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Abstract: Two acceptor-donor-acceptor (A-D-A) single-component (SC) photovol-
taic triad molecules, P3T4Rh-C¢-PC¢;BM and P3T4Rh-C,-PCs;BM, were synthesized.
A conformation-locked planar conjugated core, 1,4-bis(thiophenylphenylthiophene)- -
2,5-difluorophenylene (P3T4), with intrachain noncovalent coulombic interactions

was coupled with two fullerene derivatives, [6,6]-phenyl-C61 butyric acid propar- @Q o

gyl ester, via copper (I)-catalyzed azide-alkyne 1,3-dipolar cycloaddition. The D-A o] 2 hd
separation was varied by modulating the spacer alkyl chain length (C6 and C10). \/\-
Both SC triads exhibited maximum absorption by the P3T4 core at A,,,=507-510  *° gay™® 2°

nm, as well as absorption by PC¢; BM at ~300 nm. Because of the broken conjugation

between the P3T4 core and PC¢;BM termini, the highest occupied molecular orbital (-5.58 to -5.59 eV) was determined by the P3T4 moi-
ety, and the lowest unoccupied molecular orbital (-3.89 to -3.92 eV) was determined by PC¢;BM in the SC structures. In diluted solution,
both SC triads showed significant photoluminescence quenching, indicating efficient intramolecular charge transfer between the P3T4
and PC4BM moieties. However, the semicrystalline packing of the P3T4 core was severely disrupted by the incorporation of a bulky
PCs;BM moiety at each terminus, which degraded the carrier transport and diode characteristics of SC organic solar cells (SCOSCs) based
on P3T4Rh-C¢-PC;BM and P3T4Rh-C,y-PC4;BM, as indicated by poor power conversion efficiency (~0.4%). No clear spacer length effect
was observed. To improve the performance of SCOSCs, a design strategy is needed that enhances the intermolecular packing and ordering
of the D and A moieties, which are important prerequisites for the development of optimal SC photoactive molecules.
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1. Introduction chemically bonded, morphological changes (i.e., D and A phase

separation) during device operation can be suppressed com-
Organic solar cells (0SCs) have been intensively studied over  pared to those in BH] 0SCs.!*™*®
the last two decades because of advantages including high absorp- Various molecular designs for photoactive materials for use
tivity, low-cost solution processibility, and mechanical flexibility, ~ in SCOSCs have been reported, including SC photovoltaic poly-
which endows bulk heterojunction (BHJ]) donor/acceptor (D/A)  mers and small molecules. Remarkable advances in SC systems
blended OSCs with power conversion efficiencies (PCEs) above  based on double-cable polymers and conjugated block copoly-
17%-18%."® Single-component (SC) OSCs (SCOSCs) have also  mers (BCPs) have been reported recently, with maximum PCEs
attracted increasing attention recently as devices with excel-  of 8.4% and 11.32%, respectively.'®** Cravino and Sariciftci
lent potential for simplifying the design of BH] 0SCs.”'® SC pho-  first proposed the concept of double-cable polymers using a p-
toelectric materials are adopted as the active layer in SCOSCs,  type polymer as a hole-transport channel (p-cable) with cova-
where D and A moieties are chemically linked by a covalentbond.  lently dangled n-type structures as pendants for an electron-
Compared to BHJ systems, well-designed SC materials canafforda  transport channel (n-cable).?* Li and co-workers recently devel-
simpler fabrication process for optimal devices with reduced  oped several nonfullerene-based double-cable polymers using
device-to-device variation. Because the D and A moieties are  naphthalene diimide (NDI) and perylene diimide as n-type pen-
dant units.'*?**** A new SC photovoltaic polymer, JP02, was
Acknowledgments: This work was financially supported by the National  designed with precisely controlled miscibility between a polymer
Research Foundation (NRF) of Korea (Grants NRF-2019R1A2C2085290,  packbone and dangling NDI units by adjusting the substitution
2019R1A6A1A11044070, 2020M3H4A3081814). We thank the Institute i 16

position of the Cl atom on the polymer backbone.™ Because of

for Basic Science (IBS) Center for Molecular Spectroscopy and Dynamics th h d miscibili . . dch .
(IBS-R023-D1) for providing (NMR Spectrometry) and professional technical e enhanced miscibility, exciton separation, and charge carrier

support. mobility of JP02, SCOSCs employing JP02 as a photoactive layer
*Corresponding Authors: Han Young Woo (hywoo@koreaackr), achieved remarkably high PCEs of up to 8.4%, as well as a high
Jin Young Kim (jykim@unist.ackr) external quantum efficiency (EQE) and a fill factor (FF) of >0.70.
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developed a facile one-pot copolymerization method for syn-
thesizing conjugated BCPs (PBDT2T-b-N220) and obtained a PCE
of 6.43%, where p- and n-type semiconducting oligomer blocks
were conjugated in the one-pot reaction without requiring the
isolation of each oligomeric unit.'**° The one-pot copolymer-
ization method enables the use of a wide range of building blocks
for the design of BCPs."”*® Min recently reported a PCE of 11.32%
for an SCOSC device using PBDB-T-b-PYT, which was synthesized
by one-pot polymerization using PBDB-T and PYT as the D and
Ablocks, respectively.'” 1-Chloronaphthalene (CN) additive treat-
ment of the PBDB-T-b-PYT film significantly enhanced the face-on
orientation and improved the 7-m and lamellar stacking of the
polymers. The increase in crystalline domains after CN treat-
ment significantly improved both the short-circuit current density
(Jso, from 16.90 to 19.60 mA cm™) and FF (from 0.46 to 0.63).

By contrast, the development of small-molecule-based SCO-
SCs is far behind that of their polymeric counterparts.'**** Bauerle
reported a series of D-A dyads based on oligothiophene and
fullerene derivatives as D and A moieties with controlled D-A
spacing.** Solvent vapor annealing (SVA) caused the efficient
crystallization of the D moieties with a short ethyl linker and yielded
a PCE of 4.26% and 5.34% for the SC materials using [6,6]-phe-
nyl-C61 butyric acid methyl ester (PCs;BM) and [6,6]-phenyl-
C71 butyric acid methyl ester as respective A moieties, which is
the highest reported for small-molecule-based SCOSC devices.
In addition, several research groups have attempted to develop
A-D-A triad-type SC materials, which exhibit increased light
absorption because of the controlled D/A ratio. For fullerene OSCs,
the absorption coefficient of the A moiety (fullerene derivatives) is
lower than that of the D moiety (p-type organic semiconductors),
and thus a higher concentration of the A moiety compared to
the D moiety is needed to optimize the photovoltaic properties
of D/A BHJ 0SCs.*® We reported an oligothiophene-based A-D-
A-type triad (BDTRh-PCBM) SCOSC that uses a fused benzo[1,2-
b:4,5-b]dithiophene (BDT)-based core with a fullerene accep-
tor at each terminus and showed a PCE of 2.44%.3' The design
of optimized A-D-A triad-type fullerene-based SC molecules is
quite challenging because the bulky fullerene units on both sides
strongly inhibit the crystallization of the D moieties. According
to the recent SCOSC studies discussed above, the crystalline packing
of D and A moieties in the film, which determines the formation of
bi-continuous charge transport pathways, clearly has dramatic
effects on solar cell efficiency. To increase the intermolecular pack-
ing despite disruption by the bulky terminal fullerene moieties,
the D core should be designed carefully, which is still a challenge in
the development of ideal SC photovoltaic materials.

