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Preface

The study presented in this thesis has been carried out under the guidance of Professor Yoshio Aso at The Institute
of Scientific and Industrial Research (ISIR), Osaka University from April 2011 to March 2016.

This thesis concerns the synthesis, properties, and photovoltaic performances of new n-conjugated compounds
bearing electron withdrawing groups as acceptor materials in organic photovoltaic devices. The objective of this
work is to provide insight into the relationships among the chemical structure, physical properties, thin-film
properties, and photovoltaic performances of photovoltaic device for advanced acceptor material in organic
photovoltaics.

The author hopes that the results and information presented in this thesis can contribute to further developments

of advanced materials in organic photovoltaics.
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General Introduction

As the growth of worldwide energy demand and environmental issue with an increasing industrialization of the
world, solar cells have attracted much attention as renewable and alternative energy source. Of the various
photovoltaic technologies, organic photovoltaics (OPVs) based on solution processing methods are one of the next-
generation solar cells because of their advantages of low cost, light weight, and large-area manufacturability.! One
of the state-of-the-art OPVs relied on the concept of bulk-heterojunction (BHJ) structure, with the organic active
layer of donor and acceptor materials (Figure 1).2 The bulk mixture of the polymer donor (p-type) and the small
molecule acceptor (n-type) materials with phase-separated domain regions allow implementation of efficient
photocarrier generation at extended donor/acceptor interface. On the other hand, the BHJ structure is not always
effective for charge carrier transport and collection and thus fine control of nanoscale phase separation is inevitably
needed to achieve both efficient photocarrier generation and charge carrier transport.® In addition to this, since the
efficiency of photocarrier generation depends on the nature of donor/acceptor interface, construction of optimal
interface is necessary to improve the efficiency. However, the difficulty of direct analysis and tuning donor/acceptor
interfaces are thought to be the critical issue for development of materials.

@) grssmmmmnssesesesesessssssessssssssssssanes . (®
: « Acceptor (n-type)
A : | cathode o | i T ; _
cathode e T 1. excitationsgae 4. chafge separation _
i P o H < —-Q- e —— oo, 5. collection
: donoiH > it 2 diffusion { =¥ e)
Y S i i § | kAR, Wil cathode
t o e 7 -‘@ : S anode LY 2 #3. charge transfer
anode %4 v F 2 (R @O H B (CT state)
‘ substrate V “. i | anode et B 5. collection 4 charge separation

Figure 1. (a) Schematic structure of BHJ type organic photovoltaic devices and (b) process of photoelectric
conversion.

Since the first time Yu et al. fabricated BHJ type photovoltaic device, which comprises a blend of a solubilized
n-conjugated polymer as a donor material and a solubilized fullerene derivative as an acceptor material,*remarkable
progress in donor materials have promoted a significant increase in the power conversion efficiency (PCE) of OPVs
(Figure 2).5 In contrast, developments of new acceptor materials has been relatively slow, and only a limited series
of fullerene derivatives such as [6,6]-phenyl-Cx-butyric acid methyl ester (x = 61 and 71) (PCxBM) are employed
as effective acceptor materials, due to the advantages of low reorganization energy, a long-lived charge-separated
state, and a rapid and isotropic mobility of electrons.® Despite these unique features, fullerene derivatives have an
unfortunate drawback, i.e., a weak absorption in the visible region, which results in a limited light-harvesting
efficiency, limited tunability in electronic structure, high synthetic costs, and morphological instability in the BHJ
film.” Thus, novel acceptors as alternatives to fullerene derivatives are highly desired to boost the performance and
diversity of OPVs.8

On these accounts, extended w-conjugated compounds containing electron-withdrawing groups, such as rylene
diimide,® diketopyrrolopyrrole,*® and benzothiadiazole!* and others!? are highlighted as alternative acceptor

materials. This class of acceptors provides tunable absorption properties, frontier molecular orbital energy levels,
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Figure 2. Timeline of PCEs in OPVs.

and thin-film properties due to their synthetic flexibility. However, the progress has been limited due to a lack of
acceptor design guideline and, in this context, the basic knowledge among the chemical structure, physical
properties, thin-film properties, and photovoltaic performances is essential for advancement in the research area of
OPVs.

In this thesis, the author has focused on the relationship among the structural feature, physical properties, thin-
film properties, and photovoltaic performances of new electron-accepting m-conjugated compounds. The thesis is
divided into four chapters, each one treating different concepts of chemical structures.

Chapter 1 focuses on a series of new three-dimensional (3-D) structured acceptor materials based on the
combination of a tetrahedral-covalent Si atom at the center and oligothiophenes having dicyanomethylene-
substituted difluorocyclopenta[b]thiophene at the four arms and elucidates their OPV performances.

In chapter 2, the author elucidated the physical, thin-film, and photovoltaic characters of linearly extended
phthalimide and phthaldithioimide-based acceptor materials which are suitable for investigation of
structure—properties—OPV performances relationship due to its synthetic flexibility.

In chapter 3, the work is focused on the influence of structural modification of the linearly extended acceptor
materials on molecular properties and orientation at donor/acceptor interfaces. The thin-film properties and OPV
performances were systematically investigated using diethynylbenzothiadiazole/phthalimide based acceptors.

In the final chapter, the author designed and synthesized extended r-electron compounds with 3-D structure using
perylene bisimide units. The thin-film properties and OPV performances of three-dimensional acceptors were
discussed.
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Chapter 1
Three-Dimensional Electron Acceptor Materials Bearing Dicyanomethylene-
Substituted Difluorocyclopenta[b]thiophene

1.1 Introduction

Since the first use of fullerene derivatives in BHJ type OPVs, PCxBM (x = 61 and 71) have been widely adopted as
the standard acceptor material of choice and much progress has been made in efficiency, device architecture, and
physical principles of OPVs. The intrinsic properties of fullerenes, such as high electron mobility, electron
acceptability, exciton diffusion length, and small internal reorganization energy are favorable factors for acceptor
materials in OPVs. Furthermore, it is considered the extended the lowest unoccupied molecular orbital (LUMO)
distribute through the isotropic 3-D spherical structure can play a positive role in electron transport across acceptor
domains. In this chapter, from these viewpoints, the author focused on the 3-D shaped m-conjugated acceptor
materials.

In 2013, in terms of structural modifications, we demonstrated that 3-D arrangements of n-conjugated molecules
has an advantage to construct the isotropic electron-transporting pathways in the BHJ films, leading to promising
photovoltaic performances.! In very recently 3-D arranged rylene diimide derivatives are demonstrated as promising
acceptor materials by several groups.? Under this situation, the author designed and synthesized new 3-D electron-
transporting m-conjugated compounds based on the combination of a tetrahedral-covalent Si atom at the center and
oligothiophenes having dicyanomethylene-substituted difluorocyclopenta[b]thiophene? at the four arms (Tetra-T-
BCN, and Tetra-TT-BCN) and evaluated their properties and OPV performance (Figure 1.1). Through comparing
the OPV characteristics of 3-D arranged and planar acceptor materials (Tetra-TT-BCN), the effectiveness of
molecular arrangements are elucidated.

Ar
Tetra-T-BCN Ar=
~
S
—
Ar gy UAr
NS
Tetra-TT-BCN Ar =

Ar

(reference)

Figure 1.1. Chemical structures of Tetra-T-BCN, Tetra-TT-BCN, and BCN-TT-BCN.

1.2 Synthesis

The synthetic route of the target 3-D acceptor compounds Tetra-T-BCN and Tetra-TT-BCN are shown in Scheme
1. Tetrastannyl compound 2 was obtained by the lithiation of tetra(2-thienyl)silane (1) using n-BuL.i in the presence
of N,N,N',N'-tetramethylethylenediamine (TMEDA) followed by quenching with tetrabutyltin chloride.* Tetra-T-
BCN was synthesized by a palladium-catalyzed Stille coupling between 2 and 4.8 equiv. of 3 under microwave

irradiation (180 °C, 5 min.) in a yield of 39%. The compound 6 was synthesized by the Stille coupling of 4 with 2-
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tributylstannylthiophene, followed by bromination with NBS in DMF at 70 °C. Then, the Knoevenagel condensation
of 6 with malononitrile gave 7. Finally, Tetra-TT-BCN was afforded by 2 and 6 under the Stille coupling reaction
conditions. Owing to the contribution of non-planar molecular structure and solubilizing hexyl groups, both target
compounds possess enough solubility in common organic solvents such as chloroform and o-dichlorobenzene,
enabling us to purify them using gel-permeation chromatography (GPC) as well as to characterize their properties
and semiconducting performance.

NC__CN
H13Ce F
I\ F
Br
S CN
n-BulLi 3 NC
TMEDA Pd,(dba);*CHCl;
. S SnBu;ClI S P(o-tol)3
s|m> R s%—@»smm) ————— Tetra-T-BCN
4 THF,0°C \_/ 4 PhCI, microwave
1 64% 2 39%
SnBu3
o]
H13Ce sz(dba)3 CHCl, H1sCe F NBS
/i \ F P(O-t0|)3 S 7\ F 5:X=H DMF,
e} PhCI microwave \_/ S O 6:X=Br 70°C
: 94%
92%
NC.___CN
2
NC”CN H13Ce Pd,(dba);*CHCl5
TiCly, Pyridine F P(o-tol);
—F—F > Br Tetra-TT-BCN
CHClj, reflux CN  PhCI, microwave
NC
89% 7 43%

Scheme 1.1. Synthesis of Tetra-T-BCN and Tetra-TT-BCN.

1.3 Photophysical and Electrochemical Properties

The UV-vis absorption spectra of Tetra-T-BCN and Tetra-TT-BCN in chloroform display in Figure 1.2 (a), and
the photophysical data are outlined in Table 1. The absorption spectrum of Tetra-T-BCN showed two bands at 361
and 462 nm. According to time-dependent density functional theory (DFT) calculations at the B3LYP/6-31G (d,p)
level, the higher energy band is mainly attributed to transitions from the highest occupied molecular orbital
(HOMO)-1 to LUMO and from HOMO to LUMO+1, and the lower energy band is attributed to HOMO-LUMO
transition. The extension of w-conjugation from Tetra-T-BCN to Tetra-TT-BCN led to a pronounced red-shift of
these absorptions, resulting in covering a broad wavelength range from 300 to 700 nm. The absorption onsets of
537 and 642 nm for Tetra-T-BCN and Tetra-TT-BCN correspond to the estimation of HOMO-LUMO energy gaps
(4Eop) of 2.31 and 1.93 eV, respectively. The redox potentials of these compounds were investigated by cyclic
voltammetry (CV) in dichloromethane containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg) as a
supporting electrolyte by using a platinum-plate working electrode, a platinum wire as a counter electrode, and
Ag/AgNQO; as a reference electrode. The cyclic voltammograms are shown in Figure 1.2 (b), and the electrochemical

data are summarized in Table 1. The potentials were calibrated using a ferrocene/ferrocenium (Fc/Fc*) redox couple
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as an internal standard. While no oxidation wave was observed within the measureable potential range (< +1.0 V' vs
Fc/Fc*), both the compounds showed two reversible reduction waves. Since the presence of a Si atom disrupts the
conjugation between neighboring oligothiophenes, we assigned that each reduction wave consists of the four-
electron process. Tetra-T-BCN exhibited the first half-wave reduction potential (Ereq'/?) at —0.55 V, which is very
similar to that of Tetra-TT-BCN (—0.57 V), indicating that the extension of conjugation has no significant influence
on the reduction process of the BCN-containing n-system. This phenomenon is rationalized by the DFT calculations
that LUMOs of model compounds are mainly localized on the electron-accepting BCN unit (Figure 1.3). Under the
assumption that the energy level of Fc/Fc* is —4.8 eV below the vacuum level,® the LUMO energy levels (ELumo)
of Tetra-T-BCN and Tetra-TT-BCN were estimated to be —4.25 and —4.23 eV, respectively, whose values are lower

than that of PC¢1:BM (—3.72 eV) determined under the same measurement conditions.

(a) (b)
Tetra-T-BCN

5 Tetra-TT-BCN Tetra-T-BCN
© = %
® C 7
Q =
& o
g g Tetra-TT-BCN
2 @)
<

300 400 500 600 700 —2.0 -1.0 0

Wavelength / nm E vs Fc/Fct 1V

Figure 1.2. (a) UV-vis absorption spectra in chloroform and (b) cyclic voltammograms in dichloromethane
containing 0.1 M TBAPFe.

Figure 1.3. Chemical structures of model compounds and calculated LUMOs at the B3LYP/6-31G(d,p) level.



Table 1.1. Properties of Tetra-T-BCN, Tetra-TT-BCN, and BCN-TT-BCN.
Compounds Amax [nM]2 AEopt[eV]®  Erea V2 [V]° Ecumo[eV]Y  Enomo [6V]®  pe [cm2V-1s]

Tetra-T-BCN 361, 462 2.31 —0.55,-1.12 4.25 —6.56 3.7x10°
Tetra-TT-BCN 381, 437,544 1.93 -0.57,-1.13 4.21 —6.14 5.0x10°
BCN-TT-BCN 591 1.81 -0.67 -4.13 -5.94 5.4x10*

2 In CHCls. ® Determined by the onset of the UV-Vis absorption spectrum in CHCls. ¢ In dichloromenthane
containing 0.1 M TBAPFs, V vs. Fc/Fc*. ¢ The approximation for the Fc/Fc* level is —4.8 eV vs. vacuum level. ©
Determined by ELumo and AEqpt.

1.4 Electron Mobilities and Photovoltaic Performances

Organic Field-effect transistors (OFETSs) with a bottom-contact and bottom-gate configuration were employed to
estimate the electron-transporting properties of Tetra-T-BCN and Tetra-TT-BCN. The active layers of Tetra-T-
BCN and Tetra-TT-BCN were formed by spin-coating from a 0.5 wi% chloroform solution on the
hexamethyldisilazane (HMDS)-modified SiO> dielectric. Irrespective of the 3-D structure disadvantageous to the
carrier transport in OFETs, Tetra-T-BCN and Tetra-TT-BCN retained n-type OFET responses with electron
mobilities () of 3.7 x 108 and 5.0 x 105 cm? V-1 s, respectively.

To investigate the properties of BHJ blend films of Tetra-T-BCN and Tetra-TT-BCN with a donor polymer
poly(3-hexylthiophene) (P3HT) (1:1 w/w), flash-photolysis time-resolved microwave-conductivity (FP-TRMC)
measurements were performed.® As shown in Figure 1.4 (a), the photoconductivity (¢2u) of the P3HT/Tetra-T-
BCN blend film was inferior to a pristine P3HT film. In contrast, both the ¢ maximum and its lifetime of the
P3HT/Tetra-TT-BCN film were increased compared with those of P3HT/Tetra-T-BCN, suggestive of the better
photovoltaic performance of the former. As shown in Figure 1.4 (b), P3HT photoluminescence of the P3HT/Tetra-
TT-BCN film was almost quenched, whereas a detectable fluorescence remained for P3HT/Tetra-T-BCN. These

results indicate that Tetra-TT-BCN has more suitable potential for the photo-induced charge transfer from P3HT.

. (@) (b)
3 — P3HT:Tetra-T-BCN — PSHT:Tetra-T-BCN
4] — P3HT:Tetra-TT-BCN — P3HT:Tetra-TT-BCN

Intensity / a.u.

0 2 4 6 8 550 600 650 700 750 800
Time / us Wavelength / nm

Figure 1.4. (a) FP-TRMC transients of P3HT (black), P3HT/Tetra-T-BCN (red), P3HT/Tetra-TT-BCN (blue)
blend films. The transients were recorded upon exposure to a 355 nm laser pulse. (b) Fluorescence spectra of P3HT

and P3HT/acceptor blend films under excitation at 355 nm.
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In order to investigate the acceptor function of Tetra-T-BCN, Tetra-TT-BCN, and BCN-TT-BCN, BHJ type
photovoltaic devices were fabricated using P3HT as the electron donor, with device structures consisting of
glass/indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene:poly(styrenesulfonate) (PEDOT:PSS)/active layer/
Al. As shown in the external quantum efficiency (EQE) spectra of devices (Figure 1.5 (2)), only Tetra-TT-BCN
showed photovoltaic current among the acceptors. The result indicates that extended 3-D arrangement of acceptors
is favorable for BHJ type OPVs. The PCE of P3HT/Tetra-TT-BCN blend is still at a low level due to the energy
level mismatch owing to the deep LUMO level of Tetra-TT-BCN. Thus, the author evaluated the photovoltaic
performance of Tetra-TT-BCN as an acceptor with poly[N-9"-hepta-decanyl-2,7-carbazole-alt-5,5-(4",7"-di-2-
thienyl-2',1',3'-benzothiadiazole) (PCDTBT) as a donor by the device configuration of ITO/MoOx/PCDTBT:Tetra-
TT-BCN (1:1)/Al. The active layer was prepared by spin-coating from the blended solution in o-dichlorobenzene
with a total concentration of 20 mg mL. Under illumination of AM 1.5 G solar irradiation (100 mW cm-2), this
device showed OPV characteristics with a power conversion efficiency of 0.08%. The current density (J)-voltage
(V) curve of the devices are shown in Figure 1.5 (b). Considering the fact that the BCN-containing planar r-
conjugated system did not show any OPV response under the same conditions, we conclude that the extension of
the acceptor material to the 3-D structure contributed to the appearance of photovoltaic characteristics in BHJ type
OPVs.

(a)

——P3HT:Tetra-T-BCN
1——P3HT:Tetra-TT-BCN
0.4 |——P3HT:BCN-TT-BCN

—~
O
-

0.5

-
o

o
(S, ]
1

.M

Current Density / mA cm™2
o

T d d 4 1 -1.0 T — 1t ' 1 - T 7

300 400 500 600 700 800 -02 0 02 04 06 0.8
Wavelength / nm Voltage / V

Figure 1.5. (a) EQE spectra of P3HT/Tetra-T-BCN (red), P3HT/Tetra-TT-BCN (blue), and P3HT/BCN-TT-

BCN based OPV devices. (b) J-V curves of PCDTBT/Tetra-TT-BCN OPV device.

1.5 Conclusion

In summary, towards the application to acceptor materials in OPVs, new 3-D electron-transporting m-conjugated
compounds containing dicyanomethylene-substituted difluorocyclopenta[b]thiophene units have been synthesized.
The photophysical and electrochemical measurements of these compounds revealed the electronic properties and
frontier-orbital energy levels. Despite the unfavorable 3-D structure for the carrier transport in OFETSs, both
compounds showed electron-transporting characteristics. These compounds were utilized as acceptors along with a
low band gap polymer as a donor for the fabrication of BHJ solar cells. As a result, OPV device based on
PCDTBT/Tetra-TT-BCN showed photovoltaic response. This study demonstrates the effectiveness of 3-D structure
to obtain OPV characteristics in non-fullerene acceptor materials.
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1.6 Experimental Section

General Information

All reactions were carried out under a nitrogen atmosphere. Solvents of the highest purity grade were used as
received. All reagents were purchased from commercial sources and used without purification. Column
chromatography was performed on silica gel, KANTO Chemical silica gel 60N (40-50 um). Thin-layer
Chromatography plates were visualized with UV light. Preparative GPC was performed on a Japan Analytical
Industry LC-918 equipped with JAI-GEL 1H/2H. *H and *3C NMR spectra were recorded on a JEOL ECS-400, or
Bruker AVANCE 111 700 spectrometer in CDCIs with tetramethylsilane (TMS) as an internal standard. Data are
reported as follows: chemical shift in ppm (6), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet),
coupling constant (Hz), and integration. Mass spectra were obtained on a Shimadzu GCMS-QP-5050 or Shimadzu
AXIMA-TOF. UV-vis spectra were recorded on a Shimadzu UV-3600 spectrophotometer. Fluorescence spectra
were recorded using a Fluoromax-4 spectrometer in the photo-counting mode equipped with a Hamamatsu R928P
photomultiplier. The bandpass for the emission spectra was 1.0 nm. All spectra were obtained in spectrograde
solvents. CV was carried out on a BAS CV-620C voltammetric analyzer using a platinum disk as the working
electrode, platinum wire as the counter electrode, and Ag/AgNOs as the reference electrode at a scan rate of 100
mV s1. Elemental analyses were performed on Perkin Elmer LS-50B by the Elemental Analysis Section of

Comprehensive Analysis Center (CAC), ISIR, Osaka University.

OFET Device Fabrication and Evaluation

The field-effect mobility was measured using bottom-contact thin-film FET geometry. The p-doped silicon substrate
functions as the gate electrode. A thermally grown silicon oxide dielectric layer on the gate substrate was 300 nm
thick with a capacitance of 10.0 nF cm2. Interdigital source and drain electrodes were constructed with gold (30
nm) that were formed on the SiO, layer. The channel width (W) and channel length (L) were 294 mm and 25 um,
respectively. The silicon oxide surface was washed with toluene, acetone, water, and 2-propanol. The silicon oxide
surface was then activated by ozone treatment and pretreated with HMDS. The semiconductor layer was spin-casted
on the Si/SiO; substrate from 1 wt% chloroform solution. The characteristics of the OFET devices were measured
at room temperature under a pressure of 10-2 Pa. The current-voltage characteristics of devices were measured by
using a KEITHLEY 4200SCS semiconductor parameter analyzer. The we was calculated in the saturated region at
the Vps of 80 V and the current on/off ratio (lon/lofr) Was determined from the Ips at Ves =0 V (lorf) and Vs = 80 V
(lon) by the following equation.

Ios = ZV_LCW(VGS —Vin)®

FP-TRMC Measurements

A resonant cavity was used to obtain a high degree of sensitivity in the conductivity measurement. The resonant
frequency and microwave power were set at ca. 9.1 GHz and 3 mW, respectively, so that the electric field of the
microwave was sufficiently small not to disturb the motion of charge carriers. Third harmonic generation (THG;

355 nm) of a Nd:YAG laser (Continuum Inc., Surelite 11, 5-8 ns pulse duration, 10 Hz) was used as an excitation

10



source. The nanosecond laser intensity was set at 4.6 x 10'° photons cm2 pulse*. The samples were drop-casted on
a quartz plate from the polymer/acceptor solutions and dried in a vacuum oven. The TRMC experiments were

performed in air at room temperature.

OPV Device Fabrication and Evaluation

Organic photovoltaic devices were prepared with a structure of ITO/MoOy/active layer/Al. ITO-coated glass
substrates were first cleaned by ultrasonication in toluene, acetone, H>O, and 2-propanol for 10 min, respectively.
ITO-coated glass substrates were then activated by ozone treatment for 1 h. MoOy layers were spin-coated from
isopropanol solution of bis(2,4-pentanedionato)molybdenum(V1) dioxide on the ITO surface at 2000 rpm for 1 min
and dried at ambient temperature for 1 h. The active layers were then prepared by spin-coating on the ITO/MoOy
electrode at 1000 rpm for 2 min in a glove box. The typical thickness of the active layer was 90-110 nm. Al electrode
were evaporated on the top of active layer through a shadow mask to define the active area of the devices (0.09 cm?)
under a vacuum of 10-°Pa to a thickness of 100 nm determined by a quartz crystal monitor. After sealing the device
from the air, the photovoltaic characteristics were measured in air under simulated AM 1.5G solar irradiation (100
mW c¢cm-2) (SAN-EI ELECTRIC, XES-301S). The J-V characteristics of photovoltaic devices were measured by
using a KEITHLEY 2400 source meter. The EQE spectra were measured by using a Soma Optics Ltd. S-9240. The
thickness of active layer was determined by KLA Tencor Alpha-step 1Q.

Synthesis

Synthesis of 2: 1 (1.00 g, 2.77 mmol), and tetramethylethylenediamine (2.67 g, 23.0 mmol) was placed in a 300 mL
two-necked round-bottomed flask and dissolved with THF (140 mL). n-BuL.i (1.6 M hexane solution, 7.66 mL, 12.3
mmol) was added to the mixture at —78 °C. After stirring for 1 h at —78 °C, tributyltin chloride (5.42 g, 16.7 mmol)
was added. The mixture was gradually warmed up to room temperature. After further stirring for 1 h, the reaction
was quenched by the addition of water, and the organic layer was separated. The aqueous layer was extracted with
hexane, and the combined organic layer was washed with water and dried over Na,SO.. After removal of the solvent
under reduced pressure, the residue was purified by column chromatography on silica gel (hexane), followed by
preparative GPC (CHCIs) to give 2 (2.67 g, 64%). Colorless oil; *H NMR (400 MHz, CDCl3, TMS): 6 7.58 (d, J =
3.2 Hz, 4H), 7.28 (d, J = 3.2 Hz, 4H), 1.55 (m, 24H), 1.32 (m, 24H), 1.09 (t, J = 8.5 Hz, 24H), 0.88 (t, J = 7.4 Hz,
36H); 1*C NMR (100 MHz, CDCls): § 144.99, 140.17, 138.75, 136.07, 28.94, 27.22, 13.68, 10.88. This compound

was used without further purification.

Synthesis of Tetra-T-BCN: 2 (141 mg, 0.093 mmol), 3 (200 g, 0.45 mmol), Pdz(dba)s-CHCIs (8 mg, 0.007 mmol),
tri-o-tolylphosphine (9 mg, 0.03 mmol), and chlorobenzene (6 mL) were placed in a microwave proof walled glass
vial equipped with a snap cap. The glass vial was purged with nitrogen, securely sealed, and heated in a microwave
reactor, keeping the temperature at 180 °C for 5 min. After removal of the solvent under reduced pressure, the
residue was first isolated by column chromatography on silica gel (CHCIs). The fraction containing Tetra-T-BCN
was further purified by preparative GPC (CHCIs), followed by precipitation using CHCI; and hexane to give Tetra-
T-BCN (96 mg, 39%). Red solid; *H NMR (700 MHz, CDCls, TMS): 6 7.89 (d, J = 8.4 Hz, 4H), 7.84 (d, J = 8.4
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Hz, 2H), 3.29 (t, J = 8.2 Hz, 8H), 1.61 (m, 8H), 1.37 (m, 8H), 1.22 (m, 16H), 0.79 (t, J = 7.4 Hz, 12H); 13C NMR
(176 MHz, CDCls): ¢ 151.47, 151.34, 150.12, 150.04, 146.22, 141.16, 141.09, 140.40, 140.35, 138.88, 136.03,
131.99 , 120.18 (t, J = 261.4 Hz), 112.11, 111.52, 109.78, 108.79, 31.52, 31.42, 28.63, 28.02, 22.46, 14.06; MS
(MALDI-TOF (1,8,9-trihydroxyanthracene matrix)) m/z 1824.27 (M-, Calcd 1824.26). Anal. Calcd for
Co2HsoFsN16SsSi: C, 60.51; H, 3.31; N, 12.27. Found: C, 60.48; H, 3.50; N, 12.08.

