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Abstract: The molecular design strategy of alternating electron donor and acceptor units is widely used to develop poly-
mer donors for organic solar cells (OSCs), enabling tuning of absorption spectra and frontier molecular orbital energies.
To enhance the efficiency and stability of OSCs, researchers have created new materials with novel donor and acceptor
units. In this study, pyrido[2,3-g]quinoline-2,7(1H,6H)-dione (PQD) was introduced as a new polycyclic lactam building
block. The synthesized polymers, PPQD-BDT and PPQDT-BDT, exhibited broad absorption from 300 to 700 nm and
a wide bandgap of 1.93 and 1.85 eV, respectively. OSC devices were fabricated using these polymers as donors blended with
a non-fullerene acceptor (ITIC). The maximum power conversion efficiency (PCE) of PPQDT-BDT was 2.86% due to bet-
ter molecular orientation in the film state, whereas PPQD-BDT exhibited a lower PCE of 1.34%. Moreover, OSC devices

based on PPQDT-BDT blended with Y6 as a non-fullerene acceptor showed a PCE of 4.52%.

Keywords: organic solar cell, polycyclic building block, lactam, polymer donor.

Introduction?

Bulk heterojunction (BHJ) organic solar cells (OSCs) have
been attracting research interest for the last few decades because
of their light weight, flexibility, low production cost, and tun-
able light absorption range."® The power conversion efficiency
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(PCE) of single-junction BHJ OSC has increased to over 18%,
due to enormous efforts in the development and synthesis of
new photoactive materials such as donors and acceptors and
the optimization of device configurations.”” However, the PCE
and stability of OSCs are still lower than those of Si-based
solar cells. Therefore, continuous development of new photo-
active materials is required to improve the stability and per-
formance of OSCs.

In donor(D)-acceptor(A) type conjugated copolymers, elec-
tron donor and acceptor units are alternately connected to tune
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the absorption spectra and frontier molecular orbital (FMO)
energies.'”"* Benzodithiophene (BDT) is a popular donor unit
in the OSC field, because its planar structure can lead to high
hole mobility'* and preferential face-on molecular orientation,
which are advantageous for organic photovoltaics (OPV) based
on polymer thin films."” Several electron-withdrawing units
have been combined with the BDT unit by copolymerization,
and the resultant copolymers exhibited high photovoltaic per-
formance.'® However, there is still a need for novel OSC active
layer materials with higher photovoltaic performance.

Among the electron-withdrawing units, polycyclic aromatic
lactams have shown promise as efficient donor materials in D-
A copolymers.'™" For example, thiophene-substituted diketo-
pyrrolopyrrole (DPPT), isoindigo (IID), and thieno[3,4-c]pyrrole-
4,6-dione (TPD) have been considered desirable electron-with-
drawing building blocks owing to the lactam moieties in their
molecular structures. The lactam moiety has a high electron affin-
ity and a quasi-planar backbone, and the solubility can be eas-
ily controlled by introducing appropriate alkyl or aryl groups at
the N-position of this moiety.?* Recently, Yoon ef al. developed
a new bis-lactam-based electron-deficient unit, 3,7-dithiophene-
2-yl-dialkyl-1,5-naphthyridine-2,6-dione (NTDT), which has a
larger ring size compared to DPPT. They successfully synthe-
sized a polymer donor PINTDT-BDT) consisting of electron-
accepting NTDT and electron-donating BDT units. The cor-
responding device demonstrated PCE = 8.16% with Vo =0.70 V
and Jsc = 18.51 mA cm™”

In this study, we designed and synthesized a new lactam-
based electron-withdrawing unit, pyrido[2,3-g]quinoline-2,7(1H,6H)-
dione (PQD), consisting of a tricyclic aromatic lactam. The
designed structure of PQD contains a phenyl between the two
lactams of NTDT. Because of the expanded z-conjugation length,
PQD can absorb in a wider wavelength range than NTDT, and