In this study, we synthesized two A-D-A-type SC photoactive
triads (P3T4Rh-Cs-PCy;BM and P3T4Rh-Cy(-PC4;BM) based on
a 1,4-bis(thiophenylphenylthiophene)-2,5-difluorophenylene
(P3T4) core, which was designed to have planar structure with
conformation locking via noncovalent coulombic interactions
along the conjugated backbone. A PC4;BM moiety was incorpo-
rated at each terminus, and the spacer length was varied (C6 and
C10 in P3T4Rh-C4-PCs;BM and P3T4Rh-C,y-PCs;BM, respectively).
The role of the conjugated core in the SC triad structures is very
important in determining the semicrystalline intermolecular
packing, carrier transport, and photovoltaic properties of the
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SCOSCs. The optical, electrochemical, morphological, and pho-
toelectrical characteristics of the two SC photoactive materials
are investigated in detail.

2. Experimental

2.1. General

'H and ™C nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker Advance Il HD system operating at
500 MHz and 125 MHz, respectively. UV-vis spectra were obtained
using a JASCO (V-630) spectrophotometer. Cyclic voltammetry
data were measured using a Versa STAT3 (Princeton Applied
Research) with a three-electrode cell in 0.1 M tetrabutylammo-
nium tetrafluoroborate (Bu,NBF,) in acetonitrile at a scan rate
of 50 mV/s. Differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA) were performed by DSC 4000
(PerkinElmer) and TGA N-1000 (Scinco), respectively, with a
heating and cooling rate of 10 ‘C min™ under nitrogen (purity,
99.999%). Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were carried out at the Pohang Accelerator Labora-
tory (beam energy: 11.03 keV, X-ray wavelength: 1.124 A and
the incidentangle: 0.12°), Pohang, Republic of Korea. Atomic Force
Microscopy (AFM) images were measured in tapping mode, using
XE-100 from Park Systems. High-resolution mass (HRMS) spectros-
copy using matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) was performed by MALDI-TOF/TOF 5800
system (AB SCIEX) using 2,5-dihydroxybenzoic acid as matrix.

2.2. OPV fabrication

The devices were fabricated using a solution process with a
conventional structure of indium tin oxide (ITO)/poly(3,4-eth-
ylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/active
layer/Zn0O nanoparticles/Al An ITO-coated glass was cleaned
by ultrasonication in deionized water, acetone, and isopropyl alco-
hol for 10 min, respectively. The dried ITO glass was subjected
to UV-ozone treatment for 30 min. PEDOT:PSS as hole transport
layer was spin-coated on the top of ITO glass at 4000 rpm for
40 s. After drying at 140 C for 10 min, it was transferred to a
glovebox filled with nitrogen gas. The SC molecules P3T4Rh-
C,-PC¢BM (n = 6, 10) were dissolved in chlorobenzene (CB, 20
mg/mL) with the solvent additive of diphenyl ether (DPE, 1
vol%) and spin-coated onto the PEDOT:PSS layer at 4000 rpm
for 40 s. ZnO nanoparticles dissolved in methanol (MeOH, 5 mg/
mL) were spin-coated as an electron transport layer on the active
layer at 4000 rpm for 40 s. The devices were pumped down in
the vacuum (<107 torr), and 100 nm thick Al electrode was depos-
ited on top of the active layer. The deposited Al electrode area
defined the active area of the devices as 4.0 mm?® The measure-
ments of photovoltaic characteristics were performed inside a
glove box using a high quality of optical fiber to guide the light
from the solar simulator equipped with a Keithley 2635A source
measurement unit. The current density-voltage (J-V) charac-
teristics for the devices were measured under AM 1.5 G illumi-
nation at 100 mW/cm? The incident photon to current conversion
efficiency (IPCE) measurements were carried out in ambient
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air using an IPCE system (Model QEX7) by PV measurements
Inc. (Boulder, Colorado).

2.3. Materials and synthesis

All the chemical reagents were purchased from Sigma Aldrich
and Tokyo Chemical Industry and used as received without fur-
ther purification. P3T4-CHO was synthesized according to the
previously reported procedures.”

2.3.1. 3-(6-Hydroxyhexyl)rhodanine (1a)

A suspension of 6-amino-1-hexanol (2.00 g, 17.1 mmol) and
bis(carboxymethyl)trithiocarbonate (4.25 g, 18.8 mmol) in water
was reacted in a microwave reactor at 150 C for 1 h and the
generated fume was ventilated. After cooled to room tempera-
ture, the reaction solution was extracted with ethyl acetate (EA)
three times. Organic phase was collected and dried with anhy-
drous magnesium sulfate (MgSO,). After removing the solvent
by rotary evaporation, the concentrated solution was purified
by column chromatography using chloroform (CF):EA (7:3 by
volume) as eluent, yielding a pale-yellow viscous liquid (0.80 g,
20.2%)."H NMR (500 MHz, CDCl,): & (ppm) 3.98 (t, 2H), 3.97 (s,
2H), 3.64 (t, 2H), 1.68-1.62 (m, 2H), 1.60-1.54 (m, 2H), 1.43-1.35
(m, 4H). "*C NMR (125 MHz, CDCL;): § (ppm) 201.26, 174.02,
62.79,44.62,35.37,32.33,26.63, 26.32, 25.19.

2.3.2. 3-(10-Hydroxydecyl)rhodanine (1b)

Compound 1b was synthesized by following the procedure for
compound 1a using 10-amino-1-decanol (2.96 g, 17.1 mmol)
and bis(carboxymethyl)trithiocarbonate (4.25 g, 18.8 mmol).
Yield: 1.24 g (25.0%). 'H NMR (500 MHz, CDCl;): & (ppm) 3.97
(t 2H), 3.96 (s, 2H), 3.64 (q, 2H), 1.64-1.61 (m, 2H), 1.58-1.53
(m, 2H), 1.37-1.21 (m, 12H). *C NMR (125 MHz, CDCL): § (ppm)
201.32,173.98, 62.90, 44.76, 35.40, 32.74, 29.44, 29.35, 29.32,
29.06, 26.69, 26.65, 25.70.

2.3.3. 3-(6-(4-Toluenesulfonate)hexyl)rhodanine (2a)

A solution of compound 1a (0.80 g, 3.45 mmol), and pyridine
(2.73 g, 34.5 mmol) in anhydrous CF was cooled to 0 C. 4-Tol-
uenesulfonyl chloride (0.724 g, 3.80 mmol) was dissolved in
anhydrous CF and transferred to a reaction solution dropwise
with stirring for 30 min. The reaction solution was warmed to
room temperature with stirring for 2 h. The organic phase was
collected by extraction with CF three times and dried over anhy-
drous MgSO0,. After removing the solvent using rotary evapora-
tion, the concentrated crude product was purified by silica gel
column chromatography with CF:EA (9:1 by volume) as eluent,
yielding a pale-yellow solid (0.90 g, 67.3%). 'H NMR (500 MHz,
CDCL): 6 (ppm) 7.78 (d, 2H), 7.35 (d, 2H), 4.01 (t, 2H), 3.96 (s,
2H), 3.93 (t, 2H), 2.45 (s, 3H), 1.67-1.62 (m, 2H), 1.61-1.56 (m,
2H), 1.38-1.32 (m, 2H), 1.30-1.24 (m, 2H). *C NMR (125 MHz,
CDCL): 6 (ppm) 201.22, 173.85, 144.72, 133.17, 129.86, 127.90,
70.33,44.46,35.34, 28.61, 26.45, 26.03,24.94, 21.67.