Synthesis of 5: 4 (2.01 g, 5.72 mmol), 2-(tributylstannyl)thiophene (2.55 g, 6.83 mmol), Pdz(dba)s-CHCI3 (236 mg,
0.23 mmol), tri-o-tolylphosphine (277 mg, 0.91 mmol), and chlorobenzene (10 mL) were placed in a microwave
proof walled glass vial equipped with a snap cap. The glass vial was purged with nitrogen, securely sealed, and
heated in a microwave reactor, keeping the temperature at 180 °C for 5 min. After removal of the solvent under
reduced pressure, the residue was purified by column chromatography on silica gel (hexane/CHCIz = 2/1) to give 5
(934 mg, 92%). Yellow solid; *H NMR (400 MHz, CDCls, TMS): § 7.62 (dd, J =5.0, 0.9 Hz, 1H), 7.43 (dd, J = 3.7,
0.9 Hz, 1H), 7.21 (dd, J = 5.0, 3.7 Hz, 1H), 3.07 (t, J = 8.2 Hz, 2H), 1.66 (m, 2H), 1.43 (m, 2H), 1.32 (m, 4H), 0.89
(t, J=7.3 Hz, 3H); 1*C NMR (100 MHz, CDCls): 6 180.26 (t, J = 24.8 Hz), 177.46 (t, J = 24.8 Hz), 153.52, 151.64,
150.13, 136.55, 132.46, 130.13, 129.58, 128.50, 106.99 (t, J = 266.7 Hz), 31.34, 30.05, 29.15, 27.36, 22.53, 14.04;
MS (El) m/z 354 (M+, Calcd 354); Anal. Calcd for C17H16F20,S;: C, 57.61; H, 4.55. Found: C, 57.42; H, 4.75.

Synthesis of 6: 5 (934 mg, 2.64 mmol) was placed in a 50 mL round-bottomed flask and dissolved in DMF (26 mL)
and N-bromosuccinimide (609 mg, 3.42 mmol) was added to the mixture. After stirring for 20 h at 70 °C, the
reaction was quenched by the addition of 2 M aqueous Na;S;03. The aqueous layer was extracted with EtOAc, and
the combined organic layer was washed with water and dried over Na;SO4. After removal of the solvent under
reduced pressure, the residue was purified by column chromatography on silica gel (hexane/CHCI; = 1/1) to give 6
(1.07 g, 94%). Orange solid; *H NMR (400 MHz, CDCls, TMS): § 7.07 (s, 2H), 3.02 (t, J = 8.2 Hz, 2H), 1.64 (m,
2H), 1.43 (m, 2H), 1.34-1.30 (m, 4H), 0.90 (t, J = 8.0 Hz, 3H); 3C NMR (100 MHz, CDCls): § 180.11 (t, J = 25.2
Hz), 177.46 (t, J = 25.6 Hz), 153.36, 150.30, 150.08, 136.99, 133.74, 131.27, 129.74, 117.68, 106.88 (t, J = 263.4
Hz), 31.33, 30.12, 29.13, 27.39, 22.52, 14.04; MS (EIl) m/z 432 (M-, Calcd 432); Anal. Calcd for C17H15BrF20,S::
C, 47.12; H, 3.49. Found: C, 47.26; H, 3.72.

Synthesis of 7: 6 (1.07 g, 2.47 mmol) was placed in a 100 mL two-necked flask and dissolved with CHCI3 (40 mL).
To the mixture were added malononitrile (491 mg, 7.43 mmol), TiCls (2.35 g, 12.4 mmol), and pyridine (2 mL),
and the mixture was stirred at 60 °C for 4 h. The reaction was quenched by addition of water, and the organic layer
was separated. The aqueous layer was washed with CHCl3, and the combined organic layer was washed with water
and dried over Na;SQO4. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CHCIs) to give 7 (1.16 g, 89%). Red solid; *H NMR (400 MHz, CDCls, TMS): § 7.22
(s, 1H), 7.22 (s, 1H), 3.25 (t, J = 8.4 Hz, 2H), 1.56 (m, 2H), 1.43 (m, 2H), 1.29 (m, 4H), 0.88 (t, J = 6.9 Hz, 3H):
13C NMR (100 MHz, CDClg): 6 156.22, 151.43, 150.88, 147.24, 146.86, 145.01, 134.68, 129.01 (t, J = 305.01 Hz),
128.60, 121.18, 120.02, 118.77, 118.57, 111.85, 110.92, 109.09, 108.66, 31.49, 30.27, 30.15, 29.08, 22.49, 14.02;
MS (EI) m/z 528 (M+, Calcd 528); Anal. Calcd for C23HisBrF2N4Sz: C, 52.18; H, 2.86; N, 10.58. Found: C, 51.99;
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H, 3.08; N, 10.62.

Synthesis of Tetra-TT-BCN: 2 (624 mg, 0.41 mmol), 7 (1.05 g, 1.97 mmol), Pd>(dba)s-CHCI; (36 mg, 0.035 mmol),
tri-o-tolylphosphine (40 mg, 0.13 mmol), and chlorobenzene (12.7 mL) were placed in a microwave proof walled
glass vial equipped with a snap cap. The glass vial was purged with nitrogen, securely sealed, and heated in a
microwave reactor, keeping the temperature at 180 °C for 5 min. After removal of the solvent under reduced pressure,
the residue was first isolated by column chromatography on silica gel (CHCI3). The fraction containing Tetra-TT-
BCN was further purified by preparative GPC (CHCIs), followed by precipitation using CHCI3; and methanol to
give Tetra-TT-BCN (385 mg, 43%). Black solid; *H NMR (400 MHz, CDCls, TMS): § 7.55 (d, J = 3.7 Hz, 4H),
7.49 (d, J = 3.7 Hz, 4H), 7.42 (d, J = 3.8 Hz, 4H), 7.38 (d, J = 3.8 Hz, 4H), 3.33 (t, J = 7.8 Hz, 8H), 1.63 (m, 8H),
1.45 (m, 8H), 1.32-1.27 (m, 16H), 1.32-1.27 (t, J = 7.3 Hz, 12H); *C NMR (100 MHz, CDCls): 6 152.04, 151.39,
151.18, 149.61, 149.37, 146.49, 145.43, 143.73, 142.55, 140.01, 137.54, 133.14, 131.87, 131.41, 127.12, 125.97,
120.36 (t, J = 266.9 Hz), 112.23, 111.75, 110.00, 109.18, 31.47, 31.39, 28.66, 28.07, 22.45, 14.02; MS (MALDI-
TOF (1,8,9-trihydroxyanthracene matrix)) m/z 2152.21 (M-, Calcd 2152.21); Anal. Calcd for C1osHesFsN16S12Si:
C, 60.20; H, 3.18; N, 10.40. Found: C, 59.98; H, 3.43; N, 10.16.
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Chapter 2
Linearly Extended Acceptor Materials End-Capped with Solubilized Phthalimide
and Phthaldithioimide Derivatives.

2.1 Introduction

From the results of chapter 1, 3-D arranged acceptor materials were demonstrated to be favorable as acceptor
materials compared to planar n-conjugated systems. However the PCEs of devices were at the still low level. Toward
the further evaluation of chemical structure—properties—OPV performances relationship, high-performance
acceptor materials various structures can be realized with are considered to be essential. On these background, in
this chapter, the author focused on the utilization of solubilized phthalimide derivatives.

Electron-withdrawing cyclic imide groups are the most commonly inserted into r-conjugated systems to apply
to electron accepting materials.® Cyclic imide are prepared by one step condensation reaction of cyclic
dicarboxyanhydride with primary amines (Figure 2.1). By utilizing this synthetic methodology, the author aimed to
make it easy to compare the acceptor properties and performances by use of cyclic imide derivatives. In addition,
the oxygen atoms of cyclic imide derivatives can be substituted to sulfur atoms by treating with Lawesson’s reagent
or Davy’s reagent. As shown in the results of DFT calculation at the B3LYP/6-31G(d,p) level (Figure 2.2), the
thiocarbonyl groups of S-Imi(Me) more strongly participate in the LUMO than the carbonyl groups of Imi(Me), and
as a consequence, S-Imi(Me) possesses a notably lower LUMO energy level than Imi(Me). Furthermore, from large
coefficients on the sulfur atoms in the dithioimides, it can be expected to increase the intermolecular overlap of
LUMOs in the solid state, as for the case that the sulfur atoms with large coefficients of the HOMO in thienoacene
derivatives contribute intermolecular HOMO overlap. As a consequence of these reaction, diverse acceptor
materials with different physical properties are derivable from cyclic imide systems. Based on this view point, the
author designed new phthalimide based acceptors (Imi-a-BT, Imi-T-BT, and Imi-TzTz) and phthaldithioimide
based acceptors (S-Imi-a-BT, S-Imi-T-BT, and S-Imi-TzTz). Furthermore, not only thermophysical,
photophysical and Electrochemical Properties, but also OFETs and OPVs performances of these compounds were
investigated. From these systematical analysis on this chapter, the author attempted to extract the physical properties

that can be responsible for the OPV performances.

: S /S\ /S_:
) O o Sss | 1 R
dz H,N-R &z Davy's reagent d:
4 o~ - % o 4 s
phthalic anhydride N-alkylphthalimide N-alkylphthaldithioimide

Figure 2.1. Synthetic scheme of phthalimide and phthaldithioimide derivatives.

2.2 Synthesis
The synthetic routes of target compounds are shown in Scheme 2.1. First, we planned to use dithioimide compound
9 as a starting unit for S-Imi-a-BT. However, all attempts of Pd-catalyzed cross-coupling reactions using 9 as a

substrate resulted in complex mixtures owing to the catalytic poison of the thioimide group. To
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Figure 2.2. HOMO and LUMO energies calculated with DFT at the B3LYP/6-31G(d,p) level and chemical
structures used in this study.

overcome this problem, we decided to apply thionation after constructing the n-conjugated framework. Thus, Pd-
catalyzed Sonogashira-Hagihara coupling of 8 with diethynyl compound 10? in THF/NEt(i-Pr), gave Imi-a-BT,
which was then thionated with Davy’s reagent to form S-Imi-a-BT in 88% yield. Imi-T-BT was obtained by Stille
coupling of 8 with dithienyl compound 11,2 which was also then treated with Davy’s reagent to form S-Imi-T-BT
in 62% yield. Since the thiazolothiazole (TzTz) structure can be synthesized by the condensation reaction of
aldehyde with ethanedithioamide, we established the synthetic route of key aldehyde unit 14 from commercially
available 4-methylphthalic anhydride. After completing the synthesis of Imi-TzTz, subsequent transformation with
Davy’s reagent gave S-Imi-TzTz in 88% yield. Due to the presence of branched alkyl chains, these compounds are
soluble in common organic solvents such as chloroform, chlorobenzene, and o-dichlorobenzene. However, the

solubilities of the dithioimide compounds are considerably lower than those of the imide compounds.

2.3 Thermophysical, Photophysical and Electrochemical Properties
The thermal properties of the synthesized compounds were investigated by differential scanning calorimetry (DSC).
As shown in Figure 2.3, S-Imi-a-BT and S-Imi-T-BT showed no obvious peaks up to 300 °C on a heating run,
whereas the trace of Imi-a-BT and Imi-T-BT showed clear melting peaks at 223 and 227 °C, respectively.
Compared to Imi-TzTz, the peak of crystallization for S-Imi-TzTz is more separated from the melting peak and
more broadened. These results indicate a weak crystallization nature of the dithioimide compounds. On the other
hand, the higher melting temperature of S-Imi-TzTz compared to that of Imi-TzTz is likely the result of strong
intermolecular interactions, which is consistent with a presumption from the low solubility of the dithioimide
compounds (vide supra).

The UV-vis absorption spectra of the new n-conjugated compounds were measured in a chloroform solution and
as a film on a quartz plate, and the photophysical data are summarized in Table 2.1. As shown in Fig. 2, the
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Scheme 2.1. Synthesis of target compounds.

absorption spectra of the phthaldithioimide compounds in solution exhibit two obvious absorption bands in visible

region, while the phthalimide compounds exhibit one absorption band.

According to time-dependent DFT

calculations of the dithioimide compounds at the Coulomb attenuated method (CAM) corrected B3LYP/6-31G(d,p)

level, the band at longer wavelength is mainly ascribable to the transition between HOMO and LUMO. Thus, the
measured spectra indicate that the HOMO-LUMO gaps of the dithioimide compounds are narrower than those of

the imide compounds. Compared to the spectra of the imide compounds in solution, an additional well-structured

shoulder appeared in their absorption spectra in the solid state, which is attributed to intermolecular electronic

interactions of = stacked backbones. In contrast, the absorption spectra of the dithioimide compounds in the solid
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Figure 2.3. DSC profiles of (a) Imi-a-BT and S-Imi-a-BT, (b) Imi-T-BT and S-Imi-T-BT, and (c) Imi-TzTz
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Figure 2.4. UV-vis absorption spectra of (a) Imi-a-BT and S-Imi-a-BT, (b) Imi-T-BT and S-Imi-T-BT, (c) Imi-

TzTz and S-Imi-TzTz, in CHCI; (dashed line) and film (solid line).
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Figure 2.5. Cyclic voltammograms of (a) Imi-a-BT (red) and S-Imi-a-BT (blue), (b) Imi-T-BT (red) and S-Imi-
T-BT (blue) (¢) Imi-TzTz (red) and S-Imi-TzTz (blue) in o-dichlorobenzene/acetonitrile containing 0.1 M TBAPFs.

state were markedly red-shifted with a concomitant of broadening compared to those in a solution state, which are

also an indication of strong intermolecular electronic interactions.
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Table 2.1. Properties of compounds

Compounds Amax [nM]? AEopt [eV]P Erea Y2 [V]° ELumo [eV]®  Enomo [eV]
Imi-a-BT 412 2.70 -1.48, -1.75, -2.07 -3.32 -6.02
S-Imi-a-BT 405, 463 2.24 -1.08,-1.62,-1.88,-1.96 -3.72 -5.96
Imi-T-BT 488 2.20 -1.59, -1.83, -2.07 -3.21 -541
S-Imi-T-BT 357, 520 2.00 -1.15,-1.70,-1.94 -3.65 -5.65
Imi-TzTz 394 2.72 -1.65,-1.77,-2.31 -3.15 -5.86
S-Imi-TzTz 405, 473 2.20 -1.07,-1.77,-1.81 -3.73 -5.93

2 In CHCls. ® Determined by the onset of the UV-Vis absorption spectrum in CHCls. ¢ In 0-DCB/acetonitrile (5/1),
0.1 M TBAPFs, V vs. Fc/Fc*. 9 Estimated from the approximation that the Fc/Fc* level is —4.8 eV vs. vacuum.

¢ Determined by Eiumo and AEopt.

imide oxygen to sulfur in m-conjugated systems induces the appearance of different organizations and/or
intermolecular interactions in the solid state.  From the onset of the absorption in the film state, the optical HOMO-
LUMO energy gaps (4Eqp) of S-Imi-a-BT, S-Imi-T-BT, and S-Imi-TzTz were estimated to be 2.24, 2.00, and
2.20 eV, respectively, whose values are noticeably reduced compared with those similarly estimated for the imide
compounds (Imi-a-BT : 2.58 eV, Imi-T-BT : 2.20 eV, and Imi-TzTz : 2.72 eV).

To investigate the electrochemical properties of the imide and dithioimide compounds, CV were employed.
Figure 2.5 depict the cyclic voltammograms of these compounds, and the electrochemical data extracted from the
cyclic voltammograms are listed in Table 2.1. All the compounds showed reversible reduction waves, since the
presence of electron-accepting terminal units in the m-system contributes to both decreasing the LUMO energy
level and increasing the thermodynamic stability of the resulting anionic species. Interestingly, replacing the imide
group with thioimide group dramatically changed not only the above-mentioned photophysical properties but also

electrochemical properties of the n-systems. It is notable that the first half-wave potentials (Ereq1/2) of the
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Figure 2.6. HOMO, LUMO, and LUMO+1 energies calculated with DFT at the B3LYP/6-31G(d,p) level and
LUMO orbitals. 2-Ethylhexyl groups were replaced with methyl groups to ease the calculation.
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dithioimide compounds are positively shifted compared to those of the imide compounds. This can be explained by
the fact that the introduction of strong electron-withdrawing dithioimide units contributes to increase the electron-
accepting nature of z-system. Moreover, the dithiothienoimide unit has more electron-accepting characteristics than
the dithiophthalimide unit as predicted by the theoretical calculations (Figure. 2.6). As listed in Table 1, the LUMO
energy levels for the dithioimide and imide compounds were estimated from their first-Eeq1/2 values relative to
Fc/Fc* under the assumption that the energy level of Fc/Fc* is —4.8 eV below the vacuum level.* The HOMO energy
levels of these compounds were estimated by their LUMO energy levels and AEq (Table 2.1). The obtained values
indicate that the HOMO energy levels of the dithioimide compounds are slightly lower or the same level compared
to that of the corresponding imide compound. These estimated LUMO and HOMO energy levels are in good

agreement with the theoretical results (Figure. 2.6).

2.4 Electron Mobility

To investigate the influence of above-mentioned properties on the charge-transport properties, OFETs with a
bottom-contact and bottom-gate configuration were fabricated using the respective dithioimide and imide
compounds as the semiconductors. The active layers were formed by drop-casting from a chlorobenzene solution
on the octadecyltrichlorosilane (ODTS)-modified SiO; dielectric at solvent-evaporation temperature of 90 °C and
subsequent annealing at 160 °C in a vacuum. As the results, all the compounds exhibited typical n-type OFET
responses, as expected from the estimation of the low-lying LUMO energy levels. It should be mentioned that the
1eS Of the dithioimide compounds were found to increase by two orders of magnitude or more, compared to those
of the imide compounds, and the highest ze of 1.1x102 cm? V-1 s'1 was obtained for the device using S-Imide-
TzTz.

Since the charge-transport characteristics in OFETSs are known to be strongly dependent on the structural order
of molecules in the solid state, X-ray diffraction (XRD) of these thin films were investigated. As shown in Figure
2.7, the imide compounds exhibited clear reflections, indicating the formation of a crystalline ordered structure. On
the other hand, surprisingly, the XRD scans of the dithicimide compounds did not show any reflections, indicating
that these films take the amorphous nature. This film behavior of the dithioimide compounds is generally considered
as a disadvantageous orientation for charge transport in the OFET geometry.> We tentatively explained this
unexpected phenomenon as follows: the presence of strong intermolecular electronic interactions for the dithioimide

compounds, which was implied by the UV—-vis measurements in the solid state, induces the construction of non-

Table 2.2. OFET characteristics of compounds

Compounds e [cm? V-1s] lon/loff Vin [V]
Imi-a-BT 5.4x10° 103 70
S-Imi-a-BT 1.4 x10* 108 69
Imi-T-BT 1.2x10° 103 33
S-Imi-T-BT 1.3x10°3 103 7
Imi-TzTz 4.0x10° 10? 85
S-Imi-TzTz 1.1x10°2 108 29
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Figure 2.7. XRD profiles of (a) Imi-a-BT (red) and S-Imi-a-BT (blue), (b) Imi-T-BT (red) and S-Imi-T-BT
(blue) () Imi-TzTz (red) and S-Imi-TzTz (blue)-based films coated on ODTS-modified SiOs.

directional charge-transport pathways that can compensate low-crystallinity-derived deformation from desirable
molecular alignment. Therefore, the high electron mobilities of the thioimide compounds might be ascribable to the
combination of both low-lying LUMO energy level in molecular properties and strong intermolecular electronic
interactions in the solid state.

2.5 Photovoltaic Performances and Thin-film Properties

To investigate the photovoltaic performance of new acceptor materials, BHJ type OPV devices were fabricated
using P3HT as the electron donor, with device structures consisting of glass/ITO/PEDOT:PSS/active layer/Ca/Al.
The fabrication conditions of the active BHJ layer were optimized by varying the blend composition, processing
solvent, and thermal annealing temperature, and the J-V characteristics and the corresponding parameters were
shown in Figure 2.8 (a) and Table 2.3. While the device based on Imi-a-BT showed moderate OPV performances
with PCE of 1.58%, contrary to our expectations, the dithioimide compounds showed poor PCEs. To gain insight
into this unexpected result, we compared the photo luminescence (PL) spectra and atomic-force microscopy (AFM)
image of the P3HT/acceptor blend films (Figure 2.8 (b) and Figure 2.9). The PL spectra of each the films showed

(@ (b)

g 6 S F3AT

e ——S-Imi-a-BT — Imi-a-BT
S 44 | —Imi-T-BT —_S-mi-a-BT
< ——S-Imi-T-BT 5 % ——Imi-T-BT
E o] Imi-TzTz p %, ——S-Imi-T-BT
-~ ——S-Imi-TzT, - Imi-TzTz
= 0 > 2 S-Imi-TzTz
Q-2 9

= £

c

g _4 ] '_.‘ .
s 4 | AT e
O -6 == =

-02 0 020406 08 1.0 300 400 500 600 700
Voltage / V Wavelength / nm
(@) -V curves of the OPV devices. (b) Fluorescence spectra of P3HT film and P3HT/acceptor blended

films excited at absorption maximum.

Figure 2.8.
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Table 3.2. OPV characteristics and SFEs of acceptors.

Compounds  Jsc[mMAcm?] Voc[V] FF PCE[%] y¢[mIm?] y»P[mIm?] SFE[mJm?]
Imi-a-BT 3.99 0.89 0.45 1.58 26.1 0.0 26.1
S-Imi-a-BT  0.64 0.41 0.26 0.07 8.2 4.9 11.1
Imi-T-BT 0.53 0.78 0.24 0.10 8.1 11.1 19.2
S-Imi-T-BT 0.87 0.55 0.24 0.11 9.4 6.6 16.0
Imi-TzTz 0.15 0.75 0.19 0.02 0.1 21.1 21.2
S-Imi-TzTz 0.10 0.23 0.35 0.01 6.0 134 194
PCs:BM 27.6 6.1 33.7

0.00
10.00 x 10.00 pm

(d) (f)
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Figure 2.9. AFM images of (a) P3HT/Imi-a-BT, (b) P3HT/S-Imi-a-BT,(c) P3HT/Imi-T-BT, (d) P3HT/S-Imi-
T-BT, (e) P3HT/IMi-TzTz, and (f) P3HT/S-Imi-TzTz-based active layers of OPV devices.

effective quenching of the fluorescence from P3HT, implying that photoinduced charge separation between P3HT
and the acceptor materials takes place effectively. On the other hand, the AFM

To further elucidate the relationship between photovoltaic characteristics and thin-film properties, the surface free
energies (SFEs) of acceptor films were estimated from their contact-angle measurements. It appears that Imi-a-BT
(26.1 mJ m?) indicated the largest SFE values, originated from its high London dispersion component (%), among
the new acceptors. Under the same conditions, the SFE and »¢ values of PCs:BM were estimated to be 33.7, and
27.6 mJ m-2, respectively.5” These results imply that a larger SFE (and/or »¢) might have promoted to form desirable
interace in active layers.

21



2.6 Conclusion

In summary, a new family of n-conjugated system, whose structures was incorporated with phthalimides and
phthaldithioimides as electron-accepting terminal units, were designed and successfully synthesized. The utilization
of thionation to the imide compounds in the final step of the synthesis enabled us to complete the construction of
dithioimide-containing m-systems. The thermal, photophysical, and electrochemical properties of the dithioimide
compounds were significantly different from those of the imide compounds, clearly demonstrating the uniqueness
of the dithioimide as a new electron-accepting unit. The author also noticed that the OFET performances of the
dithioimide compounds were dramatically improved, despite of their tendency to form amorphous films, compared
to those for the crystalline films of the corresponding imide derivatives. This trend is apparently opposite to the
conventional understanding that the crystalline state of the active layer in thin films is essential to obtaining high
OFET characteristics. Among the new acceptors, imide-based Imi-a-BT showed a moderate PCEs in spite of its
shallow LUMO energy level and small & compared to those of S-Imi-a-BT. As a results of thin-film analysis,
P3HT/Imi-a-BT blended films indicated the formation of nanometer-scale grain structure. Furthermore, relatively
high SFE and » ¢ values were indicated with not only Imi-a-BT but also PCs:BM from the contact angle
measurements. Detailed relationship between SFE (and/or »%) values and OPV performances was studied in the
following chapter.

