, ppm) 9.34 (d, /=8.1 Hz, 2H),
8.24 (s, 2H), 8.04 (s, 2H), 7.59 (d, J=8.3 Hz, 2H), 7.50 (s, 2H), 2.84 (d,
J=70 Hz, 4H), 261 (d, J/=7.1 Hz, 4H), 1.85-1.72 (m, 4H),
1.46-1.30 (m, 32H), 1.00-0.87 (m, 24H). '3C-NMR (101 MHz,
Chloroform-d, 6, ppm) 144.29, 141.52, 140.02, 137.46, 137.32,
131.97, 129.94, 129.04, 127.96, 127.71, 126.36, 124.61, 122.89,
114.55, 41.17, 4091, 40.16, 33.84, 32.64, 32.53, 28.95, 25.75,
25.63, 23.24, 23.21, 14.28, 1097, 10.93. MALDI-TOF MS:
calculated for CggH;gBr,N,S, [M*]: 1051.2260; Found: 1051.5098.

Synthesis of Monomer 9c

Monomer 9c (0.74 g, 0.75 mmol, yield=70%) was obtained by
using the same condition as the synthesis of compound 9a, with
compound 8c (0.90g, 1.08 mmol) and NBS (0.40 g, 2.26 mmol).
"H-NMR (400 MHz, Chloroform-d, §, ppm) 9.37 (d, J=8.2 Hz, 2H),
8.28 (s, 2H), 8.06 (s, 2H), 7.62 (d, J=8.2 Hz, 2H), 7.55 (s, 2H), 2.85 (d,
J=7.1Hz, 4H), 2.69 (t, J/=7.7 Hz, 4H), 1.82 (t, J=6.2 Hz, 2H), 1.73 (s,
4H), 1.50-1.28 (m, 28H), 0.99-0.92 (m, 18H). '>*C-NMR (101 MHz,
Chloroform-d, §, ppm) 144.13, 141.33, 140.70, 137.47, 137.06,
131.87, 129.66, 128.91, 127.94, 127.70, 125.56, 124.29, 122.80,
113.72, 41.16, 40.89, 32.53, 31.87, 29.92, 29.65, 29.31, 28.98,
2562, 23.22, 2281, 1429, 14.25, 10.92. MALDI-TOF MS:
calculated for CsgH,(Br,N,S, [M*]: 995.1180; Found: 995.4521.

Polymerization of PBP-C0, PBP-C8, and PBP-C6

Polymers PBP-CO, PBP-C8, and PBP-C6 were synthesized
through the Stille-coupling reaction of 10 with 9a, 9b, and 9c,
respectively, where Pd,(dba); was used as a catalyst and P(o-
tol); as ligand, in deoxygenated toluene, under an argon
atmosphere. The reaction mixture was kept on stirring over-
night at 125 °Cin an oil bath. The reaction mixture was dropped
in methanol and the precipitates were collected through
vacuum filtration. Polymers were extracted from Soxhlet extr-
action using methanol, petroleum ether, dichloromethane,
chloroform, and chlorobenzene, successively. PBP-C8 and PBP-
C6 exhibited good solubility in chloroform and chlorobenzene
while PBP-CO showed poor solubility in chloroform and chlo-
robenzene. The corresponding molecular weights were measu-
red by using high-temperature gel-permeation chromatogra-
phy. The number-average molecular weights (M,) of the
polymers PBP-CO, PBP-C8, and PBP-C6 were 12.2, 43.4 and 45.9
kDa with polymer dispersity index (PDI) of 1.60, 2.03 and 1.93,
respectively. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were used to investigate the thermal
stability of all polymers as shown in Fig. S2 (in the electronic
supplementary information, ESI). All the polymers have good

https://doi.org/10.1007/s10118-022-2719-z


https://doi.org/10.1007/s10118-022-2719-z

892

thermal stability, 5% weight loss was observed at 345, 435 and
428 °C, of PBP-CO, PBP-C8 and PBP-C6, respectively. The
corresponding DSC curves from 50 °C to 300 °C show no
endothermic or exothermic peaks because the rigid conjugated
backbones limit the motion of polymer chains.