2.3.4. 3-(10-(4-Toluenesulfonate)decyl)rhodanine (2b)

Starting from compound 1b (1.20 g, 4.15 mmol), the similar
procedure as above afforded compound 2b as a pale-yellow
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solid (1.18 g, 64.0%). 'H NMR (500 MHz, CDCL,): 6 (ppm) 7.79
(d, 2H), 7.35 (d, 2H), 4.01 (t, 2H), 3.96 (s, 2H), 3.96 (t, 2H), 2.45
(s, 3H), 1.64-1.60 (m, 4H), 1.29-1.25 (m, 6H), 1.22-1.21 (m, 6H).
13C NMR (125 MHz, CDCl): 6 (ppm) 201.23, 173.86, 144.73,
133.18,129.87,127.91,70.34,44.76,35.41,32.75, 29.45,29.36,
29.33,29.07,26.71,26.67,21.23.

2.3.5. 3-(6-Azidohexyl)rhodanine (3a)

To a mixture of compound 2a (0.90 g, 2.32 mmol) and sodium
azide (NaNs, 1.1 mmol) in anhydrous N,N-dimethylformamide
(DMF), potassium iodide (KI, 0.1 mmol) was added. The reac-
tion solution was stirred at 50 C for 1 h, and then cooled to room
temperature. The reaction solution was extracted with diethyl
ether (Et,0) three times and organic phase was collected, and
dried over anhydrous MgSO,. After solvent was evaporated under
reduced pressure, the crude product was purified by silica gel
column chromatography with CF:EA (19:1 by volume) as eluent,
yielding compound 3a as a yellowish viscous liquid (0.43 g,
72.3%). "H NMR (500 MHz, CDCl,): & (ppm) 3.98 (t, 2H), 3.97 (s,
2H), 3.26 (t, 2H), 1.69-1.63 (m, 2H), 1.62-1.57 (m, 2H), 1.45-1.34
(m, 4H). ®C NMR (125 MHz, CDCl;): § (ppm) 201.20, 173.87,
51.32,44.54,35.35, 28.67, 26.56, 26.28, 26.24.

2.3.6. 3-(10-Azidodecyl)rhodanine (3b)

By starting from compound 2b (1.18 g, 2.66 mmol), the proce-
dure as above afforded compound 3b as a yellowish viscous
liquid (0.47 g, 56.1%). *H NMR (500 MHz, CDCl,): § (ppm) 3.97
(t, 2H), 3.96 (s, 2H), 3.26 (t, 2H), 1.66-1.57 (m, 4H), 1.62-1.57
(m, 2H), 1.37-1.25 (m, 12H).**C NMR (125 MHz, CDCL;): 6 (ppm)
201.21,173.88,51.51, 44.68, 35.51, 29.45, 29.39, 29.34, 29.31,
29.10, 26.73, 26.68, 26.21.

2.3.7.P3T4Rh-C4-N;

To a mixture of P3T4-CHO (300 mg, 0.19 mmol) and compound
3a in 40 mL 1,2-dichloroethane, pyridine (1 mL) and piperidine
(0.1 mL) were added. The reaction solution was stirred at 90 C
for 18 h and cooled down to room temperature. The reaction
solution was extracted with CF three times, and the collected
organic phase was dried over anhydrous MgSO, and concentrated
under reduced pressure. The crude compound was purified by
silica gel column chromatography with CF as eluent. The eluted
solution was concentrated by rotary evaporation and precipi-
tated into MeOH, yielding a dark red solid (285 mg, 73.2%). ‘H
NMR (500 MHz, CDCls): & (ppm) 7.91 (s, 2H), 7.63 (d, 2H), 7.62
(d, 2H), 7.54 (d, 2H), 7.46 (t, 2H), 7.43 (d, 2H). 7.32 (s, 2H), 7.30
(s, 2H),4.14 (t, 4H), 4.10 (d, 4H), 4.05 (d, 4H), 3.28 (t, 4H), 2.02-1.93
(m, 4H), 1.78-1.72 (m, 4H), 1.68-1.58 (m, 16H), 1.53-1.47 (m, 4H),
1.44-1.37 (m, 24H), 1.35-1.23 (m, 64H), 0.88-0.83 (m, 24H)."*C
NMR (125 MHz, CDCL): 6 (ppm) 192.47, 167.68, 156.07, 154.10,
149.89, 148.57 (d,/=253.08 Hz), 147.56,139.97, 137.78, 136.27,
134.26,126.82,126.68, 126.43, 125.93, 124.21, 121.64, 119.69,
114.99,111.84,111.64,72.49,51.36,44.54,38.30,31.92,31.58,
30.07,29.74,29.64, 29.37,28.70, 27.03, 26.98, 26.87, 26.31, 22.70,
14.14,14.12.

2.3.8. P3T4Rh-C;4-N;
The same procedure with P3T4-CHO (300 mg, 0.19 mmol) and
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compound 3b (352 mg, 1.12 mmol) afforded a dark red solid
(313 mg, 76.3%). 'H NMR (500 MHz, CDCl,): & (ppm) 7.93 (s,
2H),7.63 (d, 2H), 7.62 (d, 2H), 7.54 (d, 2H), 7.45 (t, 2H), 7.44 (s,
2H).7.33 (s, 2H), 7.30 (s, 2H), 4.12 (t, 4H), 4.10 (d, 4H), 4.05 (d,
4H), 3.26 (t, 4H), 2.00-1.94 (m, 4H), 1.78-1.69 (m, 4H), 1.68-1.58
(m, 16H), 1.53-1.47 (m, 4H), 1.44-1.37 (m, 32H), 1.35-1.23 (m,
72H), 0.88-0.83 (m, 24H).*C NMR (125 MHz, CDCl,): § (ppm)
192.46,167.68, 156.04, 154.07, 149.88, 148.52 (d, / = 264.34 Hz),
139.97, 137.82, 136.26, 134.16, 126.79, 126.66, 126.41, 125.78,
124.17,121.65,119.83,114.89,111.82,111.63,72.49,51.51, 44.80,
38.32, 38.29, 31.95, 31.93, 31.91, 31.89, 31.64, 31.61, 31.58,
31.55, 30.08, 29.75, 29.64, 29.42, 29.37, 29.33, 29.12, 28.85,
27.05,27.03,26.99,26.77,26.71,22.71,22.70, 14.15, 14.12.