“Abbreviations: atomic force microscopy (AFM), benzodithiophene (BDT),
bulk heterojunction (BHJ), chlorobenzene (CB), cyclic voltammetry (CV), density
functional theory (DFT), differential scanning calorimetry (DSC), N,N-
dimethylformamide (DMF), diphenyl ether (DPE), 3,7-dithiophene-2-yl-dialkyl-
1,5-naphthyridine-2,6-dione (NTDT), external quantum efficiency (EQE), frontier
molecular orbital (FMO), gel permeation chromatography (GPC), grazing incidence
wide-angle X-ray scattering (GIWAXS), grazing-incidence X-ray diffraction
(GIXD), in-plane (IP), indium tin oxide (ITO), isoindigo (IID), organic photovoltaics
(OPV), organic solar cell (OSC), out-of-plane (OOP), poly {3-(4,8-bis(5{(2-cthylhexyl),
thiophen-2-yl), benzo[1,2-b:4,5-b"dithiophen-2-yl), -1,6-didodecylpyrido [2,3-
glquinoline-2,7(1H,6H),-dione} (PPQD-BDT), poly {3-(5-(4,8-bis(5-(2-ethylhexyl),
thiophen-2-yl), benzo[1,2-5:4,5-b"|dithiophen-2-yl), -4-(2-ethylhexyl), thiophen-
2-yl),-1,6-didodecyl-8-(4-(2-ethylhexyl), thiophen-2-yl), pyrido [2,3-g]quinoline-
2,7(1H,6H),-dione} (PPQDT-BDT), polydispersity index (PDI), power conversion
efficiency (PCE), pyrido[2,3-g]quinoline-2,7(1H,6H),-dione (PQD), root-mean
square (RMS), tetrabutylammonium tetrafluoroborate (TBABF,), thermogravimetric
analysis (TGA), thieno[3,4-c]pyrrole-4,6-dione (TPD), thiophene-substituted
diketopyrrolopyrrole (DPPT).

the corresponding polymers have improved planarity owing to
the fused tricyclic structure. Two D-A copolymers were suc-
cessfully synthesized by combining PQD with BDT as an elec-
tron-donating unit, namely poly {3-(4,8-bis(5-(2-cthylhexyl)thiophen-
2-yl)benzo[1,2-b:4,5-b'dithiophen-2-y1)-1,6-didodecylpyrido
[2,3-g]quinoline-2,7(1H,6H)-dione} (PPQD-BDT) and poly {3-
(5-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-5:4,5-
b'ldithiophen-2-yl)-4-(2-ethylhexyl)thiophen-2-yl)-1,6-dido-
decyl-8-(4-(2-ethylhexyl)thiophen-2-yl)pyrido [2,3-g]quinoline-
2,7(1H,6H)-dione} (PPQDT-BDT). These copolymers were
characterized by their optical, electrochemical, and thermal prop-
erties. The systematic synthetic routes and molecular structures
of the PQD building blocks and the corresponding polymers
are shown in Scheme 1 and 2, respectively.
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Scheme 2. Synthetic route to copolymers PPQD-BDT and PPQDT-
BDT.
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Experimental

General Measurements. 'H and “C NMR spectra were
measured using a Varian Mercury Plus 300 MHz NMR spec-
trometer, and the chemical shifts were recorded using chloro-
form-d and dimethyl sulfoxide-ds in units of part per million
(ppm). The thermal analysis included thermogravimetric anal-
ysis (TGA; TGA Q500 V20.13 Build 39) and differential scan-
ning calorimetry (DSC; DSC Q2000 V24.4 Build 116). UV-
Vis absorption spectra were obtained using a JP/UV-1800 UV/Vis
spectrometer. The electrochemical properties were analyzed by
cyclic voltammetry (CV) using a CH Instruments electrochem-
ical analyzer in a solution of 0.1 M tetrabutylammonium tetra-
fluoroborate (TBABF,) in acetonitrile at a scan rate of 0.05 V/s.
A Pt wire was used as the counter electrode, and Ag/AgNO; was
used as the reference electrode. The OPV performance was mea-
sured using a McScience K201 LABS50 solar simulator. The
current density-voltage (J-V) curves of the devices were mea-
sured under AM 1.5G light conditions. The light intensity was
calibrated using a Si standard reference device (PV Measure-
ments Inc.) calibrated at the National Renewable Energy Lab-
oratory. External quantum efficiency (EQE) data were measured
using a McScience K3100 EQX system. The EQE values were
obtained as a function of wavelength in the range of 300-800 nm
under a xenon short arc lamp as the light source, and calibration
was performed using a Si photodiode. Two-dimensional graz-
ing-incidence X-ray diffraction (2D-GIXD) experiments were
performed at the 3C beamline of the Pohang Accelerator Lab-
oratory (PAL), Republic of Korea. X-rays with a wavelength
of 1.2296 A (10.0831 keV) were used. The incident angle (0.13°)
was chosen to allow complete penetration of X-rays into the
polymer film. The surface morphologies of the polymer/ITIC
blend thin films were analyzed using a VEECO Dimension
3100 instrument and the Nanoscope V (Version 7.0) program.