2.7 Experimental Section

General Information

Column chromatography was performed on silica gel, KANTO Chemical silica gel 60N (40-50 pum). Thin-layer
Chromatography plates were visualized with UV light. GPC was performed on a Japan Analytical Industry LC-918
equipped with JAI-GEL 1H/2H. Melting points are uncorrected. *H and *3C NMR spectra were recorded on a JEOL
ECS-400 spectrometer in CDCls or CDCI3/CS; with TMS as an internal standard. Data are reported as follows:
chemical shift in ppm (6), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad), coupling
constant (Hz), and integration. Mass spectra were obtained on a Shimadzu GCMS-QP-5050 or Shimadzu AXIMA-
TOF. DSC and TGA were performed under nitrogen at a heating rate of 10 °C min-! with a Shimadzu DSC-60 and
a Shimadzu TGA-50, respectively. UV-vis-NIR spectra were recorded on a Shimadzu UV-3600 spectrophotometer.
Fluorescence spectra were recorded using a Fluoromax-2 spectrometer in the photo-counting mode equipped with
a Hamamatsu R928 photomultiplier. The bandpass for the emission spectra was 1.0 nm. All spectra were obtained
in spectrograde solvents. CV was carried out on a BAS CV-620C voltammetric analyzer using a platinum disk as
the working electrode, platinum wire as the counter electrode, and Ag/AgNQO:s as the reference electrode at a scan
rate of 100 mV s*. Photoemission yield spectroscopy was carried out using a Riken Keiki Co. Ltd. AC-3 with a
light intensity of 10 mW. Elemental analyses were performed on Perkin Elmer LS-50B by the Elemental Analysis
Section of CAC, ISIR, Osaka University. The surface structures of the deposited organic film were observed by
atomic force microscopy (Shimadzu, SPM9600), and the film crystallinity was evaluated by an X-ray diffractometer
(Rigaku, SmartLab). X-ray diffraction patterns were obtained using Bragg-Brentano geometry with CuKa
radiation as an X-ray source with an acceleration voltage of 45 kV and a beam current of 200 mA. The scanning

mode was set to 28 scans between 3°-30° with scanning steps of 0.01°.
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OFET Device Fabrication and Evaluation

The field-effect mobility was measured using bottom-contact thin-film FET geometry. The p-doped silicon substrate
functions as the gate electrode. A thermally grown silicon oxide dielectric layer on the gate substrate was 300 nm
thick with a capacitance of 10.0 nF cm2. Interdigital source and drain electrodes were constructed with gold (30
nm) that were formed on the SiO; layer. The W and L were 294 mm and 25 um, respectively. The silicon oxide
surface was washed with toluene, acetone, water, and 2-propanol. The silicon oxide surface was then activated by
ozone treatment and pretreated with ODTS. The semiconductor layer was drop-casted on the Si/SiO; substrate from
10 mg/mL chlorobenzene solution. The characteristics of the OFET devices were measured at room temperature
under a pressure of 103 Pa. The current-voltage characteristics of devices were measured by using a KEITHLEY
4200SCS semiconductor parameter analyzer. The ue was calculated in the saturated region at the Vps of 100 V and

the current lon/loff Was determined from the Ips at Ves = —20 V (lorf) and Vs = 100 V (lon) by the following equation.

los = %Ciﬂ(\/GS ~Vin)?

OPV Device Fabrication and Evaluation

Organic photovoltaic devices were prepared with a structure of ITO/PEDOT:PSS/active layer/Ca/Al. ITO-coated
glass substrates were first cleaned by ultrasonication in toluene, acetone, H.O, and 2-propanol for 10 min,
respectively, followed by O; plasma treatment for 10 min. ITO-coated glass substrates were then activated by ozone
treatment for 1 h. PEDOT:PSS was spin-coated on the ITO surface at 3000 rpm for 1 min and dried at 135 °C for
10 min. The active layers were then prepared by spin-coating on the ITO/PEDOT:PSS electrode at 1000 rpm for 2
min in a glove box. The typical thickness of the active layer was 90-110 nm. Ca and Al electrode were evaporated
on the top of active layer through a shadow mask to define the active area of the devices (0.09 cm?) under a vacuum
of 10-°Pa to a thickness of 30, 100 nm determined by a quartz crystal monitor. After sealing the device from the air,
the photovoltaic characteristics were measured in air under simulated AM 1.5G solar irradiation (100 mW cm?)
(SAN-EI ELECTRIC, XES-301S). The current-voltage characteristics of photovoltaic devices were measured by
using a KEITHLEY 2400 source meter. The EQE spectra were measured by using a Soma Optics Ltd. S-9240. The
thickness of active layer was determined by KLA Tencor Alpha-step 1Q.

Surface Free Energy Estimation
The contact angles of compounds were measured by a NiCK LSE-ME1 with distilled water and glycerol. The

surface free energy was estimated based on the established theory.34

Computational Details
All calculations were conducted using Gaussian 09 program. The geometry was optimized with the restricted Becke
Hybrid (B3LYP) at 6-31 G(d, p) level. TD-DFT calculation was performed at the B3LYP/6-31G(d,p) level.
The calculated excited state of Imi(Me)-a-BT
Excited State  1: 2.5290eV 490.25nm f=1.2273
HOMO(129)-LUMO(130) 0.70092
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Excited State  2: 3.2067 eV 386.64 nm
129-132 0.69469

The calculated excited state of S-Imi(Me)-a-BT

Excited State  1: 2.1606 eV 573.83 nm
HOMO(145)-LUMO(146) 0.69646

Excited State  2: 2.6754eV 463.43 nm
145-148 0.69412

The calculated excited state of Imi(Me)-T-BT

Excited State  1: 2.1614eV 573.64 nm
HOMO(159)-LUMO(160) 0.70074
Excited State  2: 2.8440eV 435.96 nm
159-162 0.69477
Excited State  3: 2.8557 eV  434.17 nm
158-160 0.35441
159-161 0.60399
Excited State  4: 3.0529 eV 406.12 nm
158-160 0.59490
159-161 -0.35242
159-164 -0.10564

The calculated excited state of S-Imi(Me)-T-BT

Excited State  1: 1.8745eV 661.44 nm
HOMO(175)-LUMO(176) 0.70031
Excited State  2: 2.0190eV 614.09 nm
173-177 0.15223
174-176 0.15735
175-177 0.66368
Excited State  3: 2.2760 eV  544.75 nm
175-178 0.69827
Excited State  4: 2.7053 eV 458.31 nm
168-176 -0.14710
172-176 0.66579

The calculated excited state of Imi(Me)-TzTz
Excited State  1: 2.9933eV 41421 nm
HOMO(118)-LUMO(119) 0.70302

=0.3042

f=1.0217

=0.3801

f=0.9954

f=0.4144

f=0.0123

=0.1002

f=0.9759

f=0.0282

f=0.2480

f=0.0391

f=1.1768
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Excited State  2: 3.7981eV 326.44nm f=0.1604

111-119 -0.11327
114-119 -0.14888
118-121 0.66764

The calculated excited state of S-Imi(Me)-TzTz

Excited State  1: 2.3385eV 530.19 nm 1=0.5492
HOMO(134)-LUMO(135) 0.64397
128-135 -0.14128
130-135 -0.16167
131-136 0.13989
Excited State  2: 3.1555eV 392.92 nm f=0.0562
128-135 0.59155
129-136 0.34169
Materials

All reactions were carried out under a nitrogen atmosphere. Solvents of the highest purity grade were used as
received. Unless stated otherwise, all reagents were purchased from commercial sources and used without
purification. Intermediate 108 and 112 were prepared by reported procedure, and *H NMR data of this compound

was in agreement with those previously reported.

Synthesis

Synthesis of 8: 4-Bromophthalic anhydride (2.0 g, 8.8 mmol) and 2-ethyl-1-hexylamine (1.2 g, 8.8 mmol) were
placed in a round-bottomed flask and dissolved with DMF (50 mL), and the resulting mixture was stirred at 140 °C
for 12 h. After being cooled to room temperature, the reaction was quenched by the addition of H.O. The aqueous
layer was extracted with ethyl acetate (EtOAc), and the combined organic layer was washed with water and dried
over Na,SOs. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (hexane/EtOAc = 10/1) to give 8 (2.3 g, 75%). Colorless solid; m.p.: 72-73 °C; *H
NMR (400 MHz, CDCls, TMS): 6 7.96 (d, J= 1.6 Hz, 1H), 7.83 (dd, J = 7.8, 1.6 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H),
3.56 (d, J = 7.3 Hz, 2H), 1.81 (m, 1H), 1.35-1.25 (m, 8H), 0.91-0.85 (m, 6H); 3C NMR (100 MHz, CDCls): 6
167.91, 167.36, 136.85, 133.75, 130.62, 128.77, 126.58, 124.56, 42.12, 38.24, 30.46, 28.46, 23.80, 22.99, 14.07,
10.39; MS (GC) m/z 337 (M*, Calcd 337). Anal. Calcd for C16H20BrNO2: C, 56.82; H, 5.96; N, 4.14. Found: C,
56.88; H, 6.01; N, 4.06.

Synthesis of 9: 8 (100 mg, 0.30 mmol) and Lawesson’s reagent (238 mg, 0.59 mmol) were placed in a test tube with
screw cap and dissolved with toluene (5 mL), and the resulting mixture was stirred at 120 °C for 12 h. After removal
of the solvent under reduced pressure, the residue was purified by column chromatography on silica gel
(hexane/EtOAc = 10/1) to give 9 (45 mg, 41%). Dark brown oil; *H NMR (400 MHz, CDCls, TMS): 6 7.97 (d, J =
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1.1 Hz, 1H), 7.79 (dd, J = 7.8, 1.1 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 4.36 (dd, J = 7.3, 2.1 Hz, 2H), 2.18 (m, 1H),
1.36-1.21 (m, 8H), 0.90-0.85 (m, 6H); **C NMR (100 MHz, CDCls): § 197.07, 196.52, 135.75, 135.74, 133.23,
127.80, 126.25, 124.63, 48.06, 38.18, 30.55, 28.50, 23.94, 22.99, 14.05, 10.79; MS (GC) m/z 369 (M*, Calcd 369).
Anal. Calcd for C16H20BrNS;: C, 51.89; H, 5.44; N, 3.78. Found: C, 51.62; H, 5.44; N, 3.80.

Synthesis of 12: 4-Methylphthalic anhydride (3.0 g, 18.5 mmol) and 2-ethyl-1-hexylamine (2.4 g, 18.5 mmol) were
placed in a round-bottomed flask and dissolved with DMF (75 mL), and the resulting mixture was stirred at 140 °C
for 12 h. After being cooled to room temperature, the reaction was quenched by the addition of H,O. The aqueous
layer was extracted with EtOAc, and the combined organic layer was washed with water and dried over Na;SOa.
After removal of the solvent under reduced pressure, the residue was purified by column chromatography on silica
gel (hexane/EtOAc =10/1) to give 12 (3.0 g, 60%). Colorless solid; m.p.: 47-49 °C; 'H NMR (400 MHz, CDCls,
TMS): 6 7.71 (d, J =7.6 Hz, 1H), 7.63 (d, J = 1.1 Hz, 1H), 7.48 (dd, J = 7.6, 1.1 Hz, 1H), 3.55 (d, J = 7.3 Hz, 2H),
2.50 (s, 3H), 1.83-1.80 (m, 1H), 1.37-1.26 (m, 8H), 0.92-0.85 (m, 6H); 3C NMR (100 MHz, CDCls): 6 168.92,
168.82, 145.03, 134.32, 132.45, 129.47, 123.69, 123.03, 41.79, 38.23, 30.45, 28.47, 23.78, 22.96, 21.96, 14.03,
10.38; MS (GC) m/z 273 (M*, Calcd 273). Anal. Calcd for C17H23sNO2: C, 74.69; H, 8.48; N, 5.12. Found: C, 74.66;
H, 8.35; N, 5.12.

Synthesis of 13: To a stirred solution of 12 (1.00 g, 3.65 mmol) in CCl, (15 mL) was added NBS (0.97 g, 5.47 mmol),
benzoyl peroxide (BPO) (88 mg, 0.37 mmol), and the resulting mixture was stirred at 90 °C for 12 h. After being
cooled to room temperature, the reaction was quenched by the addition of NaHCOs aqg., and the organic layer was
separated. The aqueous layer was extracted with CHClIs, and the combined organic layer was washed with water
and dried over Na;SQO4. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (hexane/EtOAc = 10/1) to give bromo compound A (1.00 g). *H NMR (400 MHz,
CDCls, TMS): 8 7.84 (br, 1H), 7.79 (d, J = 7.3 Hz, 1H), 7.70 (dd, J = 7.3, 1.6 Hz, 1H), 5.56 (d, J = 6.9 Hz, 2H),
4.54 (s, 2H), 2.03 (m, 1H), 1.42-1.23 (m, 8H), 0.95-0.86 (m, 6H). This compound was used for next step without
further purification.

A mixture of A (1.00 g), silver trifluoroacetate (748 mg, 3.39 mmol) in 1,4-dioxane (8 mL) and water (2mL) was
stirred at room temperature. After stirring for 12 h, the reaction mixture was filtered over celite with CHCI; as an
eluent, and the organic layer was separated. The aqueous layer was extracted with CHCls, and the combined organic
layer was washed with water and dried over Na,SO.. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography on silica gel (hexane/EtOAc = 3/1) to give alcohol 13 (350 mg,
33% (2 steps)). Colorless solid; m.p.: 80-81 °C; *H NMR (400 MHz, CDCls, TMS): 6 7.85 (d, J = 1.6 Hz, 1H),
7.82 (d, J = 7.8 Hz, 1H), 7.71 (dd, J = 7.8, 1.6 Hz, 1H), 4.87 (s, 2H), 3.57 (d, J = 7.4 Hz, 2H), 1.93 (br, 1H), 1.83
(m, 1H), 1.36-1.25 (m, 8H), 0.93-0.86 (m, 6H); **C NMR (100 MHz, CDCls): § 168.69, 168.62, 147.76, 132.57,
131.76, 131.19, 123.33, 121.21, 64.38, 41.94, 38.27, 30.49, 28.49, 23.81, 23.00, 14.07, 10.41; MS (GC) m/z 351
(M*, Calcd 351). Anal. Calcd for C17H23NOs3: C, 70.56; H, 8.01; N, 4.84. Found: C, 70.73; H, 7.32; N, 4.81.

Synthesis of 14: To a stirred solution of 13 (300 mg, 1.03 mmol) in CH.Cl, (10 mL) was added MnO> (895 mg, 10.3

26



mmol), and the resulting mixture was stirred at room temperature. After stirring for 12 h, the reaction mixture was
filtered over celite with CHCIs as an eluent. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography on silica gel (hexane/EtOAc = 3/1) to give aldehyde 14 (245 mg, 83%).
Colorless solid; m.p.: 47-50 °C; 'H NMR (400 MHz, CDCls, TMS): 6 10.17 (s, 1H), 8.34 (s, 1H), 8.25 (dd, J = 7.8,
1.4 Hz, 1H), 8.02 (d, J = 1.4 Hz, 1H), 3.62 (d, J = 7.5 Hz, 2H), 1.85 (m, 1H), 1.36-1.26 (m, 8H), 0.94-0.87 (m, 6H);
13C NMR (100 MHz, CDCls): ¢ 190.23, 167.52, 167.40, 140.56, 136.38, 135.24, 132.89, 124.02, 123.88, 42.29,
38.24, 30.46, 28.43, 23.80, 22.97, 14.04, 10.36; MS (GC) m/z 287 (M*, Calcd 287). Anal. Calcd for C17H21BNOs:
C, 71.06; H, 7.37, N, 4.87. Found: C, 70.73; H, 7.32; N, 4.81.

Synthesis of Imi-a-BT: 8 (189 mg, 0.67 mmol), 10 (89 mg, 0.30 mmol), Cul (5 mg, 0.03 mmol), and Pd(PPhs)4 (39
mg, 0.03 mmol) were placed in a test tube with screw cap and dissolved with THF (6 mL) and diisopropylethylamine
(0.6 mL). After being cooled to room temperature, the reaction mixture was filtered over celite with CHCIs as an
eluent. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
on silica gel (CHCIs), followed by purification with preparative GPC (CHCIs) to give Imi-a-BT (189 mg, 89%).
Yellow solid; m.p.: 225-226 °C; *H NMR (400 MHz, CDCls, TMS): 6 8.10 (d, J = 0.9 Hz, 2H), 7.98 (dd, J = 7.8,
0.9 Hz, 2H), 7.86 (d, J = 7.8 Hz, 2H), 7.86 (s, 2H), 3.59 (d, J = 7.3 Hz, 4H), 1.84 (m, 2H), 1.37-1.27 (m, 16H), 0.93-
0.86 (m, 12H); 3C NMR (100 MHz, CDCls): ¢ 167.98, 167.86, 154.18, 137.17, 132.91, 132.43, 131.60, 128.37,
126.42, 123.29, 117.04, 95.83, 88.93, 42.13, 38.27, 30.48, 28.47, 23.83, 23.00, 14.06, 10.40; MS MALDI-
TOF(1,8,9-trihydroxyanthracene matrix) m/z 698.14 (M*, Calcd 698.29); Anal. Calcd for C42H42N404S: C, 72.18;
H, 6.06; N, 8.02. Found: C, 71.92; H, 6.14; N, 7.90.

Synthesis of S-Imi-a-BT: Imi-a-BT (230 mg, 0.24 mmol) and Davy’s reagent (375 mg, 1.32 mmol) were placed in
a test tube with screw cap and dissolved with toluene (36 mL), and the resulting mixture was stirred at 120 °C for
12 h. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
on silica gel (CHCIs), followed by precipitation using CHCIs and acetone to give S-Imi-a-BT (220 mg, 88%). Red
Solid; m.p.: > 300 °C;*H NMR (400 MHz, CDCIs/CS;, TMS): 6 8.07 (d, J = 1.5 Hz, 2H), 7.90 (dd, J = 7.8, 1.5 Hz,
2H), 7.84 (d, J = 7.8 Hz, 2H), 7.82 (s, 2H), 4.37 (d, J = 7.0 Hz, 4H), 2.18 (m, 2H), 1.39-1.25 (m, 16H), 0.92-0.86
(m, 12H); *3C NMR (100 MHz, CDCI3/CSy): 6 196.44, 196.39, 154.02, 135.75, 134.63, 133.88, 132.55, 127.17,
126.55, 123.24, 117.08, 96.76, 89.28, 47.81, 38.18, 30.62, 28.62, 24.09, 23.20, 14.16, 10.86; MS MALDI-
TOF(1,8,9-trihydroxyanthracene matrix) m/z 762.09 (M*, Calcd 762.20); Anal. Calcd for Ca2H42N4Ss: C, 66.10; H,
5.55; N, 7.34. Found: C, 65.84; H, 5.79; N, 7.42.

Synthesis of Imi-T-BT: 8 (128 mg, 0.38 mmol), 11 (100 mg, 0.15 mmol), Pd(PPhs)s (18 mg, 0.016 mmol) and
toluene (5 mL) were placed in a microwave proof walled glass vial with a snap cap. The glass vial was purged with
nitrogen, securely sealed and heated in a microwave reactor, keeping the temperature at 180 °C for 5min. After
removal of the solvent under reduced pressure, the residue was purified by column chromatography on silica gel
(CHCIs), followed by purification with preparative GPC (CHCIs) to give Imi-T-BT (128 mg, 91%). Red solid; m.p.:
1 H NMR (400 MHz, CDCls, TMS): 6 8.15 (d, 2H, J = 5.5 Hz), 8.15 (s, 2H), 8.00 (d, 2H, J = 7.8 Hz), 7.96 (s, 2H),
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7.85 (d, 2H, J=7.8 Hz), 7.59 (d, 2H, J = 5.5 Hz), 3.60 (d, 4H, J = 7.8 Hz), 1.85 (m, 2H), 1.30 (m, 16H), 0.91 (m,
12H); Anal. Calcd for C4sHsN4O4Ss: C, 67.78; H, 5.69; N, 6.87; Found: C, 67.63; H, 5.74; N, 6.88.

Synthesis of S-Imi-T-BT: Imi-T-BT (50 mg, 0.061 mmol) and Davy’s reagent (68 mg, 0.24 mmol) were placed in
a test tube with screw cap and dissolved with toluene (5 mL), and the resulting mixture was stirred at 120 °C for 12
h. After removal of the solvent under reduced pressure, the residue was purified by column chromatography on
silica gel (CHCIs), followed by precipitation using CHCIs and acetone to give S-Imi-T-BT (33 mg, 62%). Deep
Purple Solid; *H NMR (400 MHz, CDCIs/CS;, TMS): 6 8.15 (d, J = 1.4 Hz, 2H), 8.11 (d, J = 4.1, Hz, 2H), 7.91 (dd,
J=7.8and 1.4 Hz, 2H), 7.90 (s, 2H), 7.82 (d, J = 7.8 Hz, 2H), 7.59 (d, J = 4.1, Hz, 2H), 4.38 (d, J = 7.0 Hz, 4H),
2.20 (m, 2H), 1.32 (m, 16H), 0.89 (m, 12H).

Synthesis of Imi-TzTz: 14 (220 mg, 1.03 mmol), etahnedithioamide (368 mg, 3.06 mmol) were placed in a test tube
with screw cap and dissolved with DMF (10 mL), and the resulting mixture was stirred at 140 °C for 12 h.  After
being cooled to room temperature, the reaction mixture was quenched by addition of water, and the organic layer
was separated with CHCls. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CHCIs), followed by precipitation using CHCIs and acetone to give Imi-TzTz (174
mg, 69%). Yellow solid; m.p.: 218-220 °C; *H NMR (400 MHz, CDCls, TMS): 6 8.44 (d, J = 1.6 Hz, 2H), 8.38 (dd,
J=7.8,1.6 Hz, 2H), 7.95 (d, J = 7.8 Hz, 2H), 3.62 (d, J = 7.1 Hz, 4H), 1.85 (m, 2H), 1.38-1.28 (m, 16H), 0.93-0.86
(m, 12H); *3C NMR (100 MHz, CDCls): 6 167.84, 167.75, 167.70, 152.36, 138.95, 133.25, 133.23, 131.57, 124.04,
121.01, 42.21, 38.25, 30.47, 28.46, 23.81, 22.99, 14.06, 10.39; MS MALDI-TOF(1,8,9-trihydroxyanthracene
matrix) m/z 656.00 (M*, Calcd 656.25); Anal. Calcd for C3sH4oN4O4S2: C, 65.83; H, 6.14; N, 8.53. Found: C, 65.82;
H, 6.14; N, 8.56.

Synthesis of S-Imi-TzTz: Imi-TzTz (100 mg, 0.15 mmol) and Davy’s reagent (173 mg, 0.61 mmol) were placed in
a test tube with screw cap and dissolved with toluene (10 mL), and the resulting mixture was stirred at 120 °C for
12 h. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
on silica gel (CHCIs), followed by precipitation using CHCls and acetone to give S-Imi-TzTz (97 mg, 88%). Red
solid; m.p.: 261-262 °C; *H NMR (400 MHz, CDCIs/CS;, TMS): 6 8.38 (d, J = 1.4 Hz, 2H), 8.31 (dd, J=7.8, 1.4
Hz, 2H), 7.89 (d, J = 7.8 Hz, 2H), 4.36 (dd, J = 7.3, 2.3 Hz, 4H), 2.17 (m, 2H), 1.38-1.24 (m, 16H), 0.92-0.86 (m,
12H); 3C NMR (100 MHz, CDCIs/CSy): 6 196.01, 195.98, 167.57, 152.28, 137.61, 135.23, 135.18, 130.10, 123.85,
121.04, 47.81, 38.16, 30.63, 28.63, 24.13, 23.24, 14.20, 10.87; MS MALDI-TOF(1,8,9-trihydroxyanthracene
matrix) m/z 719.85 (M*, Calcd 720.16); Anal. Calcd for CasHaoN4Se: C, 59.96; H, 5.59; N, 7.77. Found: C, 60.06;
H, 5.64; N, 7.78.
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Chapter 3
Structural Modification of Linearly Extended Acceptor Materials and the
Influence on Molecular Properties and Photovoltaic Performances

3.1 Introduction

Nanoscale structure, which including morphology, molecular arrangements and orientations has been recognized as
a critical research issue in BHJ type OPVs.! As the results of chapter 2, the author developed phthalimide and
phthaldithioimide-based compounds containting benzothiadiazole as a central unit (Figure 3.1). The OPV device
whose active layer consists of P3HT as a donor and Ph-EH as acceptor materials, showed moderate OPV
performance. In contrast, despite the LUMO energy level close to that of PCs;BM and a superior electron-
transporting (n-type) field-effect response than that of Ph-EH in transistors, OPVs based on S-Ph-EH showed a
poor PCE. Interestingly, as indicated by contact angle measurements, Ph-EH and PCs:BM appears notably high
SFE and y¢ values. The author considered these index could be a representable character influence to the OPV
performances.

Thanks to the synthetic flexibility of terminal imide unit, it is possible to design a series of benzothiadiazole based
acceptor materials with different crystallinity, electronic properties, and thin-film properties. With this concept in
mind, the author designed and systematically investigated the molecular and film properties, and electron-
transporting and photovoltaic characteristics of a series of Ph-X (X = H, D, EH, MH, and Ipop) and Ar-EH (Ar =
Th, Py, and Na) (Figure 3.1). Their central structures were fixed to the strongly electron-withdrawing
benzothiadiazole unit and only the terminal alkyl chains or r-conjugated imide units were modified; the effect of
this modification on the photovoltaic characteristics was monitored. Through comparing properties and OPV
characteristics, the relationships among chemical structure, physical properties, thin-film properties, and

photovoltaic performances of photovoltaic device were tried to explicate.
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Figure 3.1. Chemical structures of Ph-X (X =H, D, EH, MH, and Ipop) and Ar-EH (Ar = Th, Py, and Na).
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3.2 Synthesis
The synthesis of the target compounds was carried out in a modular synthetic approach, i.e., the central and terminal
units were obtained separately and then con-nected via transition metal-catalyzed cross-coupling reactions (Scheme

3.1). The synthesized compounds, except for Na-EH, were soluble in common organic solvents such as CHClIs,

chlorobenzene (CB), and 0-DCB.
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Scheme 3.1.  Synthesis of target compounds.