2.3.9. P3T4Rh-Et

To a mixture of P3T4-CHO (300 mg, 0.19 mmol) and 3-ethyl-
rhodanine (180 mg, 1.12 mmol) in 40 mL 1,2-dichloroethane,
pyridine (1 mL) and piperidine (0.1 mL) were added. The reac-
tion solution was stirred at 90 C for 14 h and cooled down to
room temperature. The reaction solution was extracted with
CF three times and the combined organic phase was collected.
Organic phase was dried over anhydrous MgSO, and concen-
trated under reduced pressure. The crude product was puri-
fied by silica gel flash column chromatography with CF:hexane
(Hex) (4:1 by volume) as eluent. The purified compound was
obtained as s dark red solid (263 mg, 74.5%). 'H NMR (500 MHz,
CDCL): 4 (ppm) 7.91 (s, 2H), 7.63 (d, 2H) 7.62 (d, 2H), 7.55 (d,
2H), 7.46 (t, 2H), 7.43 (d, 2H), 7.33 (s, 2H), 7.30 (s, 2H), 4.23 (q,
4H),4.10 (d, 4H), 4.05 (d, 4H), 2.00-1.94 (m, 4H), 1.67-1.56 (m,
12H), 1.52-1.46 (m, 4H), 1.43-1.36 (m, 16H), 1.34-1.23 (m, 70H),
0.87-0.83 (m, 24H). *C NMR (125 MHz, CDCl3) & (ppm) 192.23,
167.45,149.89, 14850 (d, /= 266.40 Hz), 137.82, 136.27, 134.16,
126.82,126.76,126.67, 126.67, 126.41, 125.78, 124.19, 121.68,
119.92,111.86,111.67,72.51,39.88,38.33,38.30,31.94,31.93,
31.91, 31.89, 31.64, 31.61, 31.58, 30.08, 29.74, 29.64, 29.37,
27.05, 27.03, 26.98, 22.71, 22.69, 14.13, 14.11, 12.31. HRMS
(MALDI-TOF): Cy10H155F,N;06Sg, m/z (M*) = 1897.9812.

2.3.10. [6,6]-Phenyl-C61-butyric acid (PCs;BA)

To a solution of PC4;BM (513 mg, 0.56 mmol) in 50 mL CB, 20 mL
acetic acid (AcOH) and 10 mL hydrochloric acid (HCI) were
added. The reaction solution was stirred at 120 C for 12 h and
cooled down to room temperature. The solvent was removed
by vacuum distillation and the remaining solids were dispersed
in MeOH and filtered, and washed with MeOH and Et,0, yielding
ablack solid as product (460 mg, 91.0%). The dried product was
used without further purification.

2.3.11.[6,6]-Phenyl-C61 butyric acid propargyl ester (PC;,BP)
To a mixture of PC;;BA (458 mg, 0.51 mmol), 2-propyn-1-ol
(285 mg, 5.1 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC, 158 mg, 1.02 mmol) in 20 mL o-dichloroben-
zene (0-DCB), 4-dimethylaminopyridine (DMAP, 124 mg, 1.02
mmol) was added. The reaction mixture was stirred at room
temperature for 18 h. The reaction mixture was extracted with
CF three times and the combined organic phase was dried with
anhydrous MgS0O, and concentrated under reduced pressure.
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The crude product was purified by silica gel column chromatogra-
phy with CF:Hex (9:1 by volume) as eluent. The product was
obtained as a black solid (373 mg, 78.2%). 'H NMR (500 MHz,
CDCL): 6 (ppm) 7.93 (dd, 2H), 7.55 (t, 2H), 7.48 (t, 1H), 4.69 (d,
2H), 2.92 (m, 2H), 2.58 (t, 2H), 2.48 (t, 1H), 2.21 (m, 2H). *C NMR
(125 MHz, CDCl3): 8 (ppm) 172.21,148.80,147.77,145.86,145.22,
145.18, 145.09, 145.07, 144.82, 144.80, 144.70, 144.54, 144.47,
144.04,143.79, 143.16, 143.07, 143.02, 142.96, 142.27, 142.20,
142.16,142.14, 141.04, 140.78, 138.09, 137.60, 136.70, 132.12,
128.49, 128.30, 79.84, 77.64, 75.02, 52.05, 51.79, 33.80, 33.63,
22.24.

2.3.12. P3T4Rh-C¢-PCy;BM

To a mixture of P3T4-C¢-N; (200 mg, 0.10 mmol), PC4;BP (0.21
mmol), and CuBr (10 mg) in 25 mL freshly-degassed toluene,
0.1 mL of NN,N'N",N"-pentamethyldiethylenetriamine (PMDETA)
was added dropwise in dark condition. The reaction mixture
was stirred at room temperature for 2 h. The reaction mixture
was passed through the celite pad to remove the catalyst and
the solvent was removed in vacuum. The crude compound was
purified by silica gel column chromatography with CF:MeOH
(25:1 by volume) as eluent. The collected solid was filtered and
washed with MeOH, Hex, and EA sequentially, yielding a dark
black solid (285 mg, 75.3%). "H NMR (500 MHz, CDCl;): & (ppm)
7.92-7.90 (m, 6H), 7.62 (t, 4H), 7.58 (s, 2H), 7.55-7.52 (m, 6H),
7.48-7.45 (m4H), 7.43 (d, 2H), 7.32 (s, 2H), 7.29 (s, 2H), 5.23 (s,
4H), 4.34 (t, 4H), 4.11 (t, 4H), 4.08 (d, 4H), 4.03 (d, 4H), 2.89 (m
4H), 2.55 (t, 4H), 2.18 (m, 4H), 2.00-1.91 (m, 8H), 1.73 (m, 4H)
1.64-1.57 (m, 12H), 1.51-1.46 (m, 4H), 1.43-1.37 (m, 24H), 1.33-
1.19 (m, 64H), 0.87-0.83 (m, 24H)."3*C NMR (125 MHz, CDCl;): §
(ppm) 192.45,172.96, 167.65, 149.92, 149.61, 149.36, 148.78,
146.78 (d, ] =244.68 Hz), 145.17, 145.04, 144.78, 144.65, 144.49,
144.00, 143.74, 142.99, 142.80, 142.19, 140.98, 140.75, 139.99,
138.03,137.76, 137.57, 136.72, 134.80, 134.38, 132.11, 12847,
128.27,126.83, 12651, 126.09, 124.30, 123.55, 119.58, 111.90,
111.67, 79.85, 72.48, 57.84, 51.80, 50.31, 44.35, 38.36, 33.92,
33.63,31.94,31.60,30.10, 29.77, 29.66, 29.39, 27.07, 27.00, 26.72,
26.08,22.72,22.25,14.16. HRMS (MALDI-TOF): CyssH200F2NgO10Ss,
m/z (M+Na*) = 3985.6154.