RESULTS AND DISCUSSION

Optical and Electrochemical Properties

UV-Vis absorption spectra were tested in solution and film to
determine the optical properties of polymers and the acceptor.
Fig. 1(a) shows the normalized film UV-Vis absorption spectra of
PBP-CO, PBP-C8, PBP-C6 and Y5. Absorption coefficients were
measured in chlorobenzene as shown in Fig. 1(b). Both solution
and film absorption spectra of polymers show two strong
maximum absorption peaks below 500 nm and 500—-700 nm.
The absorption peak at a longer wavelength is associated with
the intramolecular charge transfer (ICT) band. Whereas, the
absorption peak at the shorter wavelength is associated with -
7 transition along the conjugated backbone of polymers, a
signature peak of dibenzola,clphenazine based polymers."
The optical bandgaps of polymers were measured from film
absorption onset, according to the equation of E,°P* = 1240/
Aonset. The measured film absorption onsets were at 764, 716 and
745 nm for PBP-CO, PBP-C8, and PBP-C6, and their optical
bandgap were 1.62, 1.73 and 1.67 eV, respectively. These optical
property data are displayed in Table 1. The substituted bulky
alkyl group on the thiophene r-bridge induces steric hindrance,
which limits the effective conjugation along the conjugated
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backbone and consequently increases the optical bandgap. The
red-shift over 25 nm in the ICT band can be observed for all
polymers from solution to film, attributed to the formation of a
more ordered microstructure in film. In addition, all the
polymers display a complementary absorption profile with a Y5
acceptor, which is beneficial to harvest maximum solar energy.

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels of
polymers and the acceptor were measured by cyclic voltam-
metry (CV). The CV curves of PBP-CO, PBP-C8, PBP-C6 and ac-
ceptor Y5 are shown in Fig. 1(c). Eqomo/ELumo Values are calcu-
lated as —3.54 eV/-5.48 eV, —3.58 eV/-5.57 eV and —-3.54
eV/-5.50 eV, respectively. These values were used to plot the
energy level diagrams as shown in Fig. 1(d). In general, the
Vo of devices depends upon the difference between Eyomo
(donors) and E o (acceptors) while excluding other influ-
ences, deeper the Eyouo of donors more will be the V.
Therefore, a similar trend in V¢ is observed for PBP-CO, PBP-
C6, PBP-C8 based devices when blended with Y5 acceptor as
discussed in the next section.

Theoretical Calculations

To further investigate the effect of different substituted thiop-
hene m-bridge on the molecular space geometry and electronic
density distribution, theoretical calculations were performed by
use of density functional theory (DFT) in the B3LYP/6-31G(d,p)
level#) To reduce the computational cost, polymers were
calculated as oligomers with two repeating units, and alkyl
chains were replaced with methyl groups. As shown in Fig. S3
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voltammograms and (d) energy level diagrams of the polymer donors PBP-CO, PBP-C8, PBP-C6 and acceptor Y5.
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Table 1 Physicochemical properties of PBP-CO, PBP-C8 and PBP-C6.
Solution Film .06t (eV) c ) p ) M. (kDa)
Materials e e e a PDI
Amax (nm) a (Mq.cmq) )‘max (nm) )‘onset (nm) ¢ HOMO LMo "
PBP-CO 433,597 3.48x10* 462,631 764 1.62 —-3.54 —5.48 12.2 1.60
PBP-C8 426,564 4.75x10% 441,617 716 1.73 —3.58 —5.57 434 2.03
PBP-C6 436, 608 3.80x10* 463,632 745 1.67 -3.61 —-5.50 45.9 1.93
Y5 719 18.4%x10* 795 876 1.42 -3.83 —-5.61 - -

(in ESI), the measured dihedral angles of PBP-CO, PBP-C8, and
PBP-C6 between D-units and thiophene units are 9.3°, 29.2° and
25.0°, respectively. Similarly, the measured dihedral angles of
PBP-CO, PBP-C8, and PBP-C6 between A-units and thiophene
units are 15.7°, 11.9° and 11.9°, respectively. The lower dihedral
angles are beneficial to make conjugated backbone planar and
also to improve -7 stacking. Although PBP-CO demonstrated
the smallest dihedral angle among other polymers, poor
solubility limited its device application. PBP-C8 has the bulky
branched alkyl chain on m-bridge which induced the steric
hindrance thus increasing the dihedral angle and attaining the
twisted curvature geometry in calculated optimized structure.
Furthermore, PBP-C6 possessed a moderate dihedral angle that
resulted in an almost planar geometry with improved solubility,
which is beneficial for efficient charge transportation.