3.3 Thermophysical, Photophysical and Electrochemical Properties

The thermal properties were investigated using thermogravimetric analysis (TGA) and DSC. As shown in Figure
3.2 and Table 3.1, all compounds showed a good thermal behavior with a 5% weight loss temperature (Tq) over 400
°C, suggesting a sufficient thermal stability for the application in organic electronic devices. During the DSC
analysis, these compounds exhibited typical melting and crystallization peaks; no other significant thermal phase
transition was observed (Figure 3.3). Notably, the peaks corresponding to the crystallization of Ph-MH and Ph-
Ipop in the cooling run are broad and show a larger separation from their melting peaks compared with the others,
indicating that the introduction of 1-methylhexyl (MH) and 3-isopropoxypropyl (Ipop) chains lead to weak
crystallinity of the compounds.

The photophysical properties of Ph-X (X = H, D, EH, MH, and Ipop) and Ar-EH (Ar = Ph, Th, and Py) series
were investigated by UV-Vis spectroscopy in a dilute CHCI3 solution and films. The relevant optoelectronic data
are collected in Table 3.1. As shown in Figure 3.4, all compounds exhibit similar spectra in solution, e.g., both
absorption maxima (Amax) and onset of Ph-X compounds in solution overlap, implying that the absorption profiles
of the m-conjugated systems are virtually unaffected by the terminal alkyl groups. In contrast, the terminal
areneimide units in Ar-EH compounds exert a clear influence on the optical energy gaps (4Eqpt), Which were
determined form absorption onsets. In contrast to the solution spectra, the absorption bands in the film state of all
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Figure 3.2. TGA curves of (a) Ph-X (X =H, D, EH, MH, and Ipop) and (b) Ar-EH (Ar = Ph, Th, Py, and Na) with

a scanning rate of 10 °C min* under No.
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Figure 3.3. DSC profiles of (a) Ph-X (X = H, D, EH, MH, and Ipop) and (b) Ar-EH (Ar = Ph, Th, Py, and Na)

with a scanning rate of 10 °C min~* under N..
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Figure 3.4. UV-Vis absorption spectra of (a) Ph-X (X = H, D, EH, MH, and Ipop) and (b) Ar-EH (Ar = Ph, Th,

and Py) in a CHCIs solution (dashed line) and in a film state (solid line).

compounds showed a small red-shift, except for Ph-Ipop, which was characterized by a broadening of the peak

and a blue-shift of Amax. This may be due to the Davydov-splitting? or to the polymorphism nature® of Ph-1pop. In

32



Ph-H
14
Ph-D
3| :
- Ph-EH -
et A + e
c c
o Ph-MH o
_ + —
=1 35
O Ph-Ipop O
At
4 ™

-25-20-15-10-05 0 -25-20-15-10-05 0
Evs Fc/Fc* 1V E vs Fc/Fc* /1 V

Figure 3.5. Cyclic voltammograms of (a) Ph-X (X = H, D, EH, MH, and Ipop) and (b) Ar-EH (Ar = Ph, Th, and
Py), measured in 0-DCB/acetonitrile (5/1) containing 0.1 M TBAPFs.
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Figure 3.6. Differential pulse voltammograms of (a) Ph-X (X = H, D, EH, MH, and Ipop) and (b) Ar-EH (Ar =
Ph, Th, and Py), measured in 0-DCB/acetonitrile (5/1) containing 0.1 M TBAPFs.

Table 3.1. Properties of compounds.

Compounds  Amax[NM]?  AEopt[eV]®  Eredz [eV] ELumo[eV]®  Enomo[eV]E  Tm/Tc[°C]'
Ph-H 412 2.70 -1.48, -1.75, -2.07 -3.32 -6.02 195/174
Ph-D 412 2.70 -1.48,-1.75, -2.06 -3.32 -6.02 170/ 159
Ph-EH 412 2.70 -1.48,-1.78, -2.07 -3.32 -6.02 223 /202
Ph-MH 412 2.70 -1.49,-1.76, -2.08 -3.31 -6.01 201/131
Ph-Ipop 412 2.70 -1.48,-1.75, -2.04 -3.32 -6.02 216 /129
Th-EH 435 2.58 -1.40,-1.64,-1.90 -3.40 -5.98 251/ 238
Py-EH 409 2.76 -1.38,-1.48,-1.89 -3.42 -6.18 225216
Na-EH not measured 276 / 257

¢ In CHCls. ® Determined by the onset of the UV-Vis absorption spectrum in CHCl;. ¢ In 0-DCB/acetonitrile (5/1),
0.1 M TBAPF, V vs. Fc/Fc*. ¢ Estimated from the approximation that the Fc/Fc* level is —4.8 eV vs. vacuum. ¢
Determined by Erumo and AEy. / Melting point determined by DSC analysis.
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addition, all compounds, except for Ph-MH, showed a distinct shoulder peak, which can be ascribed to a tighter
crystal packing, possibly originating from an intermolecular n—7 stacking of the backbones. In contrast, the
decreased resolution of the peak shoulder detected for Ph-MH suggests that these interactions may be less strong
because of steric hindrance of the branched alkyl chains. These results indicate again the weaker crystallinity of Ph-
MH and Ph-Ipop than that of the others.

CV was employed to investigate the electrochemical properties of Ph-X and Ar-EH series. CV was performed in
0-DCBY/acetonitrile (5/1) solutions containing 0.1 M TBAPFe. The measured potentials were calibrated using a
ferrocene/ferrocenium (Fc/Fc+) redox couple as an internal standard. Their anodic CV scan detected no oxidation
wave within the potential win-dow of solvent. In contrast, three reversible reduction waves in cathodic sweep were
observed as shown in Figure 3.5 and Table 1. The differential pulse voltammetry measurements (Figure 3.6)
confirmed that each reduction wave participated in one-electron process. This finding suggested that all compounds
could be reversibly reduced into corresponding anionic species, a process facilitated by the presence of electron-
withdrawing w-conjugated units. The LUMO energy levels (ELumo) of the Ph-X system are calculated from the
half- wave reduction potential (Erq12) Of the first reduction process, being virtually consistent with each other

(—3.31 ~ —3.32 eV). This is possibly due to the small electronic contribution of the terminal alkyl groups to the

Figure 3.7. HOMO, LUMO, and ESP of model compounds calculated using DFT at the B3LYP/6-31G (d,p) level.

conjugated backbone. In contrast, terminal arene-imide units exert a significant influence on the LUMO energy
levels, i.e., for Ph-EH, Th-EH, and Py-EH these were estimated to be —3.32, -3.40, and —3.42 eV, respectively. We
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would like to remark that the experimentally estimated E umo and AEq values are in qualitative good agreement
with those obtained from DFT calculation at the B3LYP/6-31G (d,p) level of theory (Figure 3.7). The HOMO energy
levels of these compounds deduced from the E umo and AEqpt range between —5.98 and —6.18 eV. The estimated
HOMO and LUMO energies for these compounds are thus lower than those of P3HT, estimated as —4.89 and —2.70

eV, respectively. This confirms that these compounds can be employed as acceptors when combined with P3HT in
OPVs.

3.4 Electron Mobilities and Thin-film Properties

To obtain a relationship between molecular structure and film properties, we evaluated the electron-transporting
characteristics of these compounds using OFET as well as the space-charge-limited currents (SCLC) techniques.
The 1 were measured using a bottom-gate/bottom-contact device configuration with spin-coated thin-films of the
compounds on ODTS-treated Si/SiO; substrates. Primarily optimization of active layers was focused on the

(@) (b)

—
O
-~

10-° 3 106 10 106 10
—6 o o o
107 1 = 107 1 -8 & 107 4 -8
10_ - -2 ; : :
< - o <1084 L6 ¢ <108 ] 6 1
5107 ° 3 ° °
@ AN X 409 - X  $4n-9 - *
2L x 2107 4 L4 x £107° F4 X
1079 -1 g \\m [ o 3 3
10-10 g 1070 V\‘WW\’ F2 & 10710 f>t2 8
10_11 T T T T T 0 10_11 T T |J T T 0 10_11' 'O
—20 0 20 40 60 80 100 —20 0 20 40 60 80 100 -20 0 20 40 60 80 100
(d) (e) , 0
10 5 1077 5 10~ 3

1074
<107% ]

~

3

Isp (x107°) / A
BN [} oo
oG T
/1/2SD (X1O_4 )/A1/2
_ lsp/A
2 3 3
—\I N I w I-h
l1/ZSD (X1O_4 )/A1/2
S
<)
&
M
I‘I/ZSD (x']O‘Z ) / A12

. 107 4
o —
20 1071 =it 510 1078 10
—20 0 20 40 60 80 100 —20 0 20 40 60 80 100 -20 0 20 40 60 80 100
(9)
1078 10
_7_ Q
10 s S
1078 4 =
< 6 ¥
21070 4 =
v 10 - — L4 x
107104 o
10—11_1 X -2 ‘:\
10712 f— 0
—20 0 20 40 60 80 100
Vsg !/ V
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Table 3.2. Field-effect characteristics of Ph-X- and Ar-EH-based devices.

Compounds Ta[°C] e [cm? V-1 s) lon/ lost Vin [V]
Ph-H 160 3.4x10° 10° 67
Ph-D 190 9.3x10® 103 63
Ph-EH 160 5.4x10° 103 70
Ph-MH 130 4.1x10® 3 47
Ph-Ipop 190 1.9x10 10? 78
Th-EH 160 4.9x10* 10* 38
Py-EH 160 1.1x10° 10° 62

annealing temperature (Ta), and the representative parameters, including e, lon/lotr, and Vi, obtained from the
optimized devices are summarized in Table 3.2. All compounds exhibited typical n-type responses, as expected
from the estimation of the low-lying LUMO energy levels; the transfer characteristics are shown in Figure 3.8. A
comparison of Ph-X (X = H, D, EH, MH, and Ipop) series with the same w-conjugated backbone shows that the
terminal alkyl substituents exert a significant effect on the electron-transporting characteristics. In addition, it was
found that the OFET device based on Ph-H has the highest electron mobility among Ph-X. Moreover, the decrease
of the electron mobility was followed by a shift of the branching point of the alkyl chains towards the terminal imide
unit (Ph-EH vs. Ph-MH). An analysis of the OFET characteristics of the n-conjugated systems having different
terminal arene-imide units, but with the same 2-ethylhexyl groups Ar-EH (Ar = Th, Ph, and Py) revealed a
significantly high electron mobility of Th-EH.

The large deviation in the electron mobility observed in this study was further investigated with XRD (Figure
3.9). In particular, Ph-MH films showed no obvious diffraction peaks on out-of-plane XRD measurements,
suggesting an amorphous character of the thin films, which should be reflected in the low electron mobility. In

contrast, other films displayed the first diffraction peaks in the range of 3°~6° (d = 2.9~1.5 nm), which correspond
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Figure 3.9. (a) Out-of-plane X-ray diffractograms of Ph-X (X = H, D, EH, MH, and Ipop) and Ar-EH (Ar =Th
and Py) films. (b) Excerption of diffractograms for Ph-H, Ph-EH, and Ph-MH. (c) In-plane X-ray diffractograms
of Ph-X (X = H, D, EH, MH, and Ipop) and Ar-EH (Ar = Th and Py) films.
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to the lattice spacing of each molecular length toward long-axis direction. In addition, none of the films exhibited
diffractions around 3° ~ 6° in in-plane XRD measurements (Figure 3.9). Thus, these results indicate that all
compounds, except for Ph-MH, take an alignment with edge-on orientation on the SiO; surface, which is favorable
for the carrier transport in OFETS. In fact, the electron mobilities estimated from the SCLC technique, which is
known to measure charge-transporting properties in the direction perpendicular to the surface of the substrates, were
rather low on the order of 10~ 108 cm? V-1 s (Figure 3.10). However, in contrast to the trend of the field-effect
mobilities, the amorphous Ph-MH films exhibited relatively high SCLC mobility (2.9 x 10¢ cm? V-1 s1) among
all studied compound, interestingly being comparable with the field-effect mobility. A further analysis of the first
XRD peak of the Ph-EH films showed a larger full width at half maximum value (0.74°) than that of Ph-H films
(0.61°); moreover, a lower intensity of the diffraction peak of the Ph-EH films implied lower crystallinity than in
the case of Ph-H (Figure 3.10 (b)).

Notably, a relationship between field-effect electron mobility and crystallinity of thin films was observed during
the optimization of Ph-EH-based OFET devices. The Ph-EH thin films were fabricated on Si/SiO; substrates with
different surface conditions: (1) bare substrate, (2) HMDS-modified substrate, (3) ODTS- modified substrate, and
(4) ODTS-modified substrate with annealing at 160 °C, followed by FET measurements and out-of-plane XRD
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Figure 3.10. J-V2d3 characteristics of electron-only device for (a) Ph-H, (b) Ph-D, (c) Ph-EH, (d) Ph-MH, (e)
Ph-lIpop, (f) Th-EH, and (g) Py-EH films.

Table 3.3. Field-effect mobilities of Ph-EH-based FET devices and contact angle data of Ph-EH films.

condition SOSEAE e melisy G 4 [mayczin—2] myem?  [mIem2]
1 bare as spun no FET 10492 87.34 25.4 0.2 25.6
2 HMDS  asspun 1.7x107 101.98 88.93 18.0 1.6 19.6
3 ODTS  asspun 8.7x107 100.39 89.12 155 2.6 18.1
4 ODTS 160 5.4x10® 99.03 90.37 12.0 4.2 16.1
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Figure 3.11. (a) Out-of-plane X-ray diffractograms of Ph-EH-based films coated on (1) bare SiO», (2) HMDS-
modified SiO,, (3) ODTS-modified SiO2, and (4) thermally annealed film of (3). (b) Graphical representation of the

molecular orientation in conditions (1) and (4).

analyses. As shown in Table 3.3 and Figure 3.11 (a), the electron mobilities gradually increased with the intensity
of the diffraction peak at 4.7°. From this result, it can be inferred that Ph-EH takes edge-on alignment varying
between partially disordered state (condition (1)) and well-ordered state (condition (4)) as graphically represented
in Figure 3.11 (b), depending on the fabricating conditions.

To further elucidate this relationship, the SFE of the Ph-EH films was estimated from the contact-angle
measurements using H2O (Buateer) and glycerol (Gyiyceror) as probe liquids. According to the theory of Kaelble and
Uy,* the SFE of a compound in the film state can be expressed as a sum of contributions from »¢ and polar (yP)
components of their interfacial energies. The observed contact-angles as well as the estimated SFE, »¢, and »P
values are given in Table 3.3. The analysis of the SFE components together with XRD data (Figure 3.11 (a)) reveals
that the value of ¢ decreases monotonously with the intensity of the diffraction peak; P showed a reverse trend. It
is generally established that the values of ¢ and »P originate from the polarizability and permanent dipole,
respectively,® and that these values are mainly influenced by the chemical group at the surface. Since the
polarizability of a m -conjugated framework is larger than an alkyl group, a higher y¢ indicates an increase of the
amount of r -conjugated backbone exposed to the surface. This interpretation is consistent with the molecular
arrangements in the film state, i.e., the higher y9 is observed in edge-on alignment with concomitant disordered
state in condition (1). In addition, the calculated electrostatic potential (ESP) of n-conjugated backbone of PH-Me
showed that the localized negative charges are located on the carbonyl groups (Figure 3.7), which indicates that the
alignment of the carbonyl groups to the surface tend to increase the y? value in well-ordered edge-on state, such as
condition (4). Therefore, we concluded that »¢, »P, field-effect s, and the diffraction intensities in out-of-plane
XRD measurements show a strong correlation among them.

3.5 Photovoltaic Performances

In order to assess the effect of the alkyl chains and the terminal arene-imide units on the photovoltaic performance,
BHJ-type photovoltaic devices were fabricated, which contained the compounds synthesized in this work as an
acceptor with P3HT as a donor material; the OPV device was characterized by the conventional structure of

ITO/PEDOT:PSS/active layer/Ca/Al. The active layers were prepared by spin-coating from their blended solutions.
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Figure 3.12. (a) J-V curves and (b) EQE spectra of the optimized P3HT/acceptor OPV devices. (c) Plot of open
circuit voltage vs. charge density and (d) recombination lifetime vs. charge density for OPV devices prepared from
P3HT/Ph-H (red), P3HT/Ph-MH (blue). () UV-Vis absorption spectra of the P3HT/acceptor blend films. (f)
Fluorescence spectra of the P3HT/acceptor blend films.

The fabrication optimization of the active layer was con-ducted by varying the blending ratio, concentration,
processing solvents, and thermal annealing temperatures. The J-V characteristics of devices under AM 1.5 G solar
irradiation (100 mW cm-2) are shown in Figure 3.12 (a) and Figure S3.1. The optimized conditions and the relevant

solar cell parameters extracted from J-V curves are listed in Tables S3.1-S3.7 and Table 3.4, respectively. All
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Table 3.4. OPV characteristics and properties of blend films.
blend films Jsc[MAcm?] Voc[V] FF  PCE[%] PLQE[%] wme[cm?V1s?] un[cm?V-1is?

P3HT/Ph-H 2.52 0.69 0.44 0.77 82 8.4x107 9.0x10
P3HT/Ph-D 1.03 0.51 0.31 0.16 88 6.0x10° 1.0x10°
P3HT/Ph-EH  3.99 0.89 0.45 1.58 97 1.1x10® 2.3x10°
P3HT/Ph-MH  5.59 0.76 0.48 2.05 99 3.7x10° 9.3x10°%
P3HT/Ph-Ipop 0.55 0.66 029 011 89 1.2x10® 1.6x10°
P3HT/Th-EH  1.44 0.72 0.36 0.38 78 2.0x107 8.4x10%
P3HT/Py-EH 1.44 0.47 042 0.32 90 1.1x10° 7.0x10%

devices showed a typical photovoltaic conversion phenomenon, indicating that these compounds function as
acceptors. Their PCEs varied between 0.11% and 2.05%, depending on the structure of acceptors. The highest PCE
(2.05%) with an Voc of 0.76 V, a short-circuit current density Jsc of 5.59 mA cm2, and a FF of 0.48 was obtained
for the device employing Ph-MH as an acceptor. The EQE measurements showed that all devices exhibit a broad
photoresponse between 300 and 650 nm (Figure 3.12 (b)). In particular, the photocurrent at wavelength regions of
300~450 nm and 450~600 nm can be attributed to the absorption of the acceptor material and P3HT, respectively
(Figures 3.4 and S2). This finding clearly indicates that both the donor and acceptor materials contribute to the
photocurrent generation. We preliminary investigated the inverted OPV devices using P3HT/Ph-MH composite and
obtained the PCE of 1.88% (Figures 3.13), indicating that Ph-MH possesses applicability against device structures.
One major variedness was found in the Voc values. Although it has been commonly suggested that the Voc values
of OPV devices strongly depend on the energy gap between the HOMO level of donor and the LUMO level of
acceptor, no such correlation was found in the studied devices.

In order to gain an insight into the origin of the Voc differences, charge-extraction measurements were conducted
on P3HT/Ph-MH and P3HT/Ph-H devices. The dependence of the Voc on the charge densities of devices is

displayed in Figure 3.12 (c). The difference in the Voc values between the two solar cells at the matched charge
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Figure 3.13. (a) J-V curve inverted type OPV device with a structure of ITO/TiOx/P3HT:Ph-MH/MoO,/Ag® and
(b) repeated PCEs characteristics of ten OPV devices.
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density could be caused by the difference in the gaps be-tween the energy levels of acceptor and donor materials, in
trap density and distribution, and in the formation of dipole layer at the interface of acceptor and donor materials.
Since the LUMO levels of the acceptors are almost the same, the difference in Figure 3.12 (c) should be caused by
different trap and/or interface dipole conditions. Higher trap density may be expected from amorphous materials
such as Ph-MH. However, the solar cells using Ph-MH showed higher Voc values at high charge concentration
region, implying less trap density in the device.” Therefore, the high Voc values of the solar cells using Ph-MH
seems to be caused partially by desired dipole layer formed at the interface.® The dependence of charge lifetime on
charge density is shown in Figure 3.12 (d). The charge lifetime of P3HT/Ph-MH device is longer than that of
P3HT/Ph-H device at any given charge densities. Thus, the long life-time (i.e. slow charge recombination) of
P3HT/Ph-MH device is another factor for the large Voc values. The longer lifetime of the P3HT/Ph-MH device is
worthy of remark because the device may have larger driving force for the charge recombination owing to larger
difference in p-type HOMO and n-type LUMO energy levels caused by the desired interface layer. The slow charge
recombination might be obtained by a spatial gap at the inter-face between P3HT and acceptors, which would be
formed by the branched alkyl chains. The gap would de-crease the interfacial charge transfer probability.
Meanwhile, interestingly, we found that the acceptor molecules with relatively higher field-effect electron
mobilities (i.e. Ph-H, Ph-D, Th-EH, and Py-EH) were characterized by poor PCEs, which is primarily due to a
decrease in Jsc. This in turn means that the FET mobility is not directly associated with Jsc. Further evidence for
this important point can be found by comparing the EQE spectra of the devices. As shown in Figure 3.12 (b), the
device containing Ph-MH showed a maximum in EQE equal to 38% at 420 nm (to compare with 28% and 12% of
Ph-EH and Ph-H, respectively). Considering that a large difference of Jsc values was found for both the Ph-X (X
=H, D, EH, MH, and Ipop) and Ar-EH (Ar = Ph, Th, and Py) series, it can be inferred that both the structure of
solubilizing alkyl groups and terminal arene-imide units exert a significant influence on the photovoltaic

performance.

3.6 Discussions of Photocurrent Generation

It has been suggested that the EQE of organic solar cells mainly depends on the following five efficiency factors:
incident photon absorption (77as), the exciton diffusion to the donor-acceptor interface (7ep), the charge transfer at
the interface (7ct), the charge separation into the free carrier (7cs), and the charge collection to the electrode (7cc)
(Figure 1).° In order to clarify the relevance of these factors to the OPV performance of our compounds, we collected
UV-Vis absorption and photoluminescence spectra of blended films, which were prepared on quartz plates under
identical conditions of optimized active layers in OPVs. As shown in Figure 3.12 (e), all blend films did not show
much difference in absorbance and spectral shape. Thus, the 7abs is virtually the same for the P3HT/Ph-X (X = H,
D, EH, MH, and Ipop) and P3HT/Ar-EH (Ar = Ph, Th, and Py) series. Photoluminescence spectra of the blend films
along with P3HT pristine film, normalized by the fractions of their absorbed photons on excitation at the maximum
absorption of the long wave-length region (500~550 nm), are shown in Figure 3.12 (d). The PL of all blend films is
almost quenched, whereas an intense fluorescence was found for pristine P3HT, which may be explained by the
photo-induced charge-transfer from P3HT to the acceptors. As displayed in Table 3.4, the PL quenching efficiencies
(PLQES) of the blended films relative to the PL intensity of P3HT films are calculated to be between 78% and 99%,
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Figure 3.14. AFM height and phase images of (a, b) P3HT/Ph-H, (c, d) P3HT/Ph-D, (e, f) P3HT/Ph-EH, (g, h)
P3HT/Ph-MH, (i, j) P3HT/Ph-lpop, (k, ) P3HT/Th-EH, and (m, n) P3HT/Py-EH blend films.

suggesting that 77ep and ncr possess high efficiencies in all blend films. In addition, since the ratio of the difference
in PLQEs are not significant compared with that in PCEs, we concluded that 7ep and 7crare not the relevant factors
in determining a high photovoltaic performance for the studied compounds. Nevertheless, further comparison of
PLQEs and PCEs showed that quantitative PLQEs for P3HT/Ph-MH and P3HT/Ph-EH films may contribute to
some extent in increasing the PCEs. This is indeed in line with AFM measurements showing that the surface of
P3HT/Ph-MH and P3HT/Ph-EH films is characterized by relatively small grains (Figure 3.14).

Finally, the rcc values were evaluated using the SCLC technique with the device structures of ITO/TiOx/active
layer/Ca/Al and ITO/PEDOT:PSS/active layer/Au for electron and hole only devices, respectively.’? The estimated
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electron and hole mobilities are listed in Table 3.4. In particular, the hole mobility varies within narrow range,
between 7.0 x 10% and 2.3 x 10° cm? V! 51, whereas the electron mobilities exhibit larger deviations, between
2.0x107and 1.1 x 105 cm? V! s°%. For all studied compounds, except for P3HT/Py-EH film, the hole mobility
is higher than the corresponding electron mobility. It is established that a high carrier mobility and/or a balanced
distribution between hole and electron mobilities in blend films are favorable properties in order to achieve a high
PCE.* However, such a trend was not observed in our system; no clear correlation between carrier mobilities and
PCEs was found, implying that 7cc is not the dominant factor.

Considering these data, we concluded that the 7cs may be the factor that determines the PCEs of our systems and
mainly ascribed to the charge-separation into the free carrier at the donor—acceptor interfaces. As indicated in
chapter 2, the analysis of SFE of each material may provide us with further information in bulk heterojunction OPVs.
In this study, a qualitative analysis was performed by plotting the estimated ¢ versus the Jsc in OPV device (Figure
3.15 and Table S3.8). Under the same measurement conditions, the » 9 values of P3HT and PC¢BM were estimated
to be 5.4 and 32.4 mJ cm2, respectively. This plot indicates the presence of correlation between y9 and Jsc.
Previously, we concluded that the small difference of SFE between P3HT and an amorphous acceptor (S-Ph-EH)
resulted in the high miscibility, which disturbed the formation of phase-separated nanomorphology in the blend
films. On the other hand, the acceptors having small y ¢ used in this study showed the crystalline characteristics.