Materials. All starting materials and reagents were purchased
from commercial sources (Aldrich or Alfa Aesar) unless indicated
otherwise. All manipulations involving air-sensitive reagents
were performed under a dry nitrogen atmosphere. M3 was pur-
chased from a commercial source.

Synthesis. Synthesis of 2,5-dibromoterephthalic acid (2):
In a 500-mL round-bottom flask, 1,4-dibromoxylene (30.0 g,
0.114 mol) and potassium permanganate (39.5 g, 0.250 mol)
were dissolved in a mixed solution of ~BuOH and H,O (1:1 v/v,
300 mL) and then stirred at 100 C. After 1 h, more potassium
permanganate (39.5 g, 0.250 mol) was added and refluxed at
100 C for 12 h under stirring, The mixture was cooled to room

Za)v, A)4978 A535, 20254

temperature and passed through a celite filter. After removing the
solvent under reduced pressure, the residue was stirred together
with concentrated hydrochloric acid (12 M, 20 mL). The pre-
cipitate was then filtered under reduced pressure and washed
with water. The obtained white solid was directly used in the
next step. Product: 27.0 g (74%). '"H NMR (300 MHz, CDCl;,
0): 7.983 (2H, s).

Synthesis of di-tert-butyl(2,5-dibromo-1,4-phenylene)
dicarbamate (3): In a 500 mL round-bottom flask, compound
2 (21.0 g, 0.0648 mol) and triethylamine (27.1 mL, 0.194 mol)
were dissolved in ~BuOH (200mL) and stirred at 85 C for 1 h.
Subsequently, diphenyl phosphoryl azide (41.9 mL, 0.194 mol)
was injected, followed by refluxing for 12 h. After cooling the
reaction mixture to 0 “C, the precipitate was filtered and washed
with methanol. Product: 22.3 g (74%). "H NMR (300 MHz, CDCl,,
0): 8.376 (2H, s), 6.874 (2H, s), 1.522 (18H, s).

Synthesis of 2,5-dibromo-N',N*-didodecylbenzene-1,4-
diamine (5): Sodium hydride (60% dispersion in mineral oil,
2.57 g, 64.4 mmol) was suspended in anhydrous N,N-dimeth-
ylformamide (DMF, 20 mL) under N, condition. Compound 3
(10.00 g, 21.5 mmol) dissolved in DMF (80 mL) was added
dropwise to the suspension of sodium hydride at 0 ‘C. After 30
min, bromo-1-dodecane (15.5 mL, 64.4 mmol) was slowly added
to the mixture and stirred at room temperature for 12 h. The
mixture was poured into water to quench the residual sodium
hydride and then extracted with dichloromethane. The solution
was dried over MgSQO,, and the solvent was removed under
reduced pressure. The residue was dissolved in a mixture of
trifluoroacetic acid and chloroform (2:1 v/v, 30 mL) and stirred
for 3 h. Residual trifluoroacetic acid was quenched using a sat-
urated NaHCO; solution, followed by extraction with dichloro-
methane. After drying with MgSO,, solvent in the extract was
removed under reduced pressure. The residue was recrystal-
lized in dichloromethane and methanol to afford a pale yellow
solid (11.13 g, 86%). '"H NMR (300 MHz, CDCl;, 8): 6.790
(2H, s), 3.720 (2H, s), 3.037 (4H, t), 1.649 (4H, m), 1.364 (36H,
m), 0.881 (6H, t).