2.3.13. P3T4Rh-C,,-PC,,BM

Starting from P3T4Rh-C;(-N; (200 mg, 0.10 mmol), the similar
procedure as above afforded the product as a dark black solid
(298 mg, 80.7%). '"H NMR (500 MHz, CDCl;): & (ppm) 7.92-7.89
(m, 6H), 7.63 (d, 2H), 7.61 (d, 2H) 7.57 (s, 2H), 7.55-7.52 (m, 6H),
7.48-7.45 (m 4H), 7.42 (d, 2H), 7.32 (s, 2H), 7.29 (s, 2H), 5.22 (s,
4H), 4.33 (t, 4H), 4.13-4.06 (m, 8H), 4.04 (d, 4H), 2.89 (m 4H),
2.54 (t, 4H), 2.18 (m, 4H), 2.00-1.94 (m, 4H), 1.89 (m, 4H), 1.73
(m,4H) 1.65-1.55 (m, 20H), 1.51-1.46 (m, 4H), 1.43-1.37 (m, 16H),
1.33-1.19 (m, 88H), 0.87-0.83.(m, 24H)."*C NMR (125 MHz, CDCl;):
6 (ppm) 192.45,172.95,167.66, 154.10, 149.90, 149.59, 148.78,
147.54,146.81 (d,] = 243.81 Hz), 145.19, 145.15, 145.06, 145.04,
144.78, 144.75, 144.68, 144.65, 144.50, 144.42, 144.01, 143.75,
143.12, 143.04, 142.99, 142.93, 14291, 142.71, 142.20, 142.17,
142.12,142.09, 140.99, 140.76, 139.99, 138.03, 137.82, 137.58,
136.72,136.27,134.23, 132.10, 12846, 128.27, 126.81, 126.71,
126.47,125.85,124.22,123.54,121.68,121.67,119.81, 111.89,
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111.67, 79.85, 72.49, 57.82, 51.81, 50.45, 44.77, 38.35, 38.31,
33.93, 33.64, 31.96, 31.93, 31.90, 31.66, 31.63, 31.61, 31.59,
31.57, 30.28, 30.10, 29.76, 29.65, 29.38, 29.25, 29.07, 28.93,
27.06, 2699, 26.72, 2647, 22.71, 22.26, 14.17, 14.14. HRMS
(MALDI-TOF): Cy7H,14F,Ng0.0Ss, m/z (M+Na") = 4096.8719.

3. Results and discussion
3.1. Synthesis of P3T4Rh-C,-PC¢;BM SC triads

Scheme 1 shows the synthetic procedure for the A-D-A-type SC
triads of P3T4Rh-C,-PC4;BM (n = 6, 10). The P3T4 core was used
as an electron-donating core; it is reportedly a highly crystalline
building block owing to the intrachain noncovalent coulombic
interactions of C-H*-+-F* and S$**--0%, which yield a planar con-
formation through the molecular backbone.*”*! The planar conju-
gated P3T4 building blocks are expected to cause strong cofacial
7-1 interaction between the molecules, resulting in crystalline
intermolecular packing with efficient carrier transport in a ver-
tical direction in the film. PC4;BM was incorporated as an elec-
tron-accepting moiety at both termini. In addition, the alkyl spacer
length (n =6 or 10) was also modulated because the terminal
bulky PC4;BM hinders the intermolecular packing interaction,
where the steric hindrance can be mitigated by controlling the
spacer length between the P3T4 core and terminal PC4,BM.

To synthesize azide (N;)-functionalized rhodanine (Rh) moi-
eties, the hydroxyalkyl-substituted Rh structures (1a: n =6, 1b:

n =10) were first synthesized in 20%-25% yield using a micro-
wave-assisted one-pot reaction between amino alcohols (6-amino-
1-hexanol or 10-amino-1-decanol) and bis(carboxymethyl)trithio-
carbonate. A subsequent tosylation reaction using 4-toluene-
sulfonyl chloride yielded compounds 2a and 2b in 64%-67%
yield. Finally, 3a (3b) was synthesized in 72% (56%) yield by
reacting compound 2a (2b) with NaN; in the presence of a cat-
alytic amount of KI in DMF. To prepare P3T4Rh-C,-Ns, P3T4-
CHO was first prepared by following previously reported syn-
thetic procedures.*” Knoevenagel condensation reaction between
P3T4-CHO and the azide-functionalized 3a (3b) produced P3T4Rh-
C¢-N3 (P3T4Rh-C;4-N3) in ~70% yield. To synthesize alkyne-func-
tionalized PC¢;BP, PCs;BM was first hydrolyzed to produce PC¢;BA
using AcOH and HCl in CB (91% yield). Then, PC¢; BP was suc-
cessfully synthesized in 78.2% yield via Steglich esterification
with PC¢;BA and propargyl alcohol in the presence of EDC and
DMAP in 0-DCB.

To couple P3T4Rh-C,-N; and PCg;BP, click chemistry was
adopted using copper (I)-catalyzed azide-alkyne 1,3-dipolar cyc-
loaddition to form a cyclic 1,2,3-triazole linkage.**** The click
coupling reaction was conducted under strictly anaerobic con-
ditions using CuBr and PMDETA to yield the target A-D-A triads,
P3T4Rh-C4-PCq;BM and P3T4Rh-C,4-PCy;BM, in 75% and 80%
yields, respectively.** The polar 1,2,3-triazole moieties in the
final structures modulate the polarity of P3T4Rh-C4-PC¢;BM
and P3T4Rh-C,y-PCs;BM against that of other byproducts, which
enables easy purification by silica gel column chromatography.

o o
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H N OH s o TscLPy  sK  ors NaN, sK N
o H,0 ~ AL DCM X Y DMF X Y, a:n=6,b:n=10
) 1) 1)
1 2 3

R = 2-hexyldecyl

OR E o
NS & A ORS\ H
”sRo ¥ \S/ O N —
RO

P3T4-CHO

Py, Piperidine
Chloroform

R

Py, Piperidine
Chloroform

P3T4Rh-Cn-N3 CuBr, PMDETA

Toluene

P3T4Rh-Et
OR o
F
7\ ANy
S N O OR ¢ N''n
s | S
nd F
P3T4Rh-C,-N;

Ho’\\\

EDC, DMAP

P3T4Rh-C,-PCgBM

Scheme 1. Synthetic scheme of P3T4Rh-C,-PC4;BM SC photoactive molecules.
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The Rh-substituted core itself, P3T4Rh-Et, was also synthesized
in 75% yield by Knoevenagel condensation between P3T4-
CHO and 3-ethylrhodanine as a reference material. All the
intermediates and final triad structures were characterized by
'H and **C NMR spectroscopy and HRMS spectroscopy using
MALDI-TOF mass spectrometry, which confirmed the suggested
molecular structures.

3.2. Thermal, optical, and electrochemical properties

TGA and DSC were performed to examine the thermal proper-
ties of the materials (Figure S1). As shown in the TGA thermo-
grams, the decomposition temperatures (T, 5% weigh loss) of
P3T4Rh-Et, P3T4Rh-C4-PC¢;BM, and P3T4Rh-C,-PCs;BM were
found to be 364.5 C, 360.3 C, and 357.5 C, respectively. As
the decomposition of the ester linkage in PC;BM typically occurs
above 380 C in previous studies,*** the thermal decomposition
atalower temperature of approximately 360 C in the P3T4 SC
series is interpreted as indicating the breakup of the triazole
linkage between the P3T4 core and PC¢;BM.***2 In the DSC thermo-
grams, a melting temperature (T;,,) of 160 C and recrystallization
temperature (T.) of 126 Cwere clearly observed for P3T4Rh-
Et. However, no discernable thermal transitions were observed
at 25-270 C for the SC molecules, indicating their amorphous
nature. The incorporation of bulky terminal PC4;BM may sig-
nificantly disrupt the intermolecular crystalline packing of the
P3T4 cores.