In fact, apparent grains were observed from AFM images (Figure 3.14). Thus, the small y¢ molecules take well-
ordered state in the blend film, which results in the dis-advantage morphology for charge-separation (Figure 3.15
(b)). In contrast, the acceptors with a large »9 tend to increase the amount of exposed n-conjugated framework to
the phase interface between the acceptor and P3HT, which can promote the formation of desirable charge-separated
states. Since the spherical structure of fullerene derivatives can directly face their n-conjugated framework to the
donor materials, this result provides a solid strategy to build the ideal interface between donor and non-fullerene
acceptors. Finally, our results demonstrated that the preparation of novel non-fullerene acceptor materials should
take into account not only the molecular electronic features but also the properties of the films, such as the »¢

component of the interfacial energies.
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3.7 Conclusion

In order to establish a successful design strategy to fine-tune the interface between donor and acceptor in the BHJ
films, the author have synthesized a series of non-fullerene acceptor materials having electron-withdrawing
benzothiadiazole and arenedicarboximide as central and terminal units, respectively, with varied terminal alkyl
groups. In contrast to the photophysical properties of the compound in a solution, those in the film state strongly
depended on the terminal alkyl groups, which correlated to the crystallinity of the com-pounds. Electrochemical
analysis of the compounds revealed that the LUMO energy levels ranged between —3.31 and —3.42 eV. As a
consequence of the low-lying LUMO energy levels, all compounds exhibited a typical electron-transporting
semiconducting behavior in solution-processed OFET devices. The comparison of XRD and SFE measurements of
Ph-EH films showed that the crystallinity of the compounds in the film state well correlates with the y“ and »?
components of their interfacial energies. Bulk-heterojunction OPV devices fabricated from these acceptors in
combination with P3HT as a donor showed suitable photovoltaic characteristics, and the best PCE was measured to
2.05%. The OPV performance was significantly influenced by the terminal alkyl substitutions and/or arene-imide
units of the studied acceptors. To further explore this point, absorption, photoluminescence, and carrier mobility
measurements of blend films were performed. These provided a clear understanding of the charge-separation into
the free carriers at the donor—acceptor interfaces, which is the key process that determines the photovoltaic
performance of the studied compounds. It was found that the Jsc of OPV devices shows a strong correlation with
79 of the acceptors, i.e., the Jsc increases with »¢. These results suggested that the introduction of sterically bulky
terminal groups in linear w-conjugated systems produce a positive effect on the charge-separation process at the
donor—acceptor interfaces in BHJ films. This phenomenon can be explained by the fact that the increased amorphous
behavior contributes to increasing the amount of exposed w-conjugated framework to the grain surface. This
approach should thus be considered as a promising step towards the successful development of non-fullerene
acceptors for OPVs.
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3.8 Experimental Section

Supplemental Figures and Tables
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Figure S3.1. J-V curves of OPV devices for (a) P3HT/Ph-H, (b) P3HT/Ph-D, (c) P3HT/Ph-EH, (d) P3HT/Ph-

MH, (e) P3HT/Ph-Ipop, (f) P3HT/Th-EH, and (g) P3HT/Py-EH films.
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Figure S3.2.  UV-Vis absorption spectrum of P3HT film.

Table S3.1. OPV performance based on P3HT/Ph-H films.

Run Voc Jsc FF PCE
[V] [mA cm?] [%]
1 0.69 2.52 0.44 0.77
2 0.76 2.47 0.36 0.68
3 0.74 2.43 0.37 0.70
4 0.73 2.40 0.37 0.65
5 0.74 2.42 0.36 0.64
average 0.73+0.01 2.45+0.02 0.38 £0.02 0.69 +£0.02

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1:1.5 weight ratio of
P3HT:Ph-H, a concentration of 20 mg mL* in CB for spin-coating, and with thermal annealing at 110 °C for 10

min under No.

Table S3.2. OPV performance based on P3HT/Ph-D films.

Run Voc Jsc FF PCE
V] [mAcm~] [%]

1 0.49 0.87 0.31 0.13

2 0.51 0.98 0.27 0.14

3 0.51 1.03 0.31 0.16

4 0.51 1.01 0.31 0.16

5 0.51 0.99 0.32 0.16

average 0.51+0.00 0.98 +0.03 0.30 +0.01 0.15 +0.01

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1:1 weight ratio of

P3HT:Ph-D, a concentration of 20 mg mL! in 0-DCB for spin-coating, and without thermal annealing.
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Table S3.3. OPV performance based on P3HT/Ph-EH films.

Run Voc Jsc FF PCE
[V] [mA cm™?] [%]
1 0.90 3.80 0.44 1.50
2 0.89 3.99 0.45 1.58
3 0.80 3.26 0.50 1.29
4 0.78 3.81 0.48 1.42
5 0.79 3.23 0.50 1.28
average 0.83+0.03 3.62+0.16 0.47+£0.01 1.41 £ 0.06

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1:1 weight ratio of

P3HT:Ph-EH, a concentration of 20 mg mL* in CB for spin-coating, and without thermal annealing.

Table S3.4. OPV performance based on P3HT/Ph-MH films.

Run Voc Jsc FF PCE
V] [mA cm?] [%]
1 0.76 4.83 0.48 179
2 0.76 4.85 0.49 1.79
3 0.76 4.95 0.50 1.88
4 0.75 5.64 0.48 2.04
5 0.76 5.59 0.48 2.05
average 0.76 +0.00 5.17+0.18 0.49 +0.00 1.91+0.06

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1:1 weight ratio of

P3HT:Ph-MH, a concentration of 10 mg mL* in CHCIs for spin-coating, and without thermal annealing.

Table S3.5. OPV performance based on P3HT/Ph-Ipop films.

Run Voc Jsc FF PCE
[V] [mA cm?] [%]
1 0.66 0.46 0.27 0.08
2 0.66 0.46 0.29 0.09
3 0.65 0.50 0.29 0.09
4 0.66 0.55 0.29 0.11
5 0.66 0.49 0.29 0.09
average 0.66 = 0.00 0.49 £0.02 0.29 +£0.00 0.09+0.01

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1:1 weight ratio of

P3HT:Ph-1pop, a concentration of 20 mg mL in 0-DCB for spin-coating, and without thermal annealing.
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Table S3.6. OPV performance based on P3HT/Th-EH films.

Run Voc Jsc FF PCE
[V] [mA cm™?] [%]
1 0.65 1.62 0.34 0.37
2 0.64 1.37 0.34 0.29
3 0.72 1.44 0.36 0.38
4 0.72 1.37 0.36 0.36
5 0.72 1.36 0.37 0.36
average 0.69 +£0.02 1.43+£0.05 0.35+0.01 0.35+0.02

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1:1 weight ratio of

P3HT:Th-EH, a concentration of 20 mg mL* in 0-DCB for spin-coating, and without thermal annealing.

Table S3.7. OPV performance based on P3HT/Py-EH films.

Run Voc Jsc FF PCE
V] [mA cm?] [%]
1 0.56 1.04 0.54 0.32
2 0.47 1.43 0.42 0.28
3 0.47 1.44 0.42 0.28
4 0.46 1.35 0.41 0.26
5 0.45 1.30 0.41 0.24
average 0.48 +0.02 1.31+0.07 0.44 £0.03 0.28 +0.01

The fabrication conditions of the active BHJ layer were optimized: the blend composition of a 1.5:1 weight ratio of

P3HT:Py-EH, a concentration of 20 mg mL* in 0-DCB for spin-coating, and without thermal annealing.

Table S3.8. Contact angles and calculated surface free energy data of acceptor films.

Compounds Owater [°] Oglycerol [°] y4[mJ cm~?] yP[mJ cm?] SFE [mJ cm?]
Ph-H 101.16 90.0 151 2.5 17.6

Ph-D 102.84 94.03 11.2 3.2 14.3

Ph-EH 101.1 84.3 25.2 0.7 25.9

Ph-MH 97.6 80.4 274 0.1 284

Ph-Ipop 82.0 795 7.8 15.9 23.7

Th-EH 105.5 96.6 10.6 2.6 13.2

Py-EH 101.3 92.5 115 3.5 15.0

P3HT 107.2 102.6 5.4 4.3 9.7

PCs1BM 84.9 67.1 324 3.4 35.8
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General Information

Column chromatography was performed on silica gel, KANTO Chemical silica gel 60N (40-50 um). TLC plates
were visualized with UV light. Preparative GPC was performed on a Japan Analytical Industry LC-918 equipped
with JAI-GEL 1H/2H. *H and *C NMR spectra were recorded on a JEOL ECS-400 spectrometer in CDCl3 with
TMS as an internal standard. Data are reported as follows: chemical shift in ppm (), multiplicity (s = singlet, d =
doublet, t = triplet, m = multiplet, br = broad), coupling constant (Hz), and integration. Mass spectra were obtained
on a Shimadzu GCMS-QP-5050 or Shimadzu AXIMA-TOF. DSC and TGA were performed under nitrogen at a
heating rate of 10 °C min-* with a Shimadzu DSC-60 and a Shimadzu TGA-50, respectively. UV-Vis spectra were
recorded on a Shimadzu UV-3600 spectrophotometer. Fluorescence spectra were recorded using a Fluoromax-4
spectrometer in the photo-counting mode equipped with a Hamamatsu R928P photomultiplier. The bandpass for the
emission spectra was 1.0 nm. All spectra were obtained in spectrograde solvents. CV was carried out on a BAS CV-
620C voltammetric analyzer using a platinum disk as the working electrode, platinum wire as the counter electrode,
and Ag/AgNO; as the reference electrode at a scan rate of 100 mV s 1. Elemental analyses were performed on Perkin
Elmer LS-50B by the Elemental Analysis Section of CAC, ISIR, Osaka University. The surface structures of the
deposited organic films were observed by atomic force microscopy (Shimadzu, SPM9600), and the film crystallinity
was evaluated by an X-ray diffractometer (Rigaku, SmartLab). X-ray diffraction patterns were obtained using
Bragg-Brentano geometry with CuKa radiation as an X-ray source with an acceleration voltage of 45 kV and a
beam current of 200 mA. The scanning mode was set to 28 scans between 3°-30° with scanning steps of 0.01°.

OFET Device Fabrication and Evaluation

The field-effect mobility was measured using bottom-contact thin-film FET geometry. The p-doped silicon substrate
functions as the gate electrode. A thermally grown silicon oxide dielectric layer on the gate substrate was 300 nm
thick with a capacitance of 10.0 nF cm2. Interdigital source and drain electrodes were constructed with gold (30
nm) that were formed on the SiO; layer. The W and L were 294 mm and 25 um, respectively. The silicon oxide
surface was washed with toluene, acetone, water, and 2-propanol and the silicon oxide surface was then activated
by ozone treatment. This substrate was used for condition (1). The ODTS-modified substrates were prepared by 1.0
wt% ODTS toluene solution under N2 at 60 °C for 1 h. This substrate was used for condition (3). For the HMDS-
modification (condition (2)), the Si/SiO, substrates were immersed in 1.0 wt% HMDS toluene solution under N at
60 °C for 1 h. Then all the substrates were washed again with toluene, acetone, water, and 2-propanol. The
semiconductor layer was spin-casted on the Si/SiO; substrates from 10 mg mL* CHCl; solution. Thermal annealing
was conducted for 1 h under a vacuum condition (102 Pa). The characteristics of the OFET devices were measured
at room temperature under a pressure of 102 Pa. The current-voltage characteristics of devices were measured by
using a KEITHLEY 4200SCS semiconductor parameter analyzer. The e was calculated in the saturated region at
the source-drain voltage of 100 V and the current lon/lofr ratio was determined from the Isp at Vsg = 0 V (loff) and

Vsg = 100V (lon) by the following equation.

los = %Ciﬂ(\/GS —Vin)?
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OPV Device Fabrication and Evaluation

Organic photovoltaic devices were prepared with a structure of ITO/PEDOT:PSS/active layer/Ca/Al. ITO-coated
glass substrates were first cleaned by ultrasonication in toluene, acetone, H.O, and 2-propanol for 10 min,
respectively. ITO-coated glass substrates were then activated by ozone treatment for 1 h. PEDOT:PSS was spin-
coated on the ITO surface at 3000 rpm for 1 min and dried at 135 °C for 10 min. The active layers were then prepared
by spin-coating on the ITO/PEDOT:PSS electrode at 1000 rpm for 2 min in a glove box. The typical thickness of
the active layer was 90-110 nm. Ca and Al electrode were evaporated on the top of active layer through a shadow
mask to define the active area of the devices (0.09 cm?) under a vacuum of 10-° Pa to a thickness of 30, 100 nm
determined by a quartz crystal monitor. After sealing the device from the air, the photovoltaic characteristics were
measured in air under simulated AM 1.5G solar irradiation (100 mW cm2) (SAN-EI ELECTRIC, XES-301S). The
current-voltage characteristics of photovoltaic devices were measured by using a KEITHLEY 2400 source meter.
The EQE spectra were measured by using a Soma Optics Ltd. S-9240. The thickness of active layer was determined
by KLA Tencor Alpha-step 1Q.

Charge Density Measurements

Photo-generated charge densities of the photovoltaic devices were measured by charge extraction method. The
device, a nanosecond response switch (SR-05 Asama Lab, Japan), and an oscilloscope with 50 Ohm internal
resistance were connected in series. The device was initially irradiated by a diode laser (Cube, Coherent, 641 nm)
at open circuit condition. The timing to turn off the laser and to switch the circuit to short circuit was controlled by
a delay generator (Stanford Research Systems, DG645). When the laser was turned off, the switch was
simultaneously turned on to short circuit condition. Then accumulated charges at open circuit condition were
flowing out to external circuit. The current was measured on the oscilloscope and integrated numerically on a PC.
Charge density was obtained by dividing the integrated charges by the volume of the active layer. The open circuit
voltage versus charge density plot was obtained by repeating the measurement with different laser intensities.
Charge extraction measurement was also performed with different delay times between the timings of turning off
the laser and turning on the switch. Recombination lifetime was obtained from the slope of the plot of the charge

density versus delay time.

SCLC Measurements
Hole-only and electron-only devices were prepared with a structure of ITO/PEDOT:PSS/active layer/Au and
ITO/TiOx/active layer/Ca/Au, respectively.  The active layers were prepared from 20 mg mL* solution of materials

in CHCIs. The carrier mobilities of these devices were calculated by the following equation:

9 V?
J 25860/1?

where g, g, 1, and d are the dielectric constant of the active layer, the permittivity of free space, the carrier mobility,

and the measured thickness of active layer, respectively. We used the values of =3, £9= 8.8 x 10712 F/m.
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Surface Free Energy Estimation
The contact angles of film surface were measured by a NiCK LSE-MEL1 using distilled water and glycerol. SFEs

were estimated based on the theory established by Kaelble and Uy.

PLQE Estimation
Blended films were prepared on the quartz substrate by spin-coating under identical condition of optimized active

layers in OPVs. PLQE of blended films were calculated using following equation:

Fon

p

PLQE=1-

where @, and @, are the normalized photoluminescence intensities of reference and blended films at Amax,
respectively.

Materials

All reactions were carried out under a nitrogen atmosphere. Solvents of the highest purity grade were used as
received. Unless stated otherwise, all reagents were purchased from commercial sources and used without
purification. 2-bromothieno[2,3-c]furan-4,6-dione was prepared by our previously reported procedure.'? 5-bromo-
2-hexylisoindoline-1,3-dione (15), 6-bromo-2-(2-ethylhexyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (21) and 3-
bromofuro[3,4-b]pyridine-5,7-dione were prepared by reported procedures, and *H NMR data of these compounds

were in agreement with those previously reported.

Synthesis

Synthesis of 16: 4-Bromophthalic anhydride (4.00 g, 17.6 mmol) and 1-dodecylamine (3.26 g, 17.6 mmol) were
placed in a round-bottomed flask and dissolved with DMF (100 mL). The reaction mixture was stirred at 140 °C for
12 h. After being cooled to room temperature and addition of water, the resulting mixture was extracted with ethyl
acetate (EtOAc) and the organic layer was washed with water. After removal of the solvent under reduced pressure,
the residue was purified by column chromatography on silica gel (hexane/EtOAc = 10/1) to give 16 (4.74 g, 68%).
Colorless solid; m.p.: 63-64 °C; *H NMR (400 MHz, CDCls, TMS, 6): 7.97 (d, J = 1.4 Hz, 1H), 7.85 (dd, J = 8.0,
1.6 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 3.66 (t, J = 7.3 Hz, 2H), 1.65 (m, 2H), 1.35-1.23 (br, 16H), 0.88 (t, J = 6.6
Hz, 3H); 3C NMR (100 MHz, CDCls, d): 167.54, 166.99, 136.79, 133.81, 130.69, 128.71, 126.51, 124.51, 38.30,
31.91, 29.62, 29.62, 29.59, 29.49, 29.35, 29.18, 28.52, 26.84, 22.69, 14.14; MS (GC) m/z 393 (M*, Calcd 393.13).
Anal. calcd for CH2sBrNO,: C 60.91, H 7.16, N 3.55; found: C 60.82, H 7.06, N 3.42.

Synthesis of 17: 4-Bromophthalic anhydride (5.00 g, 22.0 mmol) and 2-aminoheptane (2.50 g, 22.0 mmol) were
placed in a round-bottomed flask and dissolved with DMF (100 mL). The reaction mixture was stirred at 145 °C for
12 h. After being cooled to room temperature and addition of water, the resulting mixture was extracted with EtOAc
and the organic layer was washed with water. After removal of the solvent under reduced pressure, the residue was

purified by column chromatography on silica gel (hexane/EtOAc = 4/1) to give 17 (3.60 g, 50%). Colorless solid;
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m.p.: 84-85 °C; 'H NMR (400 MHz, CDCls, TMS, 8): 7.95 (d, J = 1.8 Hz, 1H), 7.84 (dd, J = 7.8, 1.8 Hz, 1H), 7.68
(d, J = 7.8 Hz, 1H), 4.32 (m, 1H), 2.02 (m, 1H), 1.71 (m, 1H), 1.45 (d, J = 7.3 Hz, 3H) , 1.30-1.15 (br, 6H), 0.84 (t,
J = 6.8 Hz, 3H); 3C NMR (100 MHz, CDCls, 6): 167.69, 167.12, 136.75, 133.65, 130.51, 128.65, 126.42, 124.43,
47.78,33.59, 31.37, 26.42, 22.49, 18.64, 13.99; MS (GC) m/z 323 (M*, Calcd 323.05). Anal. calcd for C1sH1sBrNO2:
C 55.57, H 5.60, N 4.32; found: C 55.50, H 5.33, N 4.34.

Synthesis of 18: 4-Bromophthalic anhydride (4.00 g, 17.6 mmol) and 3-isopropoxypropylamine (2.06 g, 17.6 mmol)
were placed in a round-bottomed flask and dissolved with DMF (50 mL). The reaction mixture was stirred at 140 °C
for 24 h. After being cooled to room temperature and addition of water, the resulting mixture was extracted with
EtOAc and the organic layer was washed with water. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography on silica gel (hexane/EtOAc = 10/1) to give 18 (3.50 g, 61%).
Colorless solid; m.p.: 74-75 °C; *H NMR (400 MHz, CDCls, TMS, 6): 7.97 (d, J = 1.5 Hz, 1H), 7.84 (dd, J = 8.0,
1.5 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 3.80 (d, J = 6.9 Hz, 2H), 3.49 (m, 1H), 3.45 (t, J = 6.0 Hz, 2H), 1.93 (m, 2H),
1.06 (d, J = 6.4 Hz, 6H); *3C NMR (100 MHz, CDCls, 6): 167.59, 167.05, 136.78, 133.89, 130.78, 128.66, 126.50,
124.49, 71.56, 65.61, 36.08, 28.81, 21.94; MS (GC) m/z 325 (M*, Calcd 325.03). Anal. calcd for C14H16BrNOs: C
51.55, H 4.94, N 4.29; found: C 51.42, H 5.03, N 4.36.

Synthesis of 19: 2-Bromothieno[2,3-c]furan-4,6-dione (1.00 g, 4.29 mmol) and 2-ethyl-1-hexylamine (555 mg, 4.29
mmol) were placed in a round-bottomed flask and dissolved with toluene (40 mL), and the resulting mixture was
refluxed for 20 h. After being cooled to room temperature, the solvent was removed under reduced pressure and
SOCI; (50 mL) was added. The resulting mixture was refluxed for 3 h. After removal of the solvent under reduced
pressure, the residue was purified by column chromatography on silica gel (hexane/EtOAc = 19/1) to give 19 (770
mg, 52%). Colorless solid; m.p.: 61-62 °C; 'H NMR (400 MHz, CDCls, TMS, 6): 7.31 (s, 1H), 3.48 (d, J = 7.3 Hz,
2H), 1.76 (m, 1H), 1.35-1.25 (br, 8H), 0.90 (t, J = 7.3 Hz, 3H), 0.88 (t, J = 6.9 Hz, 3H); 1*C NMR (100 MHz, CDCls,
0): 163.26, 162.24, 143.78, 140.38, 125.42, 123.83, 42.47, 38.34, 30.39, 28.43, 23.71, 23.01, 14.07, 10.39; MS (GC)
m/z 343 (M*, Calcd 343.02). Anal. calcd for C14H1sBrNO,S: C 48.84, H 5.27, N 4.07; found: C 49.32, H 5.09, N
4.09.

Synthesis of 20: 3-Bromofuro[3,4-b]pyridine-5,7-dione (460 mg, 2.01 mmol) and 2-ethyl-1-hexylamine (340 mg,
2.62 mmol) were placed in a round-bottomed flask and dissolved with AcOH (4 mL). The reaction mixture was
refluxed for 12 h. After being cooled to room temperature and addition of water, the resulting mixture was extracted
with toluene and the organic layer was washed with water. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography on silica gel (hexane/CHCI; = 1/1) to give 20 (288 mg, 42%).
Colorless solid; m.p.: 97-98 °C; *H NMR (400 MHz, CDCls, TMS, 6): 9.02 (d, J = 2.0 Hz, 1H), 8.28 (d, J = 2.0 Hz,
1H), 3.64 (d, J = 7.3 Hz, 2H), 1.85 (m, 1H), 1.40-1.24 (br, 8H), 0.91 (t, J = 7.3 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H);
13C NMR (100 MHz, CDCls, 6): 165.82, 165.17, 156.31, 149.64, 133.73, 128.42, 125.44, 42.40, 38.21, 30.41, 28.38,
23.75, 22.98, 14.05, 10.35; MS (GC) m/z 337 (M*, Calcd 338.06). Anal. calcd for C15sH19BrN2O,: C 53.11, H 5.65,
N 8.26; found: C 53.11, H 5.54, N 8.21.
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Synthesis of Ph-H: 1a (194 mg, 0.63 mmol), 2 (48 mg, 0.26 mmol), Cul (5 mg, 0.03 mmol), and Pd(PPhs)4 (30 mg,
0.03 mmol) were placed in a test tube with screw cap and dissolved with toluene (6 mL) and triethylamine (3 mL).
The reaction mixure was refluxed for 1.5 h.  After being cooled to room temperature, the reaction mixture was
concentrated under reduced pressure and then purified by column chromatography on silica gel (CHCIs), followed
by purification with preparative GPC (CHCIs) to give Ph-H (102 mg, 61%). Yellow solid; m.p.: 200-201 °C; *H
NMR (400 MHz, CDCls, TMS, ¢): 8.11 (s, 2H), 7.99 (d, J = 7.8, 2H), 7.88 (d, J = 7.8 Hz, 2H), 7.87 (s, 2H), 3.70 (t,
J = 7.3 Hz, 4H), 1.69 (m, 4H), 1.40-1.27 (br, 12H), 0.89 (t, 6H); 3C NMR (100 MHz, CDCls, ): 167.69, 167.59,
154.17, 137.17, 132.91, 132.51, 131.69, 128.36, 126.41, 123.28, 117.03, 95.83, 88.94, 38.33, 31.36, 28.54, 26.54,
22.52, 14.03; MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 642.41 (M*, Calcd 642.23); Anal. calcd
for C3sH3aN40,S: C 71.01, H 5.33, N 8.72; found: C 71.03, H 5.45, N 8.72.

Synthesis of Ph-D: Ph-D was synthesized from compound 1b (529 mg, 1.34 mmol), 2 (103 mg, 0.56 mmol), Cul
(11 mg, 0.06 mmol), and Pd(PPhs)s (65 mg, 0.06 mmol) with a yield of 59% by following the procedure used for
the preparation of Ph-H. Yellow solid; m.p.: 175-176 °C; *H NMR (400 MHz, CDCl3, TMS, ¢): 8.11 (s, 2H), 7.99
(dd, J=7.8, 1.4 Hz, 2H), 7.88 (d, J = 7.8 Hz, 2H), 7.87 (s, 2H), 3.70 (t, J = 7.6 Hz, 4H), 1.69 (m, 4H), 1.35-1.25
(br, 36H), 0.88 (t, J = 7.0 Hz, 6H); 1*C NMR (100 MHz, CDCls, §): 167.70, 167.59, 154.17, 137.17, 132.91, 132.52,
131.69, 128.36, 123.28, 117.04, 95.84, 88.94, 38.34, 31.92, 29.62, 29.62, 29.57, 29.50, 29.35, 29.19, 28.58, 26.89,
22.69, 14.14; MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 810.77 (M*, Calcd 810.42). Anal. calcd
for CsoHssN4O4S: C 74.04, H 7.21, N 6.91; found: C 74.03, H 7.21, N 6.79.

Synthesis of Ph-MH: Ph-MH was synthesized from compound 1c (414 mg, 1.28 mmol), 2 (98 mg, 0.53 mmol),
Cul (10 mg, 0.05 mmol), and Pd(PPhs)s (61 mg, 0.05 mmol) with a yield of 60% by following the procedure used
for the preparation of Ph-H. Yellow solid; m.p.: 203-204 °C; *H NMR (400 MHz, CDCls, TMS, 6): 8.09 (s, 2H),
7.98 (d, J=7.6 Hz, 2H), 7.88 (s, 2H), 7.86 (d, J = 7.6 Hz, 2H), 4.36 (m, 2H), 2.06 (m, 2H), 1.75 (m, 2H), 1.49 (d,
J =6.9 Hz, 6H), 1.28 (br, 12H), 1.28 (t, J = 6.9 Hz, 6H); *C NMR (100 MHz, CDCls, ): 167.81, 167.68, 154.17,
137.14, 132.91, 132.34, 131.54, 128.30, 126.30, 123.17, 117.04, 95.88, 88.86, 47.79, 33.65, 31.41, 26.47, 22.51,
18.67, 14.01; MS MALDI-TOF (1,8,9-trihnydroxyanthracene matrix) m/z 670.52 (M*, Calcd 670.26). Anal. calcd
for CaoH3sN404S: C 71.62, H 5.71, N 8.35; found: C 71.60, H 5.74, N 8.24.