Synthesis of 1,6-didodecylpyrido[2,3-glquinoline-2,7(1H,6H)-
dione (6): In a 250-mL round bottom flask, 2,5-dibromo-N',N*-
didodecylbenzene-1,4-diamine (4) (5.00 g, 8.30 mmol), Pd(OAc),
(74.5 mg, 0.332 mmol), tri-~-butylphosphonium tetrafluorobo-
rate (0.19 g, 0.664 mmol), N,N-dicyclohexylmethylamine (8.9 mL,
0.0415 mmol), and butyl acrylate (2.6 mL, 0.0183 mol) were
dissolved in cumene (100 mL) and stirred at 150 C for 12 h.
The reaction mixture was cooled to 0 “C, and the precipitate
was filtered under reduced pressure to afford a yellow solid
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(2.73 g, 60%). 'H NMR (300 MHz, CDCl;, 6): 7.754 (2H, d),
7435 (2H, s), 6.810 (2H, s), 4.299 (4H, t), 1.761 (4H, m), 1.252
(36H, m), 0.873 (6H, t). "C NMR (100 MHz, CDCl, J): 161.45,
138.19, 134.11, 124.18, 128.07, 113.4, 42.46, 31.92, 29.66, 29.63,
29.61,29.57,29.41,29.35,27.45,27.03, 22.69, 14.13. HRMS(ESI)
m/z calcd. for C3sHsN,O,: 549.4415, found 549.4419 M +H]",

Synthesis of 3,8-dibromo-1,6-didodecylpyrido[2,3-
glquinoline-2,7(1H,6H)-dione (M1): 1,6-Didodecylpyrido[2,3-
g] quinoline-2,7(1H,6H)-dione (6) (2.73 g, 4.97 mmol) and iron
(I11) chloride (0.40 g, 2.49 mmol) were added to a 100-mL round-
bottom flask and dissolved in acetic acid (50 mL). Bromine
(5.1 mL, 99.5 mmol) was added dropwise and stirred at 100 C
for 24 h. The mixture was cooled to room temperature, and
water was poured in to quench excess acetic acid. The precip-
itate was then filtered under reduced pressure and washed with
methanol. The solid was recrystallized to afford a yellow-orange
solid (3.34 g, 95%). 'H NMR (300 MHz, CDCl;, 6): 8.224 (2H,
s), 7.257 (2H, s), 4.338 (4H, t), 1.766 (4H, m), 1.432 (36H, m),
0.883 (6H, t). *C NMR (100 MHz, CDCl;, 6): 157.52, 139.69,
133.73, 122.86, 120.78, 112.48, 44.32, 31.92, 29.66, 29.64, 29.60,
29.54,29.35,27.34,26.98, 22.70, 14.13. HRMS(ESI) m/z calcd.
for Cs3Hs6Br,N,O,: 705.2625, found 705.2617 [M +H]".

Synthesis of 1,6-didodecyl-3,8-bis(4-(2-ethylhexyl)
thiophene-2-yl)pyrido[2,3-g]quinoline-2,7(1H,6H)-dione (7).
Under N, atmosphere, 3,8-dibromo-1,6-didodecylpyrido[2,3-
glquinoline-2,7(1H,6H)-dione (M1) (2.00 g, 2.83 mmol), Pd(PPh;),Cl,
(0.12 g, 0.170 mmol), and tributyl(4-(2-ethylhexyl)thiophene-
2-yl)stannane (4.12 g, 8.49 mmol) were dissolved in anhydrous
DMF and stirred at 110 ‘C for 12 h. DMF was removed under
reduced pressure. The mixture was purified using silica chro-
matography (dichloromethane:hexane = 1:1 as eluent) to afford
a yellow solid (0.85 g, 32%). '"H NMR (300 MHz, CDCl,, 6):
8.131 (2H, s), 7.680 (2H, s), 7.488 (2H, s), 7.056 (2H, s), 4.408
(4H, 1), 2.597 (4H, d), 1.841 (6H, m), 1.295 (48H, m), 0.892
(18H, m). C NMR (100 MHz, CDCls, 6): 159.78, 141.97, 136.65,
133.11, 130.84, 128.12, 126.94, 124.80, 122.75, 112.36, 43.42,
40.44, 34.70, 32.52, 31.93, 29.67, 29.64, 29.50, 29.36, 28.93,
27.49,27.22,25.62,23.10,22.70, 14.18, 14.13, 10.86. HRMS(ESI)
m/z calcd. for C4Hy,N,0,S,: 936.6673, found 937.6678 [M +
H]".