Figure 1(a) shows the UV-vis spectra of P3T4Rh-Et, PC4;BM,
P3T4Rh-C4-PC4,BM, and P3T4Rh-C,4-PC4;BM in CF and in film.
In solution, P3T4Rh-Et shows maximum absorption at A=
507.5 nm, and two SC molecules also had similar spectra with
Aps=507-510 nm because all the structures had the same core.
As shown in Figure 1(a), P3T4Rh-Et and PC¢;BM have comple-
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mentary absorption in the UV-vis region, and the absorption
spectra of the SC molecules combine the features of these two
compounds. Two P3T4Rh-C4-PC4;BM and P3T4Rh-C,,-PC¢;BM
molecules are linked by o-alkyl chain linkers, and the core and
terminal PC¢;BM groups are not conjugated. Similar molar absorp-
tion coefficient of the P3T4Rh core (at A,,;,=510 nm) was mea-
sured for P3T4Rh-Et (1.24x10° M™.cm™), P3T4Rh-C¢-PCy,BM
(1.29x10° M*-cm™) and P3T4Rh-C;,-PC;BM (1.27x10° M™-cm™)
in CF, because of no electronic conjugation between the core
and PC¢;BM terminal moieties. The spectrum of the P3T4Rh-Et
film was significantly red-shifted, with A,,,=574.5 nm, because
of enhanced m-r stacking interaction in the solid state. A pro-
nounced 0-0 transition was clearly observed, suggesting tight
intermolecular packing of the planar P3T4 cores. In contrast to
P3T4Rh-Et, both SC triad structures show UV-vis spectra with
Aas=528-530 nm in film, with much smaller red shifts com-
pared to those in solution, indicating that the -m interaction
between the P3T4 cores in the SC triads is significantly hindered
compared to that in P3T4Rh-Et. In addition, the substantially
smaller absorption coefficient of P3T4Rh-C¢-PC¢;BM (1.09x 10°
cm™ atA,,,=528 nm) and P3T4Rh-C,,-PC¢;BM (1.06x10° cm™ at
Aas=530 nm) in film was measured compared to that of P3T4Rh-
Et (1.60x10° cm™ at A,,,=574.5 nm) at the A, of the P3T4 core,
suggesting that the significantly reduced intermolecular pack-
ing interaction of P3T4 cores in SC materials (Table S1). P3T4Rh-
Et and P3T4Rh-C,-PCs;BM SC are expected to have significantly
different packing characteristics, which are discussed in detail
in the following section. To adjust the packing properties of the
P3T4 core in the SC systems, thermal annealing (TA) and SVA
were applied to the films, and the corresponding UV-vis absorp-
tion spectra were further investigated (Figure S2). A TA tem-
perature of 145 C was chosen on the basis of DSC measurements
of P3T4Rh-Etbetweenits T, and T, values. As a result of TA, the
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Figure 1. (a) Absorption coefficients in CF (dashed) and in film (solid), (b) PL spectra in CF (A4=510 nm), (c) cyclic voltammograms, and (d) FMO

energy level diagram of P3T4Rh-C,-PCs;,BM SC triads.
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spectra of P3T4Rh-Et showed a dramatic change, with an intensi-
fied 0-0 transition and well-resolved vibronic structures, whereas
the spectra of the SC triads showed negligible changes. SVA is
also an effective method of improving the crystalline packing of
solution-processed organic semiconductor films.** SVA was con-
ducted for 90 s by placing the films in a chamber (5x5 cm?) con-
taining 5 mL of EA. SVA of the P3T4Rh-Et and SC triad films
yielded results similar to those of TA. P3T4Rh-Et showed signifi-
cant changes, with a more intense 7-m stacking peak in the UV-
vis spectrum, but no recognizable changes were observed for
the P3T4Rh-C¢-PCy;BM and P3T4Rh-C,,-PC4;BM films. The pack-
ing characteristics of P3T4Rh-Et were very sensitive to external
stimulation such as TA and SVA post-treatments and exhibited
improved intermolecular stacking because of the conformational
locking of the planar P3T4 structure via noncovalent coulombic
interactions along the conjugated backbone. However, in the A-
D-A-type SC triads, the ordered (or packed) P3T4 structures
were poorly constructed regardless of post-treatment due to
the bulky terminal PC4;BM moieties, even with increased spacer
length in P3T4Rh-C,,-PC4;BM. From the absorption onset in the
films, the optical band gap (E,*") was determined to be 1.96 eV
for P3T4Rh-Et, 2 eV for P3T4Rh-C¢-PC¢;BM, and 1.98 eV for
P3T4Rh-C;,-PCs;BM.

To investigate the intramolecular charge transfer (ICT) interac-
tion in the SC systems, steady-state photoluminescence (PL)
experiments were conducted in extremely diluted solution
(~3.5x107 M) in CF under excitation at A..=510 nm (Figure 1(b)).
The PL intensity of the P3T4Rh-Et/PC¢;BM (1:2 M ratio) blend
solution is similar to that of P3T4Rh-Et, indicating negligible PL
quenching. In the diluted solution, the intermolecular charge
transfer is negligible because of the large separation between
the p- and n-type moieties (P3T4Rh-Et and PC4;BM) in the blend
solution. However, both SC triads show significant PL quenching
under the same conditions. The PL quenching efficiency was
determined to be 78.8% for P3T4Rh-C,-PCy;BM and 59.6% for
P3T4Rh-C,y-PC4;BM. The more efficient PL quenching in P3T4Rh-
C-PC¢1BM can be understood in terms of the shorter D-A spac-
ing and thus more efficient ICT. The significant PL quenching in
both SC triad structures is strong evidence of efficient intramo-
lecular exciton separation by photoinduced electron transfer
from the p-type core to the terminal fullerenes, which might offer
an additional charge transfer pathway for exciton separation in
these SC photovoltaic systems, in contrast to the D/A blended
systems.

The cyclic voltammograms of P3T4Rh-Et, PC4,BM, P3T4Rh-
Ce¢-PCs:BM, and P3T4Rh-C,,-PCs;BM were measured in thin

Table 1. Summary of optical, electrochemical, and thermal properties

film (coated on a platinum working electrode) in a 0.1 M
Bu,NBF, acetonitrile solution (Figure 1(c)). A platinum wire and
Ag/AgNO; were used as the counter electrode and reference elec-
trode, respectively. The estimated frontier molecular orbital (FMO)
levels relative to the internal standard of the ferrocene/ferro-
cenium (Fc/Fc") redox couple are shown in Figure 1(d). P3T4Rh-
Et and PCsBM showed highest occupied molecular orbital
(HOMO)/lowest unoccupied molecular orbital (LUMO) energy
levels of -5.57/-3.61 eV and -5.90/-3.95 eV, respectively. The
HOMO/LUMO energy levels of the SC molecular systems were
determined to be -5.58/-3.89 eV and -5.59/-3.92 eV for P3T4Rh-
Cs-PC¢;BM and P3T4Rh-C,,-PC¢;BM, respectively. In both struc-
tures, the oxidation and reduction peaks originate from the
P3T4Rh and PC4;BM moieties, which determine the HOMO and
LUMO levels in the SC systems. The FMO energy levels confirm
that there is sufficient energy offset for both electron and hole
transfer between the two moieties. In addition, the spacer length
had no effect on the oxidation and reduction potentials of the
two SC structures, because there was no conjugation between
the p- and n-type blocks. The optical, electrical, and thermal
properties are summarized in Table 1.