Synthesis of Ph-Ipop: Ph-lpop was synthesized from compound 1d (217 mg, 0.66 mmol), 2 (51 mg, 0.28 mmol),
Cul (5 mg, 0.03 mmol), and Pd(PPhs)4 (32 mg, 0.03 mmol) with a yield of 55% by following the procedure used
for the preparation of Ph-H. Yellow solid; m.p.: 219-220 °C; *H NMR (400 MHz, CDCls;, TMS, 6): 8.11 (s, 2H),
7.99 (d, J=7.8,2H), 7.88 (d, J = 7.8 Hz, 2H), 7.87 (s, 2H), 3.83 (t, J = 6.6 Hz, 4H), 3.51 (m, 2H), 3.48 (t, J= 6.0
Hz, 4H), 1.96 (m, 4H), 1.08 (d, J = 6.0 Hz, 12H); $3C NMR (100 MHz, CDCls, 8): 167.71, 167.56, 154.18, 137.15,
132.92, 132.62, 131.82, 128.32, 126.37, 123.25, 117.04, 95.85, 88.90, 71.58, 65.68, 36.12, 28.87, 21.97; MS
MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 674.50 (M*, Calcd 674.22). Anal. calcd for C3sH3aN4OgS: C
67.64, H 5.08, N 8.30; found: C 67.60, H 5.18, N 8.26.
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Synthesis of Th-EH: Th-EH was synthesized from compound 1e (351 mg, 1.02 mmol), 2 (85 mg, 0.46 mmol), Cul
(8 mg, 0.05 mmol), and Pd(PPhs)s (54 mg, 0.05 mmol) in THF (8 mL) and diisopropylethylamine (0.8 mL) with a
yield of 91% by following the procedure used for the preparation of Ph-H. Yellow solid; m.p.: 254-255 °C; 'H
NMR (400 MHz, CDCls, TMS, 6): 7.87 (s, 2H), 7.57 (s, 2H), 3.53 (d, J = 6.9 Hz, 4H), 1.80 (m, 2H), 1.37-1.25 (m,
16H), 0.92 (t, J = 7.2 Hz, 6H), 0.89 (t, J = 7.2 Hz, 6H); *3C NMR (100 MHz, CDCls, §): 163.66, 162.57, 153.79,
143.82,141.11, 134.37, 132.85, 125.95, 116.69, 93.35, 89.21, 42,60, 38.41, 30.43, 28.48, 23.77, 23.02, 14.07, 10.41;
MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 710.40 (M*, Calcd 710.21). Anal. calcd for
CasH3sN404S3: C 64.20, H 5.39, N 7.88; found: C 64.24, H 5.47, N 7.70.

Synthesis of Py-EH: Py-EH was synthesized from compound 1f (288 mg, 0.85 mmol), 2 (71 mg, 0.39 mmol), Cul
(7 mg, 0.04 mmol), and Pd(PPh3)4 (45 mg, 0.04 mmol) THF (8 mL) and diisopropylethylamine (0.8 mL) with a
yield of 63% by following the procedure used for the preparation of Ph-H. Orange solid; m.p.: 232-233 °C; H
NMR (400 MHz, CDCls, TMS, 6): 9.20 (d, J = 1.8 Hz, 2H), 8.38 (d, J = 1.8, 2H), 7.93 (s, 2H), 3.68 (d, J = 6.9 Hz,
4H), 1.88 (m, 1H), 1.40-1.26 (br, 8H), 0.94 (t, J = 7.6, 6H), 0.90 (t, J = 7.0, 6H); 3C NMR (100 MHz, CDCls, 6):
165.91, 165.71, 157.54, 154.02, 150.18, 133.46, 133.20, 126.90, 123.71, 116.90, 92.90, 91.73, 42.43, 38.26, 30.45,
28.41, 23.79, 23.00, 14.06, 10.37; MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 700.41 (M*, Calcd
700.28). Anal. calcd for C4HaoN6OS: C 68.55, H 5.75, N 11.99; found: C 68.55, H 5.74, N 11.88.

Synthesis of Na-EH: Na-EH was synthesized from compound 1g (306 mg, 0.92 mmol), 2 (123 mg, 0.41 mmol),
Cul (8 mg, 0.04 mmol), and Pd(PPhs)4 (48 mg, 0.04 mmol) THF (8 mL) and diisopropylethylamine (0.8 mL) with
ayield of 98% by following the procedure used for the preparation of Ph-H. This compound was purified by column
chromatography on silica gel (CHCIs), followed by precipitation using CHClIs and acetone. Orange solid; m.p.: 281-
282 °C; *H NMR (400 MHz, CDCls, TMS, 6): 9.03 (d, J = 8.0 Hz, 2H), 8.68 (d, J = 7.3 Hz, 2H), 8.55 (d, J = 8.0
Hz, 2H), 8.08 (d, J = 7.3 Hz, 2H), 7.97 (s, 2H), 7.93 (t, J = 7.3 Hz, 2H), 4.14 (m, 4H), 1.97 (m, 2H), 1.45-1.30 (br,
16H), 0.95 (t, J = 7.6 Hz, 6H), 0.88 (t, J = 7.1 Hz, 6H); *3C NMR (100 MHz, CDCls, 5): 164.30, 164.04, 154.64,
132.68, 132.46, 131.98, 131.83, 131.30, 130.28, 128.28, 128.00, 126.47, 123.32, 123.27, 117.48, 94.97, 94.26, 44.46,
38.14, 30.97, 28.82, 24.28, 23.11, 14.03, 10.72; MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 798.55
(M*, Calcd 798.32). Anal. calcd for CsoHasN4O4S: C 75.16, H 5.80, N 7.01; found: C 75.01, H 5.90, N 6.80.

3.9 References

1 M. Mas-Torrent and C. Rovira, Chem. Rev., 2011, 111, 4833.

2 J. Comil, D. Beljonne, J.-P. Calbert and J.-L. Brédas, Adv. Mater., 2001, 13, 1053; H. Yamagata, J. Norton, E.
Hontz, Y. Olivier, D. Beljonne, J.-L. Brédas, R. J. Silbey and F. C. Spano, J. Chem. Phys., 2011, 134, 204703.

3 D. Placencia, W. Wang, J. Gantz, J. L. Jenkins and N. R. Armstrong, J. Phys. Chem. C, 2011, 115, 18873; Y.
Yuan, G. Giri, A. L. Ayzner, A. P. Zoombelt, S. C. B. Mannsfeld, J. Chen, D. Nordlund, M. F. Toney, J. Huang
and Z. Bao, Nat. Commun., 2014, 5, 3005.

4 D.H. Kaelble and K. C. Uy, J. Adhesion, 1970, 2, 50.

5 F M. Fowkes, J. Phys. Chem., 1962, 66, 382; X. Ma, T.-S. Chung and R. J. Good, J. Polym. Sci., Part B: Polym.

54



10

11

12
13

Phys., 1998, 36, 2327; E. Ruckenstein and S. V. Gourisankar, J. Colloid Interface Sci., 1986, 109, 557.

A. Hadipour, R. Miller and P. Heremans, Org. Electron., 2013, 14, 2379.

A. Maurano, R. Hamilton, C. G. Shuttle, A. M. Ballantyne, J. Nelson, B. O’Regan, W. Zhang, I. McCulloch, H.
Azimi, M. Morana, C. J. Brabec and J. R. Durrant, Adv. Mater., 2010, 22, 4987.

K. Vandewal, K. Tvingstedt, A. Gadisa, O. Inganés and J. V. Manca, Nat. Mater., 2009, 8, 904.

J.-L. Brédas, J. E. Norton, J. Cornil and V. Coropceanu, Acc. Chem. Res., 2009, 42, 1691; T. M. Clarke and J.
R. Durrant, Chem. Rev., 2010, 110, 6736; R. A. J. Janssen and J. Nelson, Adv. Mater., 2013, 25, 1847; S. D.
Dimitrov and J. R. Durrant, Chem. Mater., 2014, 26, 616.

G. G. Malliaras, J. R. Salem, P. J. Brock and C. Scott, Phys. Rev. B, 1998, 58, 13411; C. Goh, R. J. Kline, M. D.
McGehee, E. N. Kadnikova and J. M. J. Fréchet, Appl. Phys. Lett., 2005, 86, 122110; H. Azimi, A. Senes, M.
C. Scharber, K. Hingerl and C. J. Brabec, Adv. Energy. Mater., 2011, 1, 1162.

A. Gadisa, W. Mammo, L. M. Andersson, S. Admassie, F. Zhang, M. R. Andersson and O. Ingnas, Adv. Funct.
Mater., 2007, 17, 3836; M. Abbas and N. Tekin, Appl. Phys. Lett., 2012, 101, 073302.

Y. le, C. Sato, M. Nitani, H. Tada and Y. Aso, Chem. Lett. 2014, 43, 1640.

W. C. W. Leu, A. E. Fritz, K. M. Digianantonio and C. Scott Hartley, J. Org. Chem., 2012, 77, 2285; D. Gudeika,
R. Lygaitis, V. Mimaite, J. V. Grazulevicius, V. Jankauskas M. Lapkowski and P. Data, Dyes and Pigments, 2011,
91, 13; G. Jaeschke, S. Jolidon, L. Lindemann, A. Ricci, D. Rueher, H. Stadler and E. Vieira, U.S. 2012/270852.

55



Chapter 4

Influence of Acceptor Unit Orientation at Donor-Acceptor Interfaces on
Photocurrent Generation Efficiency of Perylene Bisimide based Three-
Dimensional Acceptor Materials

4.1 Introduction

High y¢ values of acceptor materials were found to be of advantage to photocarrier generation in OPV devices.
Detailed analysis on relation between the molecular orientation of thin-films and the estimated y¢ values were
performed in the chapter 3. The result suggested that the »9s of acceptors are related to the amount of exposed -
conjugated framework toward interface between donor and acceptor. In this respect, solubilized acceptor materials
with no alkyl chain at the outer edge of molecules might become candidates to achieve high »4.

From this standpoint, the author synthesized and evaluated new acceptor materials of MHPI-BTCN, PhPI-
BTCN, F4PI-BTCN, and F4(PI-BTCN)2 (Figure 4.1 and detailed results are shown in experimental section).
Thanks to its twisted n-conjugated framework, PhPI-BTCN, F4PI-BTCN, and F4(PI-BTCN)2 posess solubility
even though they have no solubilizing alkyl chain at the outer edge. The highest Jsc of 7.65 mA cm2 was obtained
for the device employing the acceptor of F4PI-BTCN (Table 4.1). As expected, the 9 and Jsc values of PhPI-
BTCN, F4PI-BTCN, and F4(P1-BTCN)2 were increased compared with those of branched alkylated acceptors of
MHPI-BTCN. However, the author also noticed that clear correlation between y® and Jsc is not applicable among
PhPI-BTCN, F4PI-BTCN, and F4(PI-BTCN)2.

In addition, no clear correlation was found within asNTz/sNTz based acceptors (Figure 4.2). The author also
designed and synthesized a new acceptor material of asNTz-NP-F and compared the OPV performance with
recently developed sNTz-NP-F.2 As the results of SFE estimation, y9 of asNTz-NP-F and sNTz-NP-F were

e KT HD

o % VSN MHPI-BTCN PhPI-BTCN
N \
NT N H CisHo CsHo  CuHg. CaHo

o N/ — N/ N ;;g

FAPI-BTCN F4(PI-BTCN)2

Figure 4.1. Chemical structure of cyano-substituted benzothiadiazole-based acceptors.

Table 4.1. Properties and OPV performances of cyano-substituted benzothiadiazole-based acceptors.

Compounds ELumo[eV]?  PCE [%]° Jse [NA cm2]° Vo [V]° FFP y9[mJcm?
MePI-BTCN -3.48 0.19 0.93 0.57 0.36 9.9
PhPI-BTCN -3.47 0.12 1.39 0.23 0.37 10.9
FAPI-BTCN -3.48 0.32 1.45 0.53 0.41 11.6
F4(PI-BTCN)2 -3.48 0.28 1.34 0.47 0.45 17.3

a

Estimated from CV measurements in o-DCB/acetonitrile (5/1) containing 0.1 M TBAPFs °
ITO/ZnO/P3HT:acceptor/MoO3/Al.
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HgC4 C4H9

SNTz-NP-F

Figure 4.2. Chemical structure of asNTz/sNTz based acceptors.

Table 4.2. Properties and OPV performances of asNTz/sNTz based acceptors.
Compounds ELumo[eV]?  PCE [%]° Jse [MA cm2]° Voe [V]° FFP y9[mJ cm?]
asNTz-NP-F -3.51 0.54 1.73 0.79 0.39 27.9
asNTz-NP-MH - 0.17 0.70 0.55 0.38 16.1
sNTz-NP-F -3.65 2.48 531 0.90 0.52 28.1

2 Estimated from LEIPS measurements of acceptor films. ° ITO/ PEDOT:PSS/P3HT:acceptor/Ca/Al.
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Figure 4.3. Calculated LUMO and energy levels of (a) F4(PI-BTCN)2 and (b) asNTz-NP-F. All the alkyl groups
were replaced with methyl groups to facilitate the calculation.

estimated to be 27.9 and 28.1 mJ cm2, respectively (Table 4.2). However, the OPV performances of asNTz-NP-F
was lower than that of SNTz-NP-F even though both compound indicated high »¢ values. This indicates that high
79 value of acceptor material is not the sufficient condition for high performance acceptor materials.

In both case of cyano-substituted benzothiadiazole-based acceptors and asNTz based acceptors, each molecule
contains several segments of m-conjugated frameworks. For example, F4(PI-BTCN)2 contains fluorene,
phthalimide, and cyano-substituted benzothiadiazole and for the case of asNTz-NP-F, it contains fluorene,
naphtylimide, and central asNTz unit. All these molecular segments can bring high »¢ value if it are exposed to
interface. On the other hand, as shown in Figure 4.3, the LUMO coefficients are localized on cyano-substituted
benzothiadiazole unit and asNTz unit. Therefore, just because the materials indicate high y9 values, they may not

necessarily indicate high Jsc in these cases. In addition, as a supporting evidence, the 9 and Jsc values of branched
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alkylated compound asNTz-NP-MH went low. The correlation between »9 and Jsc is considered to be effective
when the electron accepting units are exposed toward interface.

In this context, a promising acceptor molecular structure is 3-D arranged molecule surrounded with extended 7-
electron acceptor units; which is considered to expose its acceptor units toward interface. Very recently, large non-
planar structures is begin to be employed for non-fullerene acceptors, 7 which is based on the hypothesis that large
non-planarity contributes to diminishing n-stacked self-aggregations, promoting the favorable phase separation, and
increasing dimensionality of electron-transport pathways.”® Among these acceptors, 3-D perylene
bis(dicarboximide) (PDI) derivatives constructed by the use of tetraphenyl methane, spirobifluorene, or
tetraphenylethylene as a central core block have been reported to exhibit promising OPV performance. Since the
strong electron-accepting units are located in the outer edge of these molecules and thus the LUMOs localize on
this part (vide infra), the author anticipated that the relationship between y¢ and Jsc would be observed for these
3D acceptors. In the final chapter, to systematically investigate the structure—properties—OPV characteristics of 3D
acceptors, acceptor unit is fixed to be PDI (Figure 4.4), and the author focus on the influence of (1) alkyl group in
the PDI (TetraBP-N-PDIC93 vs. TetraBP-N-PDIC2), (2) orientation of PDI unit in the molecules (TetraBP-N-
PDIC2 vs. TetraP-B-PDI), and (3) central core units (TetraP-B-PDI, Pyrene-B-PDI, and SpiroF-B-PDI). Note
that TetraP-B-PDI and SpiroF-B-PDI derivatives have been reported to show high PCEs under the combination
with a particular donor-acceptor copolymer.®> As summarized in Figure 4.5, DFT calculation at the B3LYP/6-31G
(d,p) level indicated that these molecules showed non-planar geometry and localized LUMOSs on the PDI units. In
this chapter, the synthesis, molecular properties, photovoltaic performance, and film properties of these acceptors

are discussed.
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Figure 4.4. Chemical structure of 3-D arranged PDI-based acceptors investigated in this chapter.
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Figure 4.5. Calculated structures and molecular orbitals of model compounds for (a) TetraBP-N-PDIC9 and
TetraBP-N-PDIC2, (b) Pyrene-B-PDlI, (c) TetraP-B-PDI, and (d) SpiroF-B-PDI. All alkyl groups were replaced
with methyl groups to ease the calculation.

4.2 Synthesis and Molecular Properties

The 3-D arranged PDI derivatives were synthesized by the Suzuki-Miyaura coupling reaction between central cores

and terminal PDI units in the presence of Pd(PPhas)s in toluene/H,O/MeOH (Scheme 4.1). Due to the presence of
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Figure 4.6. (a) TGA and (b) DSC curves of TetraBP-N-PDIC9 (black), TetraBP-N-PDIC2 (red), Pyrene-B-
PDI (blue), TetraP-B-PDI (green), and SpiroF-B-PDI (purple) with a scanning rate of 10 °C min™* under N.
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alkyl chains and steric hindrance within the chemical structures, the synthesized acceptors exhibited good
solubilities in common chlorinated solvents such as chloroform, CB, and 0-DCB.

The thermal properties of the synthesized compounds were investigated using TGA and DSC. As shown in Figure
4.6(a), the TGA curves of TetraBP-N-PDIC9, TetraBP-N-PDIC2, Pyrene-B-PDI, TetraP-B-PDI, and SpiroF-
B-PDI showed Tq of higher than 348 °C. The DSC trace of these compounds showed no obvious melting or thermal
decomposition peaks up to 300 °C, indicating that these compounds are sufficiently stable for use in OPV device
application (Figure 4.6(b)).

In UV-vis spectra in dilute CHCIs solution, all the compounds exhibit one absorption band with several vibronic
peaks in visible region of between 450 and 550 nm (Figure 4.7(2)). In reflection with having the same n-conjugated
framework, TetraBP-N-PDIC9 and TetraBP-N-PDIC2 showed similar molar extinction coefficients (&). On the
other hand, Pyrene-B-PDI, TetraP-B-PDI, and SpiroF-B-PDI showed blunt absorptions ascribable to the bay-
linked framework. Moreover, compared with TetraP-B-PDI, Pyrene-B-PDI and SpiroF-B-PDI showed slight
tailing to a long-wavelength region in both solutions and films (Figure 4.7), which could be due to their MOs
partially delocalized between the central core and PDI units as seen in their HOMOs (Figure 4.5(b) and (d)). The
optical energy gaps (4E:mm°") of our investigated acceptors determined from the onset of thin-film spectra are
distributed in a narrow range between 1.93 and 2.28 eV (Table 4.3).
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Figure 4.7.  UV-vis absorption spectra of TetraBP-N-PDIC9 (black), TetraBP-N-PDIC2 (red), Pyrene-B-PDI
(blue), TetraP-B-PDI (green), and SpiroF-B-PDI (purple) (a) in CHCI3 solution and (b) in films.

Table 4.3. Estimated LUMOs, HOMOs, and corresponding energy gaps of PDI-based acceptors.

Compounds ELumo [eV]? Enowmo [eV]° AE [eV] AEgoPt [eV]° AEfim°Pt [eV]
TetraBP-N-PDIC9 -3.70 -5.83 2.13 2.17 2.18
TetraBP-N-PDIC2 -3.75 -5.90 2.15 2.28 2.18
Pyrene-B-PDI -3.78 -5.85 2.07 1.93 1.94
TetraP-B-PDI -3.69 -5.92 2.23 2.16 2.10
SpiroF-B-PDI -3.70 -5.86 2.16 2.05 2.04

2 Estimated from LEIPS in the film. ® Estimated from PESA in the film. ¢ Determined by the onset of UV-vis

absorption spectrum in CHCls, ¢ Determined by the onset of UV-vis absorption spectrum in the film.
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Figure 4.8. (a) LEIPS and (b) PESA measurements of TetraBP-N-PDIC9 (black), TetraBP-N-PDIC2 (red),
Pyrene-B-PDI (blue), TetraP-B-PDI (green), and SpiroF-B-PDI (purple). (c) Estimated energy levels of materials
investigated in this study.

The electrochemical properties of TetraBP-N-PDIC9 were investigated previously by CV measurements
performed in a dichloromethane solution.® However, TetraBP-N-PDIC9 displayed broad reduction waves due to
inter- and intramolecular aggregation of the terminal PDI units, which prevents the precise estimation of LUMO
energy level. To overcome this problem, the author performed low-energy inverse photoemission spectroscopy
(LEIPS)® measurements in order to determine the LUMO energy levels of the present PDI-based acceptors in the
film state (Figure 4.8(a)). The electron affinities of TetraBP-N-PDIC9, TetraBP-N-PDIC2, Pyrene-B-PDI,
TetraP-B-PDI, and SpiroF-B-PDI determined from the onset energy with respect to the vacuum level are listed in
Table 1. The LUMO energy levels of these compounds range in the narrow distribution between —3.69 and —3.78
eV.

The ionization potentials of the acceptor films were estimated by PESA. The HOMO energies determined from
the onset energy were in the range between —5.83 and —5.92 eV (Figure 4.8(b) and Table 4.3). The estimated LUMO
and HOMO energies for these compounds as well as those of the donor material of PTB7 (Poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl]]) are summarized in Figure 4.8(c). Based on this energy diagram, these acceptor molecules provide
sufficient LUMO and HOMO offsets for charge carrier generation in OPVs under the combination with PTB7.1°

4.3 Photovoltaic Performances

OPV devices with a conventional structure of ITO/PEDOT:PSS/active layer/Ca/Al were fabricated using the
blended films of PTB7 and the acceptors as the active layers. The donor/acceptor ratio (1:1), processing solvent
(CHCI3), and concentration (10 mg/mL) were fixed for a comparison of the OPV characteristics under the same
fabrication conditions. Indeed, the thicknesses of the active layers are distributed in a narrow range (Table 4.4),
which eases an elucidation of the main factor for determining OPV performance. The J-V characteristics of devices
under AM 1.5 G solar irradiation (100 mW cm) are shown in Figure 4.9(a) and the representative device
parameters are summarized in Table 4.4 and Tables S1-5. Although all the devices showed a typical photovoltaic
conversion phenomenon, the PCEs varied between 0.02% and 2.02%, depending on the acceptors. The highest PCE
of 2.02% with an Voc 0f 0.72 V, a Jsc of 7.65 mA cm2, and a FF of 0.37 was obtained for the device employing the
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Figure 4.9. (a) J-V curves and (b) EQE spectra for PTB7/TetraBP-N-PDIC9 (black), PTB7/TetraBP-N-PDIC2
(red), PTB7/Pyrene-B-PDI (blue), PTB7/TetraP-B-PDI (green), and PTB7/SpiroF-B-PDI (purple) OPV devices.

Table 4.4. OPV characteristics and properties of PTB7/PDI-based acceptor blend films.

Blend films Jsc [MAcm™?]  Voc[V] FF PCE [%]*° Thickness [nm]°
PTB7/TetraBP-N-PDIC9 0.14 0.39 0.29 0.02 (0.01+0.00) 80.1
PTB7/TetraBP-N-PDIC2 0.74 0.65 0.27 0.13(0.11+0.01) 87.3
PTB7/Pyrene-B-PDI 7.65 0.72 0.37 2.02 (1.92+0.07) 79.4
PTB7/TetraP-B-PDI 2.94 0.74 0.30 0.65 (0.63+0.01) 89.6
PTB7/SpiroF-B-PDI 5.90 0.75 0.36 1.57 (1.56+£0.01) 85.8

2 |ITO/PEDOT:PSS/blend films/Ca/Al. ® The average and standard deviation of five devices are provided in
parentheses, see the Sl for details. ¢ Thickness of the active layer.

newly designed acceptor of Pyrene-B-PDI. The EQE measurements showed that all the devices exhibit a broad
photoresponse between 300 and 750 nm (Figure 4.9(b)). The photocurrent at wavelength regions of 450~550 nm
and 550~750 nm can be mainly attributed to the absorptionof the acceptor material and PTB7, respectively (Figure
4.10). This result indicates that both the donor and acceptor materials contribute to the photocurrent generation. The
EQE intensities are well correlate with the PCE values as well as Jsc values, for example, the best performance
device based on Pyrene-B-PDI showed the maximum EQE. This result indicates that the differe ence in PCEs
mainly comes from the difference of largely varied Jsc values, that is, from the efficiency of photocurrent generation.

As discussed in chapter 3, the overall photocurrent generation process can be divided into five efficiency factors:
Tabs, 7D, McT, Mes, and nec.tt To clarify the origin of the observed Jsc differences between the acceptors, we
evaluated the properties of the blended films, which were formed on quartz plate under the same fabrication
conditions as the active layers in OPVs. The film thicknesses were determined to be around 70-75 nm. As shown
in Figures 4.10, UV-vis absorption spectra of all blended films did not show much difference in absorbance and
spectral shape. This result indicates that the 7aps is not the dominant factor to determine the photovoltaic
characteristics.

The efficiencies, rep and rct, were estimated from the PLQE of the blended films relative to the PL intensities
of the acceptor films. The PL spectra of the blended films and pristine acceptor films excited at the absorption
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Figure 4.12. AFM height and phase images of (a, b) PTB7/TetraBP-N-PDIC9, (c, d) PTB7/TetraBP-N-PDIC2,
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Figure 4.13. (a) J-V and (b) J-V? d"® characteristics of electron-only devices and (c) J-V and (d) J-V?d=3
characteristics of hole-only devices for PTB7/TetraBP-N-PDIC9 (black), PTB7/TetraBP-N-PDIC2 (red),
PTB7/Pyrene-B-PDI (blue), PTB7/TetraP-B-PDI (green), and PTB7/SpiroF-B-PDI (purple) blended films.
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Table 4.5. OPV characteristics and properties of PTB7/PDI-based acceptor blend films.