Synthesis of 3,8-bis(5-bromo-4-(2-ethylhexyl)thiophene-
2-yl)-1,6-didodecylpyrido[2,3-g]lquinoline-2,7(1H,6H)-
dione (M2): In a 100-mL round-bottom flask, 1,6-didodecyl-
3,8-bis(4-(2-ethylhexyl)thiophene-2-yl)pyrido[2,3-g]quinoline-
2,7(1H,6H)-dione (7) (0.85 g, 0.91 mmol) was dissolved in
chloroform. After cooling to 0 “C, N-bromosuccinimide (0.48 g,

2.71 mmol) was added slowly in dark condition and stirred for
12 h. Water was poured into the mixture, followed by extraction
with chloroform. The solvent was removed from the extract
under reduced pressure using a rotary evaporator. The precipi-
tate was purified using silica column chromatography (hexane:
dichloromethane = 1:1 as eluent). The solid was recrystallized in
isopropyl alcohol to afford a yellow solid (0.82 g, 83%). 'H
NMR (300 MHz, CDCl;, 8): 8.130 (2H, s), 7.516 (2H, s), 7.469
(2H, s), 4.399 (4H, t), 2.556 (4H, d), 1.823 (6H, m), 1.299 (48H, m),
0.884 (18H, m). *C NMR (100 MHz, CDCI, 6): 159.86, 139.94,
136.46, 133.59, 131.72, 126.14, 122.72, 114.11, 113.21, 112.12,
43.60, 39.12, 34.69, 32.54, 31.93, 29.68, 29.65, 29.62, 29.59,
29.39, 29.37, 28.83, 27.44, 27.09, 25.68, 23.15, 22.70, 14.18,
14.14, 11.07. MS(MALDI-TOF): m/z calcd. for CgHgoN,O,S,Br,
1094.48, found 1093.505 [M]".

Synthesis of poly {3-(4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-bTdithiophen-2-yl}-1,6-didodecylpyrido[2,3-
glquinoline-2,7(1H,6H)-dione} (PPQD-BDT): M1 (0.21 g,
0.30 mmol), M3 (0.27 g, 0.30 mmol), and tetrakis(triphenyl-
phosphine)palladium(0) (10.3 mg, 8.92 umol) were added into
a 50-mL round-bottom flask. After sealing and purging with argon,
chlorobenzene (CB; 4 mL) and DMF (1 mL) were added. The
polymerization reaction mixture was stirred at 110 C for 24 h.
The polymer was end-capped by adding 0.1 equivalent of 2-
(tributylstannyl)thiophene and 2-bromothiophene, followed by
reaction for 1 h at 110 ‘C. The crude product was precipitated
in methanol (200 mL) and purified by Soxhlet extraction with
acetone, hexane, and chloroform sequentially. The portion dis-
solved in chloroform was concentrated under reduced pressure
and precipitated in methanol. The polymer was dried in a vac-
uum oven for 24 h to obtain 0.32 g product.

Synthesis of poly {3-(5-(4,8-bis(5-(2-ethylhexyl)thiophen-
2-ylbenzo[1,2-b:4,5-bdithiophen-2-yi}4-(2-ethylhexylthiophen-
2-yl)-1,6-didodecyl-8-(4-(2-ethylhexyl)thiophen-2-
yhpyrido[2,3-g]quinoline-2,7(1H,6H)-dione} (PPQDT-BDT):
PPQDT-BDT was prepared using a procedure similar to that of
PPQD-BDT. Specifically, M2 (0.26 g, 0.24 mmol), M3 (0.21 g,
0.24 mmol), and tetrakis(triphenylphosphine)palladium(0) (8.23
mg, 7.12 pmol) were added to a 50-mL round-bottom flask.
After sealing and purging with argon, M1 and M3 were copo-
lymerized. Yield: 0.27 g.