3.3. Morphological properties

The film morphologies of P3T4Rh-Et and the two SC triads
were investigated by GIWAXS and AFM measurements. Two-
dimensional GIWAXS images and line cuts are shown in Figure
2 and corresponding packing parameters are summarized in
Table S2. P3T4Rh-Et shows lamellar scatterings (d-spacing of
21.3 A) up to (400) along the out-of-plane (OOP) direction. The
in-plane (IP) (100) lamellar peak was also observed together
with a 77-7r stacking (010) signal (d-spacing of 3.8 A) along the
OOP direction. The GIWAXS analysis indicates that P3T4Rh-Et
has preferential edge-on packing with a mixed bimodal orien-
tation (Figure 2(a)). Overall, the pronounced crystalline packing
of P3T4Rh-Et originates from its planar p-conjugated backbone
and is based on the design motif of intramolecular noncovalent
coulombic interactions along the backbone. By contrast, the corre-
sponding lamellar and -t stacking peaks of the P3T4 core almost
disappeared in the images of both the P3T4Rh-C4-PC4;BM and
P3T4Rh-C,y-PC¢;BM films (Figure 2(b) and 2(c), respectively), indi-
cating their amorphous morphology. The broad peak at g=1.39 A*
is ascribed to aggregated PC¢;BM molecules. The surface rough-
ness was studied by AFM, and Figure S3 shows topographic
images of the P3T4Rh-C4-PCy;BM and P3T4Rh-Cy(-PC¢; BM films.
Both films show very smooth surfaces with root-mean-square

Material Aass (soln) s (film) Aonsec. (film) ES™ HOMO LUMO Ty
(nm) (nm) (nm) (eV)' (eV)’ (eV) (°C)°
P3T4Rh-Et 507.5 574.5 632.2 1.96 -5.57 -3.61° 364.5
P3T4Rh-C,-PCs BM 510.3 528.0 619.5 2.00 -5.58 -3.89¢ 360.3
P3T4Rh-C,,-PCs,BM 507.7 530.0 626.5 1.98 -5.59 -3.92¢ 357.5

“E®" was estimated from the absorption onset in film. "HOMO level was estimated from the tangential onset of oxidation (E,"*) observed by cyclic voltam-
metry. ‘LUMO level was estimated from the HOMO value and E,*™ in film. LUMO level was estimated from the tangential onset of the reduction peak (E,e;™).

T4 (5% weight loss) was determined by TGA under nitrogen.
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Figure 2. GIWAXS images of (a) P3T4Rh-Et, (b) P3T4Rh-Cs-PC4,BM,

and (c) P3T4Rh-C,,-PC¢;BM films. (d) Corresponding line cuts along
the IP (dashed) and OOP (solid) directions.
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roughness values of 0.31 and 0.30 nm for P3T4Rh-C¢-PC¢;BM
and P3T4Rh-C,(-PCy;BM films, respectively. The smooth surfaces
of these films are expected to be related to their amorphous
morphology, which is consistent with the UV-vis spectra, DSC
measurements, and GIWAXS analysis.

3.4. Photovoltaic properties
The photovoltaic properties of the P3T4-based SC triads were

investigated to test their diode characteristics by fabricating
SCOSC devices with a conventional architecture of ITO/PEDOT:
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PSS/active layer/Zn0/Al The SCOSC devices were tested by
varying the processing solvent, solution concentration, addi-
tives, etc. The optimized devices were fabricated using a total
SC material concentration of 20 mg/mL in CB with 1 vol.% DPE
as a processing additive. The J-V characteristics of the opti-
mized devices are shown in Figure 3, and the detailed photo-
voltaic parameters are summarized in Table 2. The optimized
P3T4Rh-C4-PCs;BM and P3T4Rh-C,y-PC4;BM devices showed
similar PCEs of 0.43% and 0.40%, with Jsc values of 1.92 and
1.83 mA cm and open-circuit voltage (V) values of 0.85 and
0.82 V, respectively; the FF value of both devices was 0.27. Over-
all, the photovoltaic characteristics of the P3T4-based SC triads
are significantly lower than those (PCE: 2.44%, Jsc: 7.02 mA cm?,
Voc: 0.97 V, FF: 0.36) of previously reported BDTRh-PCBM SCO-
SCs based on the BDT core.?! P3T4Rh-C¢-PCy;BM and BDTRh-
PCBM are A-D-A-type SC triads with similar structure that con-
tain PC¢;BM as an electron-withdrawing moiety at both termini.
The different donor moieties in the SC triads resulted in signifi-
cantly different photoelectrical properties, emphasizing the
importance of careful choice of the donor moiety in the design
of fullerene-based SC photovoltaic structures.

To understand the poor photoelectrical properties of the
P3T4-based SCOSCs, we further investigated the charge mobility
using the space-charge-limited current method. The hole and
electron mobilities in the vertical direction were measured by
fabricating hole-only and electron-only devices with a device
structure of ITO/PEDOT:PSS/active layer/Au and ITO/ZnO/
active layer/Al, respectively. The measured hole (1) and elec-
tron (u.) mobilities of the P3T4Rh-C¢-PC4;BM and P3T4Rh-C-
PC¢;BM films are p,=3.62x10°/u,=9.67x107 cm?* V''s'and u,=
3.23x10°/u,=3.82x107 cm® V's™, respectively. Both devices show
unbalanced hole and electron mobilities, which is one of the
reasons for the low FF of devices. Because the charge carrier
extraction is limited by the carrier with lower mobility, the
imbalanced carrier transport increases current losses from charge
recombination, resulting in low FF of photovoltaic devices.*’*®
The p, value of P3T4Rh-Cs-PCy;BM is 2.5 times higher, which may

400 500 600
Wavelength (nm)

0
300 700

Figure 3. (a) J-V characteristics and (b) EQE spectra of optimized P3T4Rh-C4-PC¢;BM- and P3T4Rh-Cy(-PCs;BM-based SCOSCs.