Blend films e [cm? V1 s wn[em? Vst PLQE [%]
PTB7/TetraBP-N-PDIC9 1.5x10°8 2.0x 107 100
PTB7/TetraBP-N-PDIC2 29x10% 8.7x10°8 74
PTB7/Pyrene-B-PDI 1.9x 10”7 5.4 x 107 98
PTB7/TetraP-B-PDI 8.7x10°8 1.0x10° 100
PTB7/SpiroF-B-PDI 1.1x107 5.7x10% 100

maximum of acceptors (520-540 nm) are shown in Figure 4.11. The intensities are normalized against the
absorbances of the acceptor components, which were determined from the ratio of donors and acceptors in the UV-
vis absorption spectra (Figure 4.10), which show the sums of the donor and acceptor spectra. Although the PLQE
of the PTB7/TetraBP-N-PDIC2 blend film was found to be 74%, the other blend films were mostly quenched
(Table 4.5). The AFM images of PTB7/TetraBP-N-PDIC2 mixed film showed the formation of large grains, while
the other blended films showed favorable smooth surfaces (Figure 4.12). The formation of unfavorable grain
structure result in the relatively low PLQE for PTB7/TetraBP-N-PDIC2 film. The almost quantitative PLQES
observed for the other four blend films can be explained by efficient photo-induced hole-transfer from the acceptors
to PTB7, implying that the 7ep and 7ct are high enough in these blended films.

To characterize the 7cc, SCLC of the blended films were measured with the device structures of ITO/TiOy/active
layer/Ca/Al and ITO/PEDOT:PSS/active layer/Au for electron and hole only devices, respectively.!? The J-V and
J-V2d-3 characteristics are shown in Figure 4.13, and estimated electron and hole mobilities are listed in Table 4.5.
Among the acceptors investigated in this study, PTB7/Pyrene-B-PDI film showed the highest electron mobility.
Thanks to the high electron mobility, balanced electron and hole mobilities were achieved for PTB7/Pyrene-B-PDI
film, which showed the highest Jsc value on the OPV device. However, among the other acceptors, no clear trend
between SCLC mobilities and Jsc values was found, indicating that the influence of 7cc on the photovoltaic
characteristics is restricted.

In chapter 3, the correlation between the y9 and the Jsc of OPV devices was discussed using the linearly extended
non-fullerene acceptors, and proposed that the acceptors with large »9 lead to increase the amount of n-conjugated
framework exposed to the D—A interface, which is advantageous to the 7cs. To reveal whether this correlation can
be applied to the present three-dimensional acceptors, SFE, 9, and y? of TetraBP-N-PDIC9, TetraBP-N-PDIC2,
Pyrene-B-PDI, TetraP-B-PDI, and SpiroF-B-PDI were determined from the contact-angle measurements using
Ouater aNd Gyiycerol @s probe liquids (Table 4.6). As can be seen in Figure 4.14(a), a plot of the y 9 against the Jsc also
showed a similar correlation to the linear acceptors. For the same m-conjugated structures (TetraBP-N-PDIC9
versus TetraBP-N-PDIC2), the y9 was increased by a shortening of the alkyl chain, and, in spite of the low PLQE
of Tetra-N-PDIC2, the Jsc value of OPV using this acceptor was increased in correspondence to the larger y¢
value. The y% of Pyrene-B-PDI, TetraP-B-PDI, and SpiroF-B-PDI were larger than those of TetraBP-N-PDIC9
and TetraBP-N-PDIC2, indicating that the attachment of PDI unit at the bay-position is effective for an increase
in the y9 (Figure 4.14(b)). These results indicate that the exposure of PDI frameworks to the D-A interface is
desirable for efficient charge separation, and, furthermore, this effect dominantly determines the OPV performances
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Table 4.6. Contact angles and calculated surface free energy data of PDI-based acceptor films.

Compounds Ouater [°] Oyrycerol [°] 79 [mJ cm~?] yP[mIcm?]  SFE [mJcm?]
TetraBP-N-PDIC9 98.1 92.7 8.0 6.4 14.4
TetraBP-N-PDIC2 80.0 72.1 154 11.7 27.1
Pyrene-B-PDI 88.9 74.2 25.2 3.7 28.9
TetraP-B-PDI 89.0 71.5 30.7 2.5 33.2
SpiroF-B-PDI 90.7 71.6 33.8 15 35.3
(a)
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Figure 4.14. (a) Plot of ¢ vs. Jsc values for acceptor materials used in this study. (b) Graphical representation of

the molecular orientation at donor—acceptor interfaces.
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Figure 4.15. Graphical representation of the molecular arrangement and electron transport in the Pyrene-B-PDI

phase of D—A interface.

of our investigated PDI-based acceptors. In addition to this, despite the moderate y¢ value of Pyrene-B-PDI
compared with those of TetraP-B-PDI and SpiroF-B-PDI, the high electron mobility and highest Jsc value of the
PTB7/Pyrene-B-PDI film compared with those of the other blend films suggests that the large, flat pyrene core
(instead of the tetrahedral core of the other acceptors) effectively contribute to the construction of carrier transport
pathways (Figure 4.15). The correlation between 9 of acceptor films and Jsc of OPVs support the importance of

molecular design toward the control of acceptor unit orientation at DA interface.

4.4 Conclusion
In summary, the author investigated the structure—properties—OPV characteristics of three-dimensional non-

fullerene acceptors having PDIs as electron-accepting transporting units to reveal the influence of structural
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modification on the characteristics of D—A interface in the BHJ active films. Thermal and photophysical properties
as well as molecular energy levels of these compounds did not show apparent differences. On the other hand, OPV
characteristics based on PTB7 and these acceptors resulted in a broad distribution of PCEs between 0.02% and
2.02%, which originates from the difference of Jsc values. Absorption spectra, photoluminescence spectra, and
SCLC mobilities of these BHJ films were measured to consider the origin of this significant difference of Jsc. These
measurements indicated that the efficiency of charge-separation process has a main influence on the photovoltaic
characteristics. As expected, a correlation was found between the Jsc of OPVs and the ¥ components of SFE for
the three-dimensional acceptors. Since an increase of exposed n-conjugated framework at the interface leads to the
increase of y 9 values, this correlation indicates that the orientation of PDI n-plane toward D-A interfaces is desirable
for the efficient charge separation into free carrier. These results imply that the fine-tuning of molecular structure
contributes to the construction of appropriate DA interfaces in the BHJ films. Importantly, the estimation of »¢
values becomes an useful guideline for molecular design in terms of molecular arrangement manipulation in the
BHJ films.
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4.5 Experimental Section
Supplemental Figures and Tables

Table S1. OPV characteristics of PTB7/TetraBP-N-PDIC9 based devices.

Run Jsc [mA/cm?] Voc [V] FF PCE [%]
1 0.14 0.39 0.29 0.02
2 0.12 0.38 0.32 0.01
3 0.12 0.38 0.31 0.01
4 0.13 0.36 0.32 0.01
average 0.13+0.00 0.38+0.01 0.31£0.01 0.01+0.00

Table S2. OPV characteristics of PTB7/TetraBP-N-PDIC2 based devices.

Run Jsc [mA/cm?] Voc [V] FF PCE [%]
1 0.74 0.65 0.27 0.13
2 0.74 0.61 0.26 0.12
3 0.68 0.56 0.26 0.10
4 0.65 0.55 0.25 0.09
average 0.70 £ 0.02 0.59 £ 0.02 0.26 £ 0.00 0.11+£0.01

Table S3. OPV characteristics of PTB7/Pyrene-B-PDI based devices.

Run Jsc [mA/cm 2] Voc [V] FF PCE [%]
1 7.65 0.72 0.37 2.02
2 7.49 0.72 0.37 1.97
3 7.44 0.72 0.37 1.96
4 6.61 0.72 0.36 1.72
average 7.30£0.23 0.72+£0.02 0.37£0.02 1.92 +0.07

Table S4. OPV characteristics of PTB7/TetraP-B-PDI based devices.

Run Jsc [mA/cm2] Voc [V] FF PCE [%]
1 2.94 0.74 0.30 0.65
2 2.95 0.75 0.29 0.64
3 2.96 0.74 0.30 0.64
4 2.73 0.74 0.30 0.60
average 2.90 £ 0.06 0.74+£0.00 0.30 £ 0.00 0.63+£0.01
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Table S5. OPV characteristics of PTB7/SpiroF-B-PDI based devices.

Run Jsc [mA/cm?] Voc [V] FF PCE [%]
1 5.90 0.75 0.36 1.57
2 6.07 0.74 0.35 1.56
3 5.83 0.75 0.35 1.56
4 5.96 0.75 0.34 1.54
average 5.94 £ 0.05 0.75+0.00 0.35£0.00 1.56 £ 0.01

Summarized Results for cyano-substituted benzothiadiazole-based acceptors

NN O  HeC4CsHy O
\ /)
_ e~ O
; g = 50 =,
R.y 35 o} 0
— Pd(PPh,),, Cul MHPI-BTCN (43%) 30 X=TMS K,CO4
\ )X » PhPI-BTCN (60%) THE/MeOH. 1t
o toluene/NEts, reflux ~ F4PI-BTCN (66%) 34 X=H Tt
2729 X=TMS K,CO 27, 31 R = 1-methylhexyl 35, Pd(PPhs),, Cul
THF/MeOH. .t 28, 32 R = phenyl 34 > F4(PI-BTCN)2 (66%)
31-33 X=H ki 29, 33 R = dibutylfluorenyl toluene/NEts, reflux

Scheme S4.1. Synthesis of cyano-substituted benzothiadiazole-based acceptors.
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Figure S4.1. (a) Cyclic voltammograms and (b) UV-Vis absorption spectra of MHPI-BTCN (black), PhPI-

BTCN (red), F4PI-BTCN (blue), and F4(P1-BTCN)2 (green) in solution.
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Figure S4.2. (a) J-V curves and (b) EQE spectra for P3HT/MHPI-BTCN (black), P3HT/PhPI-BTCN (red),
P3HT/F4PI-BTCN (blue), and P3HT/F4(PI-BTCN)2 (green) OPV devices.
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Figure S4.3.  Energy levels and molecular orbitals of cyano-substituted benzothiadiazole-based acceptors. All the
alkyl groups were replaced with methyl groups to facilitate the calculation.
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Summarized Results for asNTz-NP-R

(0] O
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Scheme S4.2.  Synthesis of asNTz-NP-F and asNTz-NP-MH.
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Figure S4.4. (a) J-V curves and (b) EQE spectra for P3HT/asNTz-NP-F (red), P3HT/asNTz-NP-MH (blue), and
P3HT/sNTz-NP-F (black) OPV devices.
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Figure S4.5. Energy levels and molecular orbitals of (2) asNTz-NP-F and (b) sSNTz-NP-F calculated by DFT at
B3LYP/6-31 G(d,p) level. All the alkyl groups were replaced with methyl groups to facilitate the calculation.
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Figure S4.6. (a) LEIPS and (b) PESA of asNTz-NP-F (red) and sNTz-NP-F (black).

General Information

Column chromatography was performed on silica gel, KANTO Chemical silica gel 60N (40-50 um). TLC plates
were visualized with UV light. Preparative GPC was performed on a Japan Analytical Industry LC-918 equipped
with JAI-GEL 1H/2H. *H and *C NMR spectra were recorded on a JEOL ECS-400 spectrometer. Data are reported
as follows: chemical shift in ppm (), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad),
coupling constant (Hz). Mass spectra were obtained on a Shimadzu GCMS-QP-5050 or Shimadzu AXIMA-TOF.
High-resolution mass spectrum (HRMS) was obtained using a Brucker ultraflex 11l (MALDI-TOF) or Brucker
microTOF Il (ESI-TOF). Elemental analyses were performed on Perkin Elmer LS-50B by the Elemental Analysis
Section of CAC, ISIR, Osaka University. DSC and TGA were performed under nitrogen at a heating rate of 10 °C
min~! with a Shimadzu DSC-60 and a Shimadzu TGA-50, respectively. UV-Vis spectra were recorded on a
Shimadzu UV-3600 spectrophotometer. PESA was carried out using a Riken Keiki Co. Ltd. AC-3 with a light
intensity of 20 mW. Fluorescence spectra were recorded using a Fluoromax-4 spectrometer in the photo-counting
mode equipped with a Hamamatsu R928P photomultiplier. The bandpass for the emission spectra was 1.0 nm. All
spectra were obtained in spectrograde solvents. The surface structures of the deposited organic films were observed

by atomic force microscopy (Shimadzu, SPM9600).

OPV Device Fabrication and Evaluation

Organic photovoltaic devices were prepared with a structure of ITO/PEDOT:PSS/active layer/Ca/Al. ITO-coated
glass substrates were first cleaned by ultrasonication in toluene, acetone, water, and 2-propanol for 10 min,
respectively. ITO-coated glass substrates were then activated by ozone treatment for 1 h. PEDOT:PSS was spin-
coated on the ITO surface at 3000 rpm for 1 min and dried at 135 °C for 10 min. The active layers were then prepared
by spin-coating on the ITO/PEDOT:PSS electrode at 1000 rpm for 2 min in a glove box. The typical thickness of
the active layer was 60—90 nm. Ca and Al electrode were evaporated on the top of active layer through a shadow
mask to define the active area of the devices (0.09 cm?) under a vacuum of 10-° Pa to a thickness of 30, 100 nm
determined by a quartz crystal monitor. After sealing the device from the air, the photovoltaic characteristics were
measured in air under simulated AM 1.5G solar irradiation (100 mW cm2) (SAN-EI ELECTRIC, XES-301S). The

current density—voltage characteristics of photovoltaic devices were measured by using a KEITHLEY 2400 source
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meter. The EQE spectra were measured by using a Soma Optics Ltd. S-9240. The thickness of active layer was
determined by KLA Tencor Alpha-step 1Q.

LEIPS Measurements

Experimental setup for the LEIPS is described elsewhere.*®* Sample films were incident to an electron beam with
the kinetic energy in the range between 0 and 4 eV and the emitted photons were detected with an optical bandpass
filter and a photomultiplier to obtain the LEIPS sepctrum. The electron affinities (EA) were determined as the onset
energy of LEIPS spectrum with reference to the vaccuum level. EA were measured at two photon energies by

changing the bandpass filter with the center wavelength of 260 and 285 nm.®

SCLC Measurements
Hole-only and electron-only devices were prepared with a structure of ITO/PEDOT:PSS/active layer/Au and
ITO/TiOx/active layer/Ca/Au, respectively.? The active layers were prepared from 10 mg mL* solution of

materials in chloroform. The carrier mobilities of these devices were calculated by the following equation:

V2

9
J :—egoy?

8

where ¢, €, 1, and d are the dielectric constant of the active layer, the permittivity of free space, the carrier mobility,
and the measured thickness of active layer, respectively. We used the values of =3, 9= 8.8 x 1012 F/m.

PLQE Estimation
Acceptor pristine films and PTB7/acceptor blended films were prepared on the quartz substrate by spin-coating
using 10 mg mL* CHCI; solution, and the UV-vis absorption spectra and emission spectra were recorded,

respectively. PLQE of blended films were calculated using following equation:

Fon

p

PLQE=1-

where @, and @&, are the normalized photoluminescence intensities of pristine films using absorbed photons at Amax
and the normalized photoluminescence intensities of blended films against relative ratio of acceptor component,

respectively.
Surface Free Energy Estimation

The contact angles of film surface were measured by a NiCK LSE-MEL1 using distilled water and glycerol. SFEs

were estimated based on the theory established by Kaelble and Uy.*
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Materials

All reactions were carried out under a nitrogen atmosphere. Solvents of the highest purity grade were used as
received. All reagents were purchased from commercial sources and used without purification. 22,1 23,16 24,17 25,18
26,'° 35,20 39,21 40,22 and 452 was prepared by our previously reported procedure and *H NMR data of these

compounds were in agreement with those previously reported.

Synthesis

Synthesis of TetraBP-N-PDIC2: 22 (50 mg, 0.061 mmol), 23 (241 mg, 0.364 mmol), Pd(PPhs)s (14 mg, 0.012
mmol), and K>CO3 (168 mg, 1.21 mmol) were placed in a test tube with screw cap and dissolved with toluene (10
mL), H20 (2 mL), and EtOH (1mL). The reaction mixture was stirred at 85 °C for 12 h. After being cooled to room
temperature and addition of water, the resulting mixture was extracted with CHClIs and the organic layer was washed
with water. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CHCIs), followed by purification with preparative GPC (CHCIs) to give TetraBP-N-
PDIC2 (57 mg, 38%). Deep red solid; *H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d,, 100 °C, ¢): 8.76-8.59 (m,
32H), 7.92-7.83 (m, 8H), 7.75-7.68 (m, 8H), 7.58-7.51 (m, 8H), 7.50-7.43 (m, 8H), 5.08-5.00 (m, 4H), 2.30-2.21
(m, 8H), 2.03-1.95 (m, 8H), 1.55-1.44 (m, 12H), 0.99-0.95 (m, 12H); MS (MALDI-TOF, 1,8,9-
trihydroxyanthracene matrix) m/z 2456.75 (M"); HRMS (MALDI-TOF) m/z calcd for CiesHi10sNgO1s (MY):
2457.7917, found: 2457.7913.

Synthesis of Pyrene-B-PDI: 24 (40 mg, 0.057 mmol), 25 (207 mg, 0.400 mmol), Pd(PPh3)s (13 mg, 0.011 mmol),
and K>COs3 (157 mg, 1.13 mmol) were placed in a test tube with screw cap and dissolved with toluene (10 mL),
H20 (2 mL), and EtOH (1mL). The reaction mixture was stirred at 80 °C for 24 h. After being cooled to room
temperature and addition of water, the resulting mixture was extracted with CHCls and the organic layer was washed
with water. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CHCIs), followed by purification with preparative GPC (CHCIs) to give Pyrene-B-
PDI (50 mg, 38%). Deep red solid; 'H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d,, 140 °C, 6): 8.77-8.52 (m,
20H), 8.34-8.31 (m, 2H), 8.28-7.96 (m, 10H), 7.73-7.62 (m, 1H), 7.29-7.27 (s, 1H), 5.06-4.84 (m, 8H), 2.23-2.13
(m, 8H), 2.00-1.85 (m, 12H), 1.49-1.34 (m, 12H), 0.97-0.66 (m, 48H); MS (MALDI-TOF, 1,8,9-
trihydroxyanthracene matrix) m/z 2315.36 (M"); Anal. calcd for Cis55H122NgO16: C 78.81, H 5.31, N 4.84; found: C
78.58, H 5.45, N 4.71.

Synthesis of TetraP-B-PDI: 22 (40 mg, 0.049 mmol), 25 (177 mg, 0.291 mmol), Pd(PPhs)s (11 mg, 0.010 mmol),
and K>COs3 (134 mg, 0.97 mmol) were placed in a test tube with screw cap and dissolved with toluene (10 mL),
H.0 (2 mL), and EtOH (1mL). The reaction mixture was stirred at 80 °C for 24 h. After being cooled to room
temperature and addition of water, the resulting mixture was extracted with CHCls and the organic layer was washed
with water. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CHCIs), followed by purification with preparative GPC (CHCIs) to give TetraP-B-
PDI (52 mg, 44%). Deep red solid; *H NMR (400 MHz, CDCls, 50 °C, TMS, §): 8.73-8.59 (m, 20H), 8.00-7.96
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(m, 8H), 7.72-7.65 (m, 16H), 5.10-5.02 (m, 4H), 4.77-4.67 (m, 4H), 2.31-2.20 (m, 8H), 1.96-1.85 (m, 16H), 1.68—
1.58 (m, 8H), 0.93 (t, J = 7.4 Hz, 24H), 0.65 (t, J = 6.0 Hz, 24H); 3C NMR (100 MHz, CDCls, 50 °C, ¢): 164.38,
164.33, 164.14, 164.06, 146.57, 141.61, 141.13, 135.97, 135.93, 134.97, 134.92, 134.58, 133.15, 132.89, 131.16,
131.03, 129.95, 129.73, 129.70, 129.63, 129.61, 129.28, 128.82, 128.63, 128.24, 127.77, 123.52, 122.70, 65.00,
57.85, 57.46, 25.12, 24.85, 11.29, 11.15; MS (MALDI-TOF, 1,8,9-trihydroxyanthracene matrix) m/z 2344.33 (M");
HRMS (MALDI-TOF) m/z calcd for Ci1H132NgO16 (M"): 2433.9795, found: 2433.9800.

Synthesis of SpiroF-B-PDI: 26 (40 mg, 0.049 mmol), 25 (178 mg, 0.293 mmol), Pd(PPhs)s (11 mg, 0.010 mmol),
and K>COs3 (135 mg, 0.98 mmol) were placed in a test tube with screw cap and dissolved with toluene (10 mL),
H20 (2 mL), and EtOH (1mL). The reaction mixture was stirred at 80 °C for 24 h. After being cooled to room
temperature and addition of water, the resulting mixture was extracted with CHClIs and the organic layer was washed
with water. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CHCIs), followed by purification with preparative GPC (CHCIs) to give SpiroF-B-
PDI (48 mg, 40%). Deep red solid; *H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d,, 140 °C, 6): 8.68-8.44 (m,
20H), 7.99-7.96 (m, 4H), 7.80-7.65 (m, 6H), 7.50 (s, 4H), 7.44-7.25 (m, 6H), 5.05-4.96 (m, 4H), 4.69-4.61 (m, 4H),
2.26-2.16 (m, 8H), 1.98-1.72 (m, 16H), 1.47-1.39 (m, 8H), 0.98-0.91 (m, 24H), 0.80-0.74 (m, 24H); MS (MALDI-
TOF, 1,8,9-trihydroxyanthracene matrix) m/z 2429.19 (M"); MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix)
m/z 2429.19 (M"); HRMS (ESI-TOF) m/z calcd for C161H128NgO16 (M): 2429.9482, found: 2429.9490.

Synthesis of 27: 4-Bromo-N-(2-heptyl)phthalimide (1.00 g, 3.08 mmol), trimethylsilylacetylene (1.21 g, 12.3 mmol),
Pd(PPhs)s (356 mg, 0.31 mmol), and Cul (59 mg, 0.31 mmol) were placed in a test tube with screw cap and dissolved
with THF (10 mL) and triethylamine (10 mL). The reaction mixure was refluxed for 12 h. After being cooled to
room temperature, the reaction mixture was concentrated under reduced pressure and then purified by column
chromatography on silica gel (hexane/CHCI;=1/1) to give 27 (1.04 g, 99%). White solid; 'H NMR (400 MHz,
CDCls, TMS): §7.86 (s, 1H), 7.76 (d, 1H, J = 7.8 Hz), 7.74 (d, 1H, J = 7.8 Hz), 4.33 (m, 1H), 2.03 (m, 1H), 1.73
(m, 1H), 1.45 (d, 3H, J = 6.9 Hz), 1.30-1.20 (br, 6H), 0.85 (t, 3H, J = 7.3 Hz), 0.27 (s, 9H); *C NMR (100 MHz,
CDCls): 6 168.21, 168.07, 137.35, 132.34, 131.22, 129.39, 126.58, 123.16, 103.29, 99.68, 47.92, 33.90, 31.67, 26.71,
22.77,18.93, 14.26; MS (El): m/z calcd for [M]*: 341. Found: 341; Anal. calcd for CH27NO,Si: C, 70.34; H, 7.97;
N, 4.10. Found: C, 70.41; H, 7.87; N, 3.98.

Synthesis of 31: To a stirred solution of 27 (1.04 g, 3.05 mmol) in THF (10 mL) and methanol (2.5 mL) was added
K2COs (853 mg, 3.08 mmol), and the resulting mixture was stirred at room temperature for 1 h. After filtration over
celite and removal of the solvent under reduced pressure, the residue was isolated by column chromatography on
silica gel (hexane/CHCI3=1/1) to give 31 (790 mg, 96%). White solid; 2H NMR (400 MHz, CDClz, TMS): §7.89
(d, 1H, J = 0.9 Hz), 7.79 (dd, 1H, J = 7.8, 0.9 Hz), 7.77 (dd, 1H, J = 7.8, 0.9 Hz), 4.33 (m, 1H), 3.31 (s, 1H), 2.03
(m, 1H), 1.71 (m, 1H), 1.46 (d, 3H, J = 6.9 Hz), 1.30-1.20 (br, 6H), 0.84 (t, 3H, J = 7.3 Hz). This compound was

used for next step without further purification.
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Synthesis of MHPI-BTCN: 31 (73 mg, 0.27 mmol), 35 (65 mg, 0.27 mmol), Pd(PPhs)s (31 mg, 0.027 mmol), and
Cul (5.1 mg, 0.027 mmol) were placed in a test tube with screw cap and dissolved with THF (2 mL) and
triethylamine (2 mL). The reaction mixture was refluxed for 24 h. After being cooled to room temperature, the
reaction mixture was concentrated under reduced pressure and then purified by column chromatography on silica
gel (hexane/AcOEt=5/1), followed by recrystallization using MeOH to give MHPI-BTCN (50 mg, 43%). Yellow
solid; 'H NMR (400 MHz, CDCls, TMS): §8.09 (s, 1H), 8.07 (d, 1H, J = 7.3 Hz), 7.99 (dd, 1H, J = 7.8 Hz), 7.90
(d, 1H, 3 =7.3 Hz), 7.88 (d, 1H, J = 7.8 Hz), 4.36 (m, 1H), 2.05 (m, 1H), 1.74 (m, 1H), 1.48 (d, 3H, J = 6.9 Hz),
1,30-1.23 (br, 6H), 0.85 (t, 3H, 6.4 Hz); 3C NMR (100 MHz, CDCls): J 167.68, 167.53, 153.94, 152.70, 137.36,
135.33, 132.39, 132.06, 131.83, 127.57, 126.48, 123.27, 121.50, 114.98, 106.19, 98.02, 87.68, 47.86, 33.63, 31.39,
26.46, 22.50, 18.67, 14.00; MS (EI): m/z calcd for [M]*: 428. Found: 428; HRMS (APCI): m/z calcd for
C24H21N402S ([M+H]*): 429.1385. Found: 429.1375.