Temperature-dependent Absorption

To study conformational behavior of polymers at different
temperatures, temperature dependant UV-Vis absorptions
spectra of PBP-CO, PBP-C8, and PBP-C6 were recorded in
chlorobenzene with a gradual rise in the temperatures from
30 °C to 100 °C as shown in Fig. 2. Both PBP-C8 and PBP-CO
absorption spectra show a little blue-shift in the ICT absorption
band with the rise in the temperature, suggesting a highly rigid
conjugated backbone. Whereas, PBP-C6 shows a notable blue-
shift in the ICT absorption band with the rise in the temperature,
which suggests conformational freedom due to the flexible
linear alkyl chain. Furthermore, the ICT absorption band of PBP-
C8 has a lower intensity than the absorption band at the shorter
wavelength, governs by the twisted curvature geometry. The
twisted curvature geometry lowers the effective conjugation
that resulted in the hypochromic shift of the ICT band. On the
contrary, the ICT band of PBP-C6 shows relatively high
absorption which indicates a planar conjugated backbone that
ensures effective conjugation and greater charge mobility.
These results are consistent with calculated optimized geometry
by DFT calculations.

Photovoltaic Properties

To investigate the photovoltaic properties of each polymer,
conventional devices were fabricated with device structure as
shown in Fig. S1 (in ESI). The current density-voltage (J-V) plot of
each device is shown in Fig. 3(a), and these data are displayed in
Table 2. PBP-C8:Y5-based PSC has the higher V¢ of 0.938 V
attributed to the lowest Eovo of PBP-C8 among the three
polymers with low Js of 11.08 mA-cm~2, an FF of 55.09%, which
compromised PCE of 5.72%. The poor solubility of PBP-CO limits
the processability, which results in PBP-C0:Y5-based device
unfavourable photovoltaic performance including a Vo of
0.792 V, a Joc of 10.33 mA-cm™2, an FF of 37.13%, and a PCE of
3.04%. The devices based on PBP-C6:Y5 possesses a Vo of
0.872 V, the best Js of 20.90 mA-cm=2 and the best FF of

61.26%, and the best PCE of 11.60% among the three devices.
External quantum efficiency (EQE) values of the three
devices were measured at the wavelength range from 300 nm
to 1000 nm as shown in Fig. 3(b). PBP-C6:Y5-based devices ex-
hibits the maximum EQE values over 70%, which is beneficial
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Fig.2 Temperature-dependent absorption spectra of (a) PBP-CO, (b)
PBP-C8 and (c) PBP-C6 in chlorobenzene.
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Fig.3 The (a) J-V plots, (b) EQE plots, (c) Jpy, versus Vg, and (d) Jsc versus the light intensity of PBP-CO, PBP-C8 and PBP-C6 based devices.

Table2 Photovoltaic parameters for donors:Y5 devices.

Voc? (V) Jsc @ (mA-cm™) FF 2 (%) PCE @ (%) Jscgqe (MA-cm™2)
PBP-CO:Y5 0.792 (0.722+0.072) 10.33(9.11+1.26) 37.13 (31.20+4.69) 3.04 (2.68+0.38) 10.29
PBP-C8:Y5 0.938 (0.920+0.027) 11.08 (9.95+1.11) 55.09 (52.23+5.62) 5.72 (5.01+0.67) 11.17
PBP-C6:Y5 0.872 (0.869+0.004) 20.90 (20.69:+0.26) 61.26 (58.94+1.79) 11.60 (10.71+0.36) 20.64

2The average values of PCE were obtained from 10 independent cells.

to capture more light and obtain high Js.. PBP-C8:Y5 and PBP-
C0:Y5-based devices demonstrated weaker EQE values below
40% at the wavelength range from 300 nm to 1000 nm. The
current density values are measured to be 10.29, 11.17 and
20.64 mA-cm~2 from PBP-C0:Y5, PBP-C8:Y5 and PBP-C6:Y5
based devices EQE curves, respectively, as shown in Table 2,
respectively. The Jsc values calculated from EQE are the same
as J-V curves, which proves the reliability of the photovoltaic
parameters.

To study the charge recombination behavior in three differ-
ent devices as shown in Fig. 3(c), the dependence of Jsc on
different illumination intensities (Pjgn) was tested. To be spe-
cific, the relationship between Jsc and Pjgy, follows the equa-
tion Jsco<Pygny the value (a) which is equal to the slope can
reflect the degree of charge recombination. If a approach 1, it
means that there is almost no bimolecular recombination
happening in the active layer. The value (a) of 0.99 for the
PBP-C6-based devices is more closed to 1 than the other two
devices, which indicated efficient suppression of bimolecular
recombination.