Table 2. Photovoltaic parameters of P3T4Rh-C4-PCg4;BM- and P3T4Rh-C,y-PC4;BM-based SCOSCs

Active material Voc (V) Jsc (mA cm?) FF PCE® (%)

P3T4Rh-C,-PCy,BM 0.85 (0.82+0.03) 1.92 (1.82%0.10) 0.27 (0.27%0.02)
P3T4Rh-C,,-PCs;BM 0.82 (0.80+0.02) 1.83 (1.72+0.09) 0.27 (0.27+0.02)

0.43 (0.42%0.01)
0.40 (0.38+0.02)

“Average photovoltaic parameters and standard deviations are based on measurements of 10 independent devices.
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explain its higher Js. compared to that of P3T4Rh-C,,-PC4;BM.
Because of the flexible spacer length, we expected that the lon-
ger (C10) spacer might improve the intermolecular packing of
the P3T4 cores in P3T4Rh-C,,-PCs;BM with reduced steric crowd-
edness. However, the effect of alkyl spacer length on the packing
structure was negligible, and both P3T4Rh-C,-PCy;BM and P3T4Rh-
C10-PC¢;BM showed amorphous morphology. Thus, the longer
decyl spacer in P3T4Rh-C;y-PCs;BM may further increase the
insulating property by hindering electron transport in the active
layer. In addition, the carrier mobilities are significantly lower
than those (u,=1.03x10° cm? V' s and 1,=8.96x10° cm?*V* s ™)
of BDTRh-PCBM, indicating critical dependence on the conju-
gated core in A-D-A-type SC triad structures.™

The J-V characteristics of P3T4Rh-C4-PC¢;BM and P3T4Rh-
C10-PC¢;BM were further investigated under dark conditions
(Figure 4(a)), and the leakage current and rectification ratio
were measured to evaluate the diode properties. Both SCOSC
devices showed a very high leakage current (~5 mA cm™) and
low rectification ratio (~20), indicating very poor diode behavior
of both SC structures, which is attributed to their amorphous
morphology in film. The photocurrent density (J,,) versus effec-
tive voltage (V) characteristics of the two SCOSCs were also
investigated (Figure 4(b)). /1 is defined as J;,=/i-Jp, where J;, and
Jp are the photocurrent densities under illumination and in the
dark, respectively. Vi is defined as Vg=V,-V,, where V is the
voltage at which J,;, is zero, and V, is the applied bias voltage. We
did not observe saturation of J;, even at high V. (>2 V) in either
the P3T4Rh-C¢-PCq;BM or P3T4Rh-Cy-PCy;BM device, proba-
bly because of severe trap-assisted charge recombination orig-
inating from the amorphous film morphology. The high leakage
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current and charge recombination in the P3T4-based SCOSCs
also caused a significant decrease in V¢, which is related to the
energy difference between the HOMO of the donor and LUMO
of the acceptor. The HOMO of P3T4Rh-C¢-PCy;BM and P3T4Rh-
C10-PCs;BM was determined to be approximately -5.6 eV, which is
significantly deeper than that (-5.32 eV) of BDTRh-PCBM based
on aBDT core. However, the measured V. values (0.82-0.85 V)
were significantly lower than that of BDTRh-PCBM (0.97 V).
Voc is defined as follows:
Voc=nksT/q In(,,(Voc)/Jo+1) 1
where n, kg T, and q are the ideality factor of the diode, Boltz-
mann’s constant, the temperature (K), and the elementary charge,
respectively.*”*® V. depends on the variables J,,(Voc) and J,,
which are the photocurrent at Vc and the leakage current, respec-
tively. Therefore, the significant decrease in Vi in the P3T4-based
SCOSCs can be interpreted in terms of the low J;,(Voc) and high
leakage current, in good agreement with the measured J-V charac-
teristics.

The light intensity (Pygn)-dependent Jsc and Vo characteristics
were also measured to investigate the charge carrier recombina-
tion properties (Figure 4(c) and 4(d)).**" The Pyg, versus Js: curves
were fitted according to a power-law equation, Jsc & I“ (where [
is the light intensity, and « is the slope of a logarithmic plot of /5
versus light intensity). The slopes of log-log plots of P, versus
Jsc were found to be 0.91 and 0.92 for the P3T4Rh-C4-PCs;BM
and P3T4Rh-C,,-PCs;BM SCOSCs, respectively. Negligible bimo-
lecular recombination is expected at a=1. The low «a values of
~0.9 indicate that both SCOSC devices suffer from serious bimolec-
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——P3T4Rh-C,,-PC;,BM
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Figure 4. (a) J-V characteristics of P3T4Rh-C¢-PCs;BM and P3T4Rh-C;,-PCs,BM in the dark, (b) photocurrent density (/) versus effective voltage
(Ver) characteristics, and dependence of (c) Jsc and (d) Vyc on light intensity.
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ular recombination. The P, versus Vo curves were fitted accord-
ing to the equation Voc < nkT/q In(Pig). When the ideality factor is
unity, the carrier recombination in the depletion region is neg-
ligible, and the diffusion current is dominant in the device. By
contrast, a value of n=2 indicates that trap-assisted recombina-
tion is dominant. Typical devices exhibit both recombination
and diffusion currents; thus, the value of n is often measured in
the range of 1 to 2. As shown in the semilogarithmic plots of
Pygne versus Voc, both the P3T4Rh-C¢-PCgBM and P3T4Rh-Co-
PC4;BM devices have unusually high n values (4.84 and 5.63,
respectively), again confirming the poor diode characteristics,
which must be strongly related to the amorphous film morphol-
ogy. A comparison of the morphological and photovoltaic prop-
erties of BDTRh-PCBM indicates that the polyaromatic fused core
is a better choice than the single-bond-based conformation-
locked conjugated core in the design of A-D-A-type SC triads to
induce crystalline packing and enhanced photoelectrical prop-
erties.™

4. Conclusions

Two A-D-A-type SC photoactive triads (P3T4Rh-Cs-PCy;BM and
P3T4Rh-C,y-PCs;BM) were synthesized on the basis of a P3T4
core, which was designed to have a planar conformation via non-
covalent coulombic interactions along the main conjugated back-
bone. A fullerene derivative (PC¢;BM) was incorporated at each
terminus, and the spacer length was varied (C6 and C10) to
modulate the intermolecular packing interactions of SC mole-
cules. In dilute solution, both SC triads showed clear PL quench-
ing by ICT, which may offer an additional exciton separation
pathway in SCOSCs compared to D/A blended devices. The donor
moiety, P3T4Rh-Et, showed strong intermolecular packing with
pronounced lamellar scatterings up to (400) along the OOP
direction in GIWAXS measurements. However, the ordered struc-
ture of the P3T4 cores was almost completely destroyed by the
incorporation of the bulky PC4;BM terminal moieties, indicat-
ing that both SC triads had amorphous morphology. The mor-
phological changes were in good agreement with the UV-vis
spectra, J-V characteristics, carrier mobility, and light-intensity-
dependent Js; and V. characteristics of the SC triads. Because of
poor carrier transport (with severe bimolecular and trap-assisted
recombination) and poor diode characteristics, the obtained
SCOSCs based on P3T4Rh-C4-PCs,BM and P3T4Rh-C,,-PC4;BM
showed significantly lower PCEs (~0.4%) than previously reported
BDTRh-PCBM SCOSCs based on a fused donor core (2.44%).%
This study suggested that a polyaromatic fused core could be
considered a better choice for the design of A-D-A-type SC tri-
ads than a single-bond-based conjugated core with conforma-
tional locking, as it is better able to induce crystalline packing
and thus enhance the photoelectrical properties of SC photoac-
tive molecules.

Supporting information: Supporting information is available
including followings: experimental results for TGA, DSC ther-
mograms, AFM topographic images, GIWAXS packing parameters,
and NMR spectra. The materials are available via the Internet
at http://www.springer.com/13233.
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