Synthesis of 28: 28 was synthesized from 4-bromo-N-phenylphthalimide and trimethylsilylacetylene with a yield of
67% by following the procedure used for the preparation of 27. This compound was purified by column
chromatography on silica gel (hexane/AcOEt=4/1). White solid; *H NMR (400 MHz, CDCl3, TMS): §8.00 (d, 1H,
J=14Hz),7.89(d, 1H, J=7.8 Hz), 7.84 (dd, 1H, J=7.8, 1.4 Hz), 7.51 (t, 2H, J = 7.6 Hz), 7.42 (d, 2H, J = 7.6
Hz), 7.41 (t, 1H, J = 7.6 Hz); 3C NMR (100 MHz, CDCls): 6 166.67, 166.57, 137.63, 131.84, 131.50, 130.62,
130.07, 129.79, 129.15, 128.21, 126.99, 126.48, 126.44, 123.62, 102.80, 100.14; MS (EI): m/z calcd for [M]*: 319.
Found: 319; Anal. calcd for C19H17NO>Si: C, 71.44; H, 5.36; N, 4.38. Found: C, 71.23; H, 5.53; N, 4.40.

Synthesis of 32: 32 was synthesized from compound 28 with a yield of 77% by following the procedure used for the
preparation of 31. This compound was isolated by column chromatography on silica gel (hexane/AcOEt=4/1).
White solid; 1H NMR (400 MHz, CDCls, TMS): §8.05 (s, 1H), 7.92 (d, 1H, J = 7.8 Hz), 7.88 (d, 1H, J = 7.8 Hz),
7.52 (t,2H, J=7.8 Hz), 7.43 (d, 2H, J = 7.8 Hz), 7.42 (t, 1H, J = 7.8 Hz), 3.37 (s, 1H). This compound was used

for next step without further purification.

Synthesis of PhPI-BTCN: PhPI-BTCN was synthesized from 32 and 35 with a yield of 60% by following the
procedure used for the preparation of MHPI-BTCN. This compound was purified by column chromatography on
silica gel (CH2Cl,) to give PhP1-BTCN (104 mg, 60%), followed by precipitation using CHCIls and MeOH. Yellow
solid; *H NMR (400 MHz, CDCls, TMS): §8.24 (s, 1H), 8.09 (d, 1H, J = 7.8 Hz), 8.08 (d, 1H, J = 7.3 Hz), 8.02 (d,
1H,J=79Hz),7.92(d, 1H,J=7.3 Hz), 7.54 (t, 2H, J = 7.4 Hz), 7.46 (d, 2H, J = 7.4 Hz), 7.44 (t, 1H, J = 7.4 Hz);
13C NMR (101 MHz, CDCls): § 166.41, 166.32, 153.92, 152.70, 137.86, 135.33, 132.15, 131.92, 131.72, 131.37,
129.23, 128.38, 128.24, 127.14, 126.47, 123.99, 121.34, 114.94, 99.91, 97.70, 88.46; MS (El): m/z calcd for [M]*:
406. Found: 406; HRMS (APCI): m/z calcd for C23H11N4O,S ([M+H]*): 407.0603. Found: 407.0590.

Synthesis of 29: 29 was synthesized from 4-bromo-N-(9,9-dibutyl-2-fluorenyl)phthalimide and
trimethylsilylacetylene with a yield of 97% by following the procedure used for the preparation of 27. This
compound was purified by column chromatography on silica gel (hexane/CHCI;=2/1). White solid; *H NMR (400
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MHz, CDCl3, TMS): 58.01 (s, 1H), 7.89 (d, 1H, J = 7.8 Hz), 7.84 (d, 1H, J = 7.8 Hz), 7.80 (d, 1H, J = 8.0 Hz),
7.72 (d, 1H, J = 7.2 Hz), 7.42 (s, 1H), 7.40 (d, 1H, J = 8.0 Hz), 7.37-7.32 (m, 3H), 1.98 (4H, t, J = 8.2 Hz), 1.09
(4H, m), 0.70 (6H, m, J = 7.3 Hz), 0.66 (m, 4H); **C NMR (100 MHz, CDCls): 6 167.12, 167.00, 151.72, 151.39,
141.14, 140.46, 137.91, 132.21, 131.01, 130.46, 130.00, 127.96, 127.17, 127.12, 125.15, 123.77, 123.22, 121.42,
120.26, 120.24, 103.14, 100.34, 55.52, 40.24, 26.23, 23.30, 14.08; MS (EI): m/z calcd for [M]*: 519. Found: 519;
HRMS (APCI): m/z calcd for CzsH3zsNO.Si ([M+H]*): 520.2672. Found: 520.2658.

Synthesis of 33: 33 was synthesized from compound 29 with a yield of 24% by following the procedure used for the
preparation of 31. This compound was isolated by column chromatography on silica gel (hexane/CHCI;=2/1). White
solid; *H NMR (400 MHz, CDCls, TMS): §8.03 (s, 1H), 7.92 (d, 1H, J = 7.1 Hz), 7.87 (d, 1H, J = 7.1 Hz), 7.80 (d,
1H, J = 8.6 Hz), 7.72 (d, 1H, J = 6.9 Hz), 7.41 (s, 1H), 7.40 (d, 1H, J = 8.6 Hz), 7.37-7.33 (m, 3H), 3.36 (s, 1H),
1.97 (4H,t,J =8.2 Hz), 1.08 (4H, m), 0.70 (4H, m), 0.69 (t, 6H, J = 7.3 Hz). This compound was used for next step

without further purification.

Synthesis of FAPI-BTCN: F4PI-BTCN was synthesized from 33 and 35 with a yield of 57% by following the
procedure used for the preparation of MHPI-BTCN. This compound was purified by column chromatography on
silica gel (CHCIs), followed by precipitation using CHCIl; and MeOH. Yellow solid; *H NMR (400 MHz, CDCls,
TMS): §8.24 (s, 1H), 8.09 (d, 1H, J = 7.3 Hz), 8.08 (d, 1H, J = 7.8 Hz), 8.03 (d, 1H, J = 7.8 Hz), 7.93 (d, 1H, J =
7.3 Hz), 7.83 (d, 1H, J = 8.7 Hz), 7.74 (d, 1H, J = 7.3 Hz), 7.45 (s, 1H), 7.74 (m, 1H), 7.38-7.34 (m, 3H), 1.99 (t,
4H, J = 8.2 Hz), 1.11 (m, 4H), 0.72-0.64 (br, 4H), 0.71 (t, 6H, J = 7.3 Hz); *3C NMR (100 MHz, CDCls): 6 166.59,
166.48, 153.93, 152.70, 151.54, 151.13, 141.03, 140.11, 137.86, 135.34, 132.25, 131.92, 131.85, 130.03, 128.19,
127.51,127.00, 126.93, 124.87, 123.87, 122.97, 121.37,121.13, 120.04, 120.01, 114.95, 106.32, 97.79, 88.10, 55.27,
39.96, 25.96, 23.03, 13.82; MS (EI): m/z calcd for [M]*: 606. Found: 606; Anal. calcd for CsgH3soN4O-S: C, 75.22;
H, 4.98; N, 9.23. Found: C, 75.11; H, 5.09; N, 9.11.

Synthesis of 30: 30 was synthesized from 2,2°-(9,9-dibutylfluorene)bis(5-bromoisoindoline-1,3-dione) and
trimethylsilylacetylene with a quantitative yield by following the procedure used for the preparation of 27. White
solid; *H NMR (400 MHz, CDCls, TMS): §8.01 (s, 2H), 7.90 (d, 2H, J = 7.8 Hz), 7.85 (d, 2H, J = 7.8 Hz), 7.83 (d,
2H, J =8.7 Hz), 7.46 (s, 2H), 7.45 (d, 2H, J = 8.7 Hz), 2.00 (4H, t, J = 8.2 Hz), 1.13 (4H, m), 0.76 (4H, m), 0.73 (t,
6H, J = 7.4 Hz), 0.30 (s, 18H); *C NMR (100 MHz, CDCls): § 167.06, 166.94, 152.21, 140.16, 137.96, 132.18,
130.97, 130.88, 130.05, 127.16, 125.32, 123.83, 121.49, 120.63, 103.12, 100.41, 55.85, 40.02, 26.29, 23.28, 14.08;
MS (EI): m/z calcd for [M]*: 760. Found: 760; HRMS (APCI): m/z calcd for Ca7H49N204Si, ([M+H]*): 761.3231.
Found: 761.3209.

Synthesis of 34: 34 was synthesized from 30 with a yield of 56% by following the procedure used for the preparation
of 31. White solid; *H NMR (400 MHz, CDCls, TMS): §8.06 (s, 2H), 7.94 (d, 2H,J=7.8 Hz), 7.89 (d, 2H, J= 7.8
Hz), 7.85 (d, 2H, J = 8.2 Hz), 7.45 (s, 2H), 7.43 (d, 2H, J = 8.2 Hz), 3.38 (s, 2H), 2.00 (4H, t, J = 8.7 Hz), 1.13 (4H,
m), 0.75 (4H, m), 0.73 (t, 6H, J = 7.8 Hz). This compound was used for next step without further purification.
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Synthesis of F4(P1-BTCN)2: F4(P1-BTCN); was synthesized from 34 and 35 with a yield of 66% by following the
procedure used for the preparation of MHPI-BTCN. This compound was purified by column chromatography on
silica gel (CHCIs), followed by precipitation using CHCI; and acetone. Yellow solid; *H NMR (400 MHz, CDCls,
TMS): 68.26 (s, 2H), 8.10 (d, 2H, J = 7.8 Hz), 8.09 (d, 2H, J = 7.3 Hz), 8.04 (d, 2H, J = 7.8 Hz), 7.94 (d, 2H, J =
7.3 Hz), 7.85 (t, 2H, J = 8.6 Hz), 7.49 (s, 2H), 7.49 (t, 2H, J = 8.6 Hz), 2.03 (t, 4H, J = 8.2 Hz), 1.14 (m, 4H), 0.78
(m, 4H), 0.75 (t, 6H, J = 7.3 Hz); $3C NMR (100 MHz, CDCls): J 166.49, 166.39, 154.10, 152.85, 152.16, 140.09,
137.89, 135.28, 132.45, 132.01, 131.90, 130.82, 128.42, 127.07, 125.16, 123.92, 121.48, 121.33, 120.44, 114.86,
106.61, 97.86, 88.27, 55.77, 39.81, 26.15, 23.04, 13.75; MS (MALDI-TOF): m/z calcd for [M]: 934.2. Found:
934.4; HRMS (APCI): m/z calcd for CssHzsNgO4Sz ([M+H]*): 935.2223. Found: 935.2194.

Synthesis of 38: 36 (1.00 g, 3.61 mmol) and 37 (416 mg, 3.61 mmol) were placed in a test tube with screw cap and
dissolved with DMF (100 mL). The reaction mixture was stirred at 140 °C for 12 h. After being cooled to room
temperature and addition of water, the resulting mixture was extracted with ethyl acetate (EtOAc) and the organic
layer was washed with water. After removal of the solvent under reduced pressure, the residue was purified by
column chromatography on silica gel (hexane/CHClI; = 2/1) to give 38 (847 mg, 63%). Colorless solid; *H NMR
(400 MHz, CDCls, TMS, 6): 8.64 (dd, J = 8.5, 1.1 Hz, 1H), 8.56 (dd, J = 8.5, 1.1 Hz, 1H), 8.40 (d, J = 7.8 Hz, 1H),
8.04 (d, J =7.8 Hz, 1H), 7.85 (td, J = 8.5, 1.1 Hz, 1H), 5.25 (m, 1H), 2.18 (m, 1H), 1.89 (m, 1H), 1.56 (d, J = 7.3
Hz, 3H), 1.27 (m, 6H), 0.83 (t, J = 6.9 Hz, 3H); *3C NMR (100 MHz, CDCls, 6):163.88, 163.84, 132.68, 131.80,
131.02, 130.92, 130.26, 129.68, 128.89, 127.95, 123.44, 122.58, 49.85, 33.42, 31.63, 26.73, 22.54, 18.26, 14.03;
MS (EI) m/z 373 (M*); Anal. calcd for C19H20BrNO2: C 60.97, H 5.39, N 3.74; found: C 60.89, H 5.43, N 3.64.

Synthesis of 41: 39 (300 mg, 0.75 mmol), 40 (819 mg, 1.79 mmol) and Pd(PPhs)4 (172 mg, 0.15 mmol) were placed
in a round-bottomed flask and dissolved with DMF (100 mL). The reaction mixture was stirred at 90 °C for 12 h.
After being cooled to room temperature, the solvent was evaporated under reduced pressure. The residue was
purified by column chromatography on silica gel (hexane/CHCIs = 2/1) to give 41 (407 mg, 95%). Yellow solid; *H
NMR (400 MHz, CDCls, TMS, 6): 8.29 (s, 2H), 8.19 (s, 2H), 7.16 (s, 2H), 2.75 (t, J = 8.0 Hz, 4H), 1.75 (m, 4H),
1.45-1.34 (br, 12H), 0.92 (t, J = 7.3 Hz, 6H); **C NMR (100 MHz, CDCls, ¢): 152.23, 151.84, 144.63, 138.11,
134.75, 130.46, 128.55, 126.32, 122.63, 114.69, 31.73, 30.67, 30.49, 29.09, 22.67, 14.16; MS (EI) m/z 577 (M*);
HRMS (ACPI) calcd for CsoH33N4Ss ([M+H]*): 577.1588, found: 577.1578.

Synthesis of 42: To a stirred solution of 41 (407 mg, 0.71 mmol) in THF (140 mL) was added NBS (276 mg, 1.55
mmol), and the resulting mixture was stirred at 50 °C for 6 h. After being cooled to room temperature, the reaction
was quenched by the addition of NaHCO3 aqg., and the resulting mixture was extracted with CH.ClI, and the organic
layer was washed with water. After removal of the solvent under reduced pressure, the residue was purified by
column chromatography on silica gel (hexane/CHCI; = 1/1) to give 42 (416 mg, 80%). Orange solid; *H NMR (400
MHz, CDCls, TMS, 6): 8.15 (s, 2H), 7.96 (s, 2H), 2.69 (t, J = 7.3 Hz, 4H), 1.72 (m, 4H), 1.44-1.35 (br, 12H), 0.92
(t, J=6.9 Hz, 6H); 3°C NMR (100 MHz, CDCls, §): 151.53, 151.30, 143.27, 137.41, 134.15, 129.27, 127.24, 125.04,
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114.38, 112.92, 31.68, 29.76, 29.71, 29.07, 22.68, 14.18; MS (EI) m/z 732 (M*); Anal. calcd for CsoH3z0BrN4O4: C
49.05, H 4.12, N 7.63; found: C 49.08, H 4.13, N 7.79.

Synthesis of 43: 42 (416 mg, 0.57 mmol), trimethylsilylacetylene (167 mg, 0.1.70 mmol), Cul (22 mg, 0.11 mmol),
and Pd(PPh3)4 (131 mg, 0.11 mmol) were placed in a test tube with screw cap and dissolved with toluene (10 mL)
and triethylamine (5 mL). The reaction mixure was stirred at 80 °C for 6 h.  After being cooled to room temperature,
the reaction mixture was concentrated under reduced pressure and then purified by column chromatography on
silica gel (hexane/CHCIs = 1/1) to give 43 (150 mg, 34%). Orange solid; *H NMR (400 MHz, CDCls, TMS, 6): 8.25
(s, 2H), 8.08 (s, 2H), 2.80 (t, J = 7.6 Hz, 4H), 1.75 (m, 4H), 1.41-1.35 (br, 12H), 0.92 (t, J = 6.9 Hz, 6H), 0.30 (s,
18H); 3C NMR (100 MHz, CDCls, §): 152.09, 151.67, 149.85, 137.80, 134.41, 129.82, 127.76, 126.30, 121.11,
114.98, 103.72, 97.33, 31.73, 30.22, 29.83, 29.11, 22.75, 14.26, 0.07; MS (El) m/z 768 (M*); Anal. calcd for
CaoH1gN4S4Siz: C 62.45, H 6.29, N 7.28; found: C 62.45, H 6.35, N 7.17.

Synthesis of 44: 43 (150 mg, 0.20 mmol), K.COj3 (108 g, 0.78 mmol), THF (6 mL) and MeOH (3 mL) were placed
in a test tube and the resulting slurry was stirred for 1 h. After celite filtration and extraction with CHCly, the filtrate
was condensed under reduced pressure. The residue was purified by column chromatography on silica gel
(hexane/CHCI; = 1/1) to give 44 (80 g, 66%). Orange solid; 'H NMR (400 MHz, CDCls, TMS, 6): 8.25 (s, 2H),
8.09 (s, 2H), 3.63 (s, 2H), 2.82 (t, J = 7.8 Hz, 4H), 1.75 (m, 4H), 1.44-1.35 (br, 12H), 0.92 (t, J = 5.5 Hz, 6H); *C
NMR (100 MHz, CDCls, d): 151.73, 151.39, 150.04, 137.98, 134.08, 129.58, 127.39, 126.10, 119.62, 114.90, 85.47,
76.53, 31.66, 30.21, 29.70, 29.09, 22.68, 14.16; MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 624.02

(M"). This compound was used for next step without further purification.

Synthesis of asNTz-NP-F: 44 (80 mg, 0.13 mmol), 45 (170 mg, 0.38 mmol), Cul (5 mg, 0.03 mmol), and
Pd(PPhs)s (30 mg, 0.03 mmol) were placed in a test tube with screw cap and dissolved with toluene (5 mL) and
triethylamine (2.5 mL). The reaction mixure was stirred at 110 °C for 6 h.  After being cooled to room temperature,
the reaction mixture was concentrated under reduced pressure and then purified by column chromatography on
silica gel (CHCI3), followed by purification with preparative GPC (CHCI3) to give asNTz-NP-F (84 mg, 42%). Red
solid; *H NMR (400 MHz, CDCls, TMS, 6): 8.76 (d, J = 7.3 Hz, 2H), 8.71 (d, J = 7.0 Hz, 2H), 8.62 (d, J = 7.3 Hz,
2H), 8.32 (s, 2H), 8.19 (s, 2H), 7.98 (d, J = 7.0 Hz, 2H), 7.89 (t, J = 7.3 Hz, 2H), 7.86 (d, J = 8.2 Hz, 2H), 7.75 (dd,
J=17.8, 1.8 Hz, 2H), 7.40-7.35 (m, 3H), 7.31-7.29 (m, 2H), 3.03 (t, J = 7.8 Hz, 4H), 2.00 (t, J = 8.0 Hz, 8H), 1.91
(m, 4H), 1.47-1.38 (m, 8H), 1.15-1.09 (m, 8H), 0.93 (t, J = 8.2 Hz, 6H), 0.87-0.81 (m, 4H), 0.72 (t, J = 8.0 Hz, 12H),
0.74-0.67 (m, 8H); *C NMR (100 MHz, CDCls, 6): 163.86, 163.61, 151.66, 151.59, 151.23, 151.18, 150.44, 141.31,
140.46, 139.66, 133.87, 131.85, 131.66, 130.85, 130.36, 130.07, 129.81, 128.16, 127.36, 127.30, 127.15, 127.10,
126.86, 126.03, 126.01, 123.50, 123.20, 122.97, 122.14, 120.30, 120.08, 120.02, 114.97, 99.91, 95.20, 92.36, 55.21,
39.98, 31.76, 30.48, 30.34, 29.41, 26.02, 23.09, 22.78, 14.24, 13.87; MS MALDI-TOF (1,8,9-trihydroxyanthracene
matrix) m/z 1566.40 (M"); Anal. calcd for C100Ho0NsO4Se: C 76.60, H 5.79, N 5.36; found: C 76.34, H 5.88, N 5.24.
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Synthesis of asNTz-NP-MH: 44 (90 mg, 0.14 mmol), 38 (129 mg, 0.35 mmol), Cul (5 mg, 0.03 mmol), and
Pd(PPhs)s (33 mg, 0.03 mmol) were placed in a test tube with screw cap and dissolved with toluene (5 mL) and
triethylamine (2.5 mL). The reaction mixure was stirred at 110 °C for 6 h.  After being cooled to room temperature,
the reaction mixture was concentrated under reduced pressure and then purified by column chromatography on
silica gel (CHCIs), followed by purification with preparative GPC (CHCI;) to give asNTz-NP-MH (95 mg, 54%).
Red solid; *H NMR (400 MHz, CDCls, TMS, 6): 8.64 (d, J = 7.8 Hz, 2H), 8.61 (d, J = 7.3 Hz, 2H), 8.52 (d, J = 7.8
Hz, 2H), 8.28 (s, 2H), 8.13 (s, 2H), 7.91 (d, J = 7.3 Hz, 2H), 7.82 (t, J = 7.8 Hz, 2H), 5.27 (m, 2H), 2.20-2.15 (m,
4H), 1.93-1.81 (m, 4H), 1.58 (d, J = 6.9 Hz, 6H), 1.55-1.48 (d, J = 6.9 Hz, 8H), 1.43-1.22 (m, 20H), 0.90 (, J=7.1
Hz, 6H), 0.84 (t, J = 7.0 Hz, 6H); 13C NMR (100 MHz, CDCls, 6): 164.16, 163.92, 151.64, 151.27, 150.24, 139.45,
134.04, 131.33, 130.67, 130.04, 129.72, 127.96, 127.31, 127.09, 126.49, 126.09, 123.40, 122.40, 122.33, 119.96,
115.03, 114.96, 95.12, 91.82, 49.88, 33.55, 31.71, 30.96, 30.38, 30.22, 29.36, 26.84, 22.74, 22.61, 18.30, 14.21,
14.08; MS MALDI-TOF (1,8,9-trihydroxyanthracene matrix) m/z 1210.00 (M"); HRMS (ACPI) calcd for
C72H71Ns04S4 ([M+H]"): 1211.4420, found: 1211.4385.
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Conclusion

In this thesis, the design, synthesis, properties, and OPV characterisitcs of electron acceptors were discussed
towards clarification of relationship among structural feature, physical properties, thin-film properties, and
photovoltaic performances. The major results in each chapter of this thesis are summarized as follows.

In chapter 1, the author designed and synthesized a series of tetrathienyl silane based acceptors end-capped with
dicyanomethylene-substituted difluorocyclopenta[b]thiophene units. From the comparison of planar and non-planar
acceptors, 3-D arrangement of extended n-electron compounds were found to be advantageous in photocurrent
generation. However the PCE of 3-D acceptors were at quite low level. Toward the further evaluation of
structure—properties—OPV performances relationship, improved-performance acceptor materials with synthetic
flexibility were considered to be essential.

In chapter 2, the author designed and investigated linearly extended n-conjugated compounds end-capped with
phthalimide and phthaldithioimide units. Among the investigated acceptors, benzothiadiazole-based compound with
phthalimide terminal groups showed a moderate PCE of 1.58%. In addition, from the evaluation of molecular
properties, electron-mobilities and thin-film nature of acceptors, high SFE and »¢ values were found to be
the characteristic property of high performance acceptors.

In the next chapter, it was mainly focused on the relationship among the thin-film properties and OPV
characteristics of diethynylbenzothiadiazole/phthalimide based acceptors. Thanks to its synthetic flexibility, the
author was able to prepare series of acceptors introduced the different type of solubilizing groups and arylimides.
Among the investigated acceptors, the highest PCE of 2.05% were achieved by utilizing Ph-MH; low cyristallinity,
low £"ET, and high »¢ material. From the detailed investigation of crystallinities, &, and SFE (and ) values, it
was found that the high y¢ values were originated to exposed n-conjugated framework at the acceptor interface.
Furthermore, the correlation between y¢ of acceptors and its OPV performances were also found within the
investigated materials in this chapter. Detailed analysis revealed that charge-separation step was facilitated when
high y ¢ acceptor was employed. Therefore, designing high »¢ acceptors should be one promising guideline towards
the development of new materials.

At the next step of research, cyano-substituted benzothiadiazole-based acceptors and asN Tz based acceptors were
synthesized and examined. As the results of OPV characteristics evaluation and SFE estimation, the correlation
between y¢ and Jsc was not clear in these systems. The author hypothesized that the correlation is effective when
the electron accepting units are exposed toward interface and, therefore, 3-D arranged molecule surrounded with
extended w-electron acceptor units is considered to be a promising acceptor material because which is considered
to expose its acceptor units toward interface. In the chapter 4, the structure—properties—OPV characteristics of 3-D
acceptors were investigated using PDI based materials. As the results, the PCEs of 3-D molecules were distributed
between 0.02 and 2.02% and the correlation »9 and Jsc was found within the investigated acceptors. From the
detailed analysis of blend-film properties, the charge-separation process has mainly influenced the photovoltaic
characteristics of linearly extended acceptors and 3-D acceptors.

This thesis discussed the relationship among the chemical structure, physical properties, thin-film properties, and

photovoltaic performances of linealy extended acceptor materials and 3-D acceptor materials. In both cases, the

84



OPV performances mainly originated from the difference of the Jsc and which were mainly governed by the
efficiency of charge separation into free carrier at the donor—acceptor interfaces. The thesis revealed that increase
of exposed n-conjugated framework at the interface leads to the increase of y 9 value, and the orientation of acceptor
n-plane toward D-A interfaces is desirable for the efficient charge separation. As described in this thesis,
improvement of Jsc value was one of the key challenge for developments of acceptor materials. This thesis provides

promising strategy for the design of non-fullerene acceptor materials.
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