Results and Discussion

Synthetic routes of the PQD derivatives M1 and M2 and the
corresponding copolymers are depicted in Scheme 1 and 2,

Polym. Korea, Vol. 49, No. 5, 2025
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respectively. The detailed synthetic methods are described above
in the Experimental section.

Compound 6, a PQD building block, was synthesized via
Pd-catalyzed Heck cross-coupling and ring-closing reactions.
The monomer M1 was successfully synthesized via further
bromination with bromine and iron (IIT) chloride. Compound 7
was prepared by the Stille coupling reaction between M1 and
tributyl(4-(2-ethylhexyl)thiophen-2-yl)stannane, and finally the
monomer M2 was synthesized by bromination of 7. Two new
copolymers, PPQD-BDT and PPQDT-BDT, were synthesized
by the Stille cross-coupling polymerization of the BDT deriv-
ative M3 and monomer M1 or M2. These copolymers showed
moderate solubility in common organic solvents including chlo-
roform, CB, and o-dichlorobenzene. PPQDT-BDT had a number-
average molecular weight (M,) of 22000 g mol and a polydisper-
sity index (PDI, D) of 4.06, whereas the respective values for
PPQD-BDT were 12000 g mol” and 4.21, as measured using
gel permeation chromatography (GPC) with chloroform as an elu-
ent at 35 C.

Thermal properties of the two copolymers were investigated
using TGA and DSC. Both copolymers showed good thermal
stability with the decomposition temperatures (7, 5% weight loss)
of 366 and 385 C for PPQD-BDT and PPQDT-BDT, respec-
tively. Their DSC thermograms displayed no thermal transition
peaks between 30 and 300 C, as shown in Figure 1. These
results indicate that the two copolymers should have adequate
thermal stability for the fabrication of OPV devices.

To optimize the geometry of the polymer backbone, density
functional theory (DFT) calculations were carried out in Gaussian
09W using Becke’s three-parameter hybrid functional with the
Lee-Yang-Parr correlation (B3LYP) and 6-31G(d) basis set. To
simplify the calculations, the two polymers were simplified as
dimer structures, and dodecy! chains on the lactam group and
2-ethylhexyl branched chains on the thiophene units were replaced
by methyl and 2-methyl-propyl chains, respectively. In Figure
2, PPQD-BDT shows a low dihedral angle between the BDT
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Figure 1. (a) TGA curves; (b) DSC thermograms of the synthesized
copolymers.
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Figure 2. Minimum energy conformations and frontier molecular
orbitals of the simplified PPQD-BDT and PPQDT-BDT trimer models
with calculated torsional angles.

unit and the PQD unit (6 = 8.9°). PPQDT-BDT showed a slightly
higher dihedral angle between the BDT unit and the thiophene
unit (6=135.6°), despite the low dihedral angle between the PQD
unit and the thiophene unit (6 = 6.5°). These facts indicate that
PPQD-BDT has higher planarity than PPQDT-BDT. As expected,
the FMO energy levels of the PPQDT-BDT model were higher
than those of the PPQD-BDT model, owing to the thiophene
spacer between the PQD and BDT building blocks in the for-
mer.** Specifically, the lowest unoccupied molecular orbital energy
(Evumo) and the highest occupied molecular orbital energy
(Eyomo) of the PPQDT-BDT model were calculated as -2.61
and -4.78 eV, whereas the PPQD-BDT model had Eyo and
Eyomo as -2.70 and -4.84 eV, respectively.