To gain more insight into the exciton dissociation, the rela-
tionship between photocurrent density (Jp,) and effective
voltage (V.¢) of the three devices were measured as shown in

Fig. 3(d). Generally speaking, Jp, is defined as the difference
between the values of current density under 100 mW-cm-2
illumination and the value of current density in the dark. V¢
is defined as the equation of V¢ =V, - V,, in which V, is the
applied voltage and Vj, is the voltage when Jp,, is 0. Js, is the
saturated photocurrent density under a high V¢ over 2 V,
where all photoinduced excitons dissociate into free carriers
and are collected. Py is defined as Jp,/Js,:, which can repres-
ent the degree of exciton dissociation. Py, values of PBP-CO,
PBP-C8, and PBP-C6-based devices were measured as 25.9%,
56.9%, and 72.5%, respectively. PBP-C6-based device shows
more effective exciton dissociation and charge collection,
which give rise to a higher Js.

Hole and electron mobilities were measured by the space-
charge-limited current (SCLC) method as shown in Fig. S4
and the results are listed in Table S1 (in ESI). The hole mobili-
ties (u,) of PBP-CO, PBP-C8 and PBP-C6-based devices are
0.06x1074, 0.57x10~% and 1.40x10~4 cm2-V-1.s71, respectively.
Meanwhile, the electron mobility (u,) of the three devices are
0.48x1074, 1.48x10~% and 2.12x10~4 cm2-V-1s71, respectively.
The satisfactory u;, and p, of PBP-C6-based device led to high
Jsc and PCE. In the meantime, PBP-C6-based device pos-
sesses the balanced hole/electron mobility (u,/u.) values as
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Fig.4 (a—c) AFM (5 um x 5 ym) and (d—f) TEM images of PBP-C0:Y5, PBP-C8:Y5 and PBP-C6:Y5 blend films.

0.66 when being compared with PBP-CO-based and PBP-C8
based devices as 0.13 and 0.39, respectively. A balanced u;/ue
is beneficial to both charge transport and efficient carrier col-
lection. Considering the highest hole and electron mobility,
the most efficient exciton dissociation, and the less charge
carrier recombination, PBP-C6-based device shows higher FF,
Jsc, and PCE in three devices.

Morphology of Blend Film

The active layer with a smooth surface is essential for good
photovoltaic performance, requires keeping a good contact
between the adjacent hole and electron transporting layers. The
root mean square (RMS) roughness of PBP-CO:Y5, PBP-C8:Y5,
and PBP-C6:Y5 blend films were measured as 0.82, 1.01 and
0.70 nm, respectively, as shown in Figs. 4(a)—4(c). Among all the
active layers, the PBP-C6:Y5 film exhibits the smallest RMS,
which suggests both suitable compatibility and miscibility. Such
morphological compatibility is beneficial to efficiently generate
exciton, dissociate exciton, and transport charge carrier. The
TEM results also show good consistency with the AFM data and
TEM images are shown in Figs. 4(d)—4(f).

In contrast to PBP-C6:Y5 blend films, other blend films
show slightly bigger domain sizes attributed to poor misci-
bility between donors and acceptors. The poor solubility of
PBP-CO limits the processability of PBP-C0:Y5 blend film that
leads to overside self-aggregated domains. With the flexible
linear alkyl group on m-bridge, PBP-C6:Y5-based devices show
moderate domain sizes and phase separation, which contrib-
uted to more exciton generation, more efficient exciton disso-
ciation, higher charge carrier transport, and finally led to a
high PCE.

CONCLUSIONS

In summary, we synthesized and studied three dibenzola,c]

phenazine based polymers, named PBP-CO, PBP-C8, and PBP-C6,
with different substitutions: hydrogen atoms, 2-ethylhexyl, and
n-hexyl groups on the m-bridge, respectively. The steric hind-
rance induced by the bulky alkyl group on the r-bridge twisted
the conjugated backbone thereby increasing the optical
bandgap and exhibiting poor blend film morphology. Both PBP-
C0:Y5 and PBP-C8:Y5 blend films showed bigger domain sizes
caused by the poor solubility and rigid twisted geometry,
respectively. This lowered the exciton generation and disso-
ciation, charge carrier mobility, and photovoltaic performance.
On the contrary, the n-hexyl substituted polymer PBP-C6 based
devices exhibited much better charge mobility, exciton diss-
ociation, and optimum domain attributed to the planar curva-
ture geometry and good solubility. We have achieved the PCE of
PBP-C6 based devices as 11.60% with a Vo of 0.872 V, a Js of
20.90 mA-cm™', and an FF of 61.26%. These results highlight the
positive effects of the moderate size alkyl chains on the 7-
bridges as an effective strategy to tune the solubility, energy
levels, absorption, morphology of the donor polymers to
enhance the photovoltaic performance.
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