To investigate the optical properties of synthesized copoly-
mers, UV-Vis absorption spectra were measured in the solution
and thin-film states (Figure 3(a), (b), and Table 1). Both copo-
lymers showed a broad absorption range from 300 to 700 nm,
making them suitable donor materials for non-fullerene OSC.
In both the solution and film states, PPQD-BDT exhibited the
same absorption maximum (545 nm) and a shoulder peak at
the longer wavelength side of this absorption maximum. This
indicates that PPQD-BDT has strong intermolecular 7z stacking
even in the solution state because of its planar polymer back-
bone, as can be seen from the DFT calculation results.”® PPQDT-
BDT showed absorption maxima at 557 and 572 nm in the
solution and film states, respectively.* These maxima are red-
shifted compared to PPQD-BDT due to the longer z-conjugation
length after introducing a thiophene spacer between the BDT
and PQD units. The optical bandgap (E,™) of the copolymers
was estimated to be 1.93 eV for PPQD-BDT and 1.85 eV for
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Figure 3. UV-Vis spectra of the synthesized copolymers in (a) solu-
tion; (b) film states; (c) Cyclic voltammograms of the two copoly-
mers.

PPQDT-BDT according to their absorption edge in the film state.

CV was performed to estimate the electrochemical properties
of each polymer. From the results in Figure 3(c), PPQD-BDT
and PPQDT-BDT had Eyopmo =-5.37 and -5.11 eV, respectively.
PPQDT-BDT exhibited a higher Ejjopmo than PPQD-BDT because
of the electron-donating thiophene spacers on the polymer
backbone.” E;ymo Was calculated to be -3.44 and -3.26 eV for
PPQD-BDT and PPQDT-BDT, respectively, based on the equa-
tion [Erumol=[EromolH[E¢™].*

To evaluate the photovoltaic performance of the synthesized
copolymers, inverted-architecture OPV devices were fabri-
cated with the structure of indium tin oxide (ITO)/ZnO/poly-
mer:ITIC/MoO;/Ag. The device fabrication conditions were

2
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Figure 4. (a) J-V curves; (b) EQE spectra of OPV devices based on
the synthesized copolymers.
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Voltage (V)

optimized by commonly used methods such as adjusting the
donor/acceptor (D/A) weight ratio, adding a processing addi-
tive solvent, changing the thickness of the active layer, and a
pre-annealing process. The optimized performances and the
corresponding J-V curves and EQE spectra are shown in Fig-
ure 4 and Table 2.

The OPV device showed the best performance under the
conditions of a D:A blend ratio of 1.0:1.0 w/w in solvent (chlo-
robenzene (CB) or chloroform (CF)) with 0.5% of diphenyl
ether (DPE) as a processing additive solvent. Using ITIC as the
acceptor, the V¢ values for PPQD-BDT and PPQDT-BDT were
0.86 and 0.72 V, respectively. PPQDT-BDT showed a lower
Voc value than PPQD-BDT owing to its higher HOMO energy
level. Nevertheless, PPQDT-BDT produced higher Jsc and FF
than those of PPQD-BDT. As a result, PPQDT-BDT exhibited
a higher device PCE than PPQD-BDT (2.86% vs. 1.29%).
Additionally, PPQDT-BDT with Y6 as the acceptor, the Voc was
decreased to 0.67 V. The Jy value was increased to 13.24 mA/
cm®. As a result, the device of PPQDT-BDT with Y6 exhibited
a higher device PCE performance than ITIC acceptor (4.52%
vs. 2.86%).

Table 1. Optical and Electrochemical Properties of the Synthesized Copolymers

Solution Film

E opt E CcV E opt
g , HOMOC LUMOd
j'malx (nm) lmax (nm)u ledge (nm) (ev) (ev) (eV)
PPQD-BDT 545 (588) 545 (593) 644 1.93 -5.37 3.44
PPQDT-BDT 557 572 672 1.85 -5.11 -3.26

“The value in the bracket is shoulder peak; “Calculated from the absorption A of polymer films : E,= 1240 nm/A.4,.; ‘HOMO levels were measured by cyclic
voltammetry : Eyomo=4.71-[Vigl; “LUMO levels were calculated from the HOMO and the corresponding optical bandgap. Eiumo=Enomo + E™.

Table 2. Characteristics of OSC Devices Based on the Synthesized Copolymers

Polymer:Acceptor Voe (V) Ji. (mA/cm?) Jeare (MA/cm?) FF PCE (%)

PPQD-BDT:ITIC 0.85+0.01(0.86) 4.860.07(4.91) 6.67 31.04+1.06(32.07) 1.290.07(1.34)
PPQDT-BDT:ITIC 0.72+0.04(0.78) 7.70£0.20(7.89) 7.31 46.0942.51(48.51)  2.57+0.21(2.86)
PPQDT-BDT:Y6 0.66:0.01(0.67) 12.45:0.84(13.62) 13.24 46.7942.69(50.29)  3.84+0.48(4.52)

The values in the bracket are maximum parameters of the devices.

Polym. Korea, Vol. 49, No. 5, 2025
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Figure 5. 2D-GIXD images of neat polymer films of (a) PPQD-
BDT; (c) PPQDT-BDT as well as blend films; (b) PPQD-BDT:ITIC;

(d) PPQDT-BDT:ITIC; (e) Line-cut profiles of neat polymer and
blend films.

To analyze the device performance, grazing incidence wide-
angle X-ray scattering (GIWAXS) measurements were performed
to investigate the morphologies of the neat polymer and D-A
blend films. Figure 5 shows the GIWAXS images and the cor-
responding in-plane (IP)/out-of-plane (OOP) line-cut profiles
of the neat polymer and blend films. The neat PPQDT-BDT
polymer film showed 7= stacking diffraction in OOP at 1.66
A" with a corresponding distance of 3.79 A, as well as lamel-
lar repeating located at 0.29 A" in IP with a corresponding dis-
tance of 21.66 A. In contrast, the neat PPQD-BDT polymer film
showed an isotropic orientation, and so did both polymer blend
films with a non-fullerene acceptor, ITIC. The collapsed ori-
entation in the blend films results in charge recombination at
the donor-acceptor interface, leading to overall low Jsc and FF
values of the OPV devices.?”” Atomic force microscopy (AFM)
analysis was performed to further investigate the film mor-
phology. Figure 6 shows AFM images of the polymer:ITIC
blend films as both phase images (a, ¢) and height images (b, d).
The two blend films showed phase-separated morphology with
a moderate root-mean square (RMS, R,) of 4.20 and 4.98 nm for
PPQD-BDT and PPQDT-BDT, respectively. Both copolymer
blend films exhibited phase separation between the polymer
and ITIC, and this self-aggregation led to unfavorable charge
dissociation and charge recombination, resulting in an inferior
PCE with low Jyc and FFE?% These weak molecular orientations
and separated morphologies in the D-A blend films of PPQD-BDT
and PPQDT-BDT affected the OPV devices and resulted in mod-
erate device performance. It is believed that PPQDT-BDT
delivered better device performance due to its relatively better
crystallinity than PPQD-BDT, according to the UV-Vis absorp-
tion and GIWAXS data.

Za)v, A)4978 A535, 20254

2,0 pm

Figure 6. Tapping-mode AFM images (2 um x 2 um) of (a, b) PPQD-
BDT:ITIC; (¢, d) PPQDT-BDT:ITIC; (a, c) are the phase images; (b,
d) are the height images.

Conclusions

In summary, a new polycyclic lactam structure, pyrido[2,3-
glquinoline-2,7(1H,6H)-dione (PQD), was designed as an elec-
tron-withdrawing building block for the polymer donor materi-
als in OPVs. Two new copolymers, PPQD-BDT and PPQDT-
BDT were further synthesized by incorporating BDT and PQD
units using systematic design rules of alternating donor and
acceptor units. The synthesized copolymers showed a broad
absorption range between 300 and 700 nm and sufficiently high
thermal stability for fabricating OPV devices. One of the fab-
ricated OSC devices with PPQDT-BDT:Y6 blending achieved
maximum PCE of 4.52%. Although these two copolymers did
not realize remarkable performance in the fabricated OPV devices,
the newly synthesized PQD building block is expected to be
usefully applied to various organic semiconductor molecules
or polymers for diverse electronic devices.
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