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Abbreviations

ADF: Amsterdam density functional

AFM: Atomic force microscopy

BP: Tetrabenzoporphyrin

BCOD: Bicyclo[2.2.2]octadieno

BCP: Bathociproine

BHJ: Bulk heterojunction

CP: 1,4:8,11:15,18:22,25-Tetracthano-29H,
31H-tetrabenzo[b,g,/,q]porphyrin

DMF: N,N-Dimethylformamide

DFT: Density functional theory

DDQ: 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone

EQE: External quantum efficiency

ESI: Electronspray ionization

FF: Fill factor

FWHM: Full-width at half-maximum
GIWAXD: Grazing- incident wide-angle
X-ray diffractometry

GPC: Gel permeation chromatography
HMDS: Hexamethyldisilazane

HOMO: Highest occupied molecular orbital
HRMS: High-resolution mass spectrometry
ITO: Indium—tin oxide

Jsc: Short-circuit current density

Lp: Exciton diffusion length

LUMO: Lowest unoccupied molecular
orbital

u: Charge-carrier mobility

Mn: Charge-carrier hole-mobility
MALDI: Matrix-assisted laser
desorption/ionization

NBS: N-Bromosuccinimide

NMR: Nuclear magnetic resonance
OFETs: Organic field-effect transistors
OLEDs: Organic light-emitting diodes
OPVs: Organic photovoltaics

OTMS: Octadecyltrimethoxysilane
PCBNB: [6,6]-Phenyl-Cg;-butyric acid
n-butyl ester

PCE: Power conversion efficiency
PC¢1BM: [6,6]-Phenyl-Cq;-butyric acid
methyl ester

PC71BM: [6,6]-Phenyl-C7,-butyric acid
methyl ester

PEDOT:PSS: Poly(3,4-ethylenedioxy
thiophene):poly(4-styrenesulfonate)
SIMEF: Bis(dimethylphenylsilylmethyl)

[60]fullerene
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SIMEF-Ph, 0-An: (o-Anisylsilylmethyl) TIPS: Triisopropylsilyl

(phenylsilylmethyl)[60]fullerene TLC: Thin-layer chromatography
SAM: Self-assembled monolayer TMS: Trimethylsilyl
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TGA: Thermogravimetric analysis XRD: X-ray diffraction

THEF: Tetrahydrofuran
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Chapter 1

General Introduction

In this chapter, the general introduction of organic semiconductor devices is described.




Chapter 1

1-1. Introduction to Organic Semiconductor Devices

Organic semiconductor devices such as organic light-emitting diodes (OLEDs),'* organic
field-effect transistors (OFETs),” and organic photovoltaics (OPVs)** have a possibility to
provide us with flexible, light-weight, large area, and low cost electronic devices.® These
features of organic semiconductor devices originate from the nature of organic materials;
namely, the flexibility, solution- and ambient temperature-processabilities. However, the
performance, stability, reproducibility and reliability of organic semiconductor devices are
still lower than those of inorganic counterparts. Thus, a large number of researchers in various
scientific fields search for solutions to overcome these problems associated with organic

semiconductor devices.

1-2. Organic Field-Effect Transistors (OFETs)

Figure 1-1 shows the general device structure of bottom-gate-top-contact (BGTC) OFETs.
A BGTC device consists of a gate electrode, a dielectric insulating layer, an organic
semiconductor layer, and source—drain electrodes. Heavily doped silicon wafer is often used
as both the substrate and gate electrode. A thermally grown SiO; layer of 100—300-nm thick is
usually used as an insulating layer on the silicon surface. The organic active layer is deposited
on the dielectric surface, and then the source and drain electrodes are deposited on top by

vacuum evaporation through a shadow mask to give an OFET device.

Insulator (SiO,)

Gate (n-Si)

Figure 1-1. Illustration of bottom-gate-top-contact OFET devices.

Figure 1-2 shows the working mechanism of p-channel OFETs. When a negative bias is

applied on the gate, an electronic field is produced at the semiconductor—dielectric surface,

S0
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forming a conducting channel which is the path of holes. Holes are injected into the HOMO
of organic semiconductor and transported via the overlap between HOMOs. The most
important parameter in evaluation of OFETs is the charge-carrier mobility (z), which

quantifies the average charge-carrier drift velocity per unit of electric field.

(a) (b)

Source Drain Source | Drain
@@ e J

Organicsemiconductor +++++++++F A+ H
+“—>
Insulator Insulator
Gate | [ Gate |
Off-state On-state
(Ve=0) (Ve<0)

Figure 1-2. Working mechanism of p-channel OFET devices: (a) off-state and (b) on-state.

The first example of OFET was reported in 1970.” Since then, a large number of organic
semiconductor materials for OFETs have been reported,® and the u solution-processed OFETs
has been remarkably improved. As described in Figure 1-2, the direction of charge-carrier
path in the organic active layer of OFETs is parallel to the substrate. As the charge carriers
move along m-overlap between molecules, controlling the anisotropy in molecular
arrangement of organic semiconductor materials is important for improving the 4 in OFETs.

From this standpoint, solution-based deposition processes such as drop—casting,gf11

12,13 14,15

dip-coating, and solution-sharing are highly effective, because the anisotropy of

crystal growth is controllable by the direction of solvent evaporation. In fact, several groups

have recently reported solution-processed OFETs which show u values of over 10 cm® V' s

1 15-18

1-3. Organic Photovoltaics (OPVs)

Figure 1-3 shows the working mechanism of OPVs. First, the solar light is absorbed by the

p-type material to generate excitons (step 1). In this case, a mterial with a wide absorption

-3
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range and high absorption coefficients is favorable in order for generating a large amount of
excitions from the solar light. And then, the generated excitons diffuse to the interface of
p-type and n-type materials (step 2). Since the exciton diffusion length (Lp) in organic
materials is about 5-20 nanometers,'’ the grain size of p- and n-type materials should be
controlled within the twice of Lp (1040 nm) for efficient charge generation. At the interface
of p- and n-type materials, the excitons in the p-type material give electrons to the n-type
material to generate holes and electrons (step 3). It has been widely accepted that the
energy-level difference between LUMOs of p- and n-type materials needs to be about 0.2-0.3
eV for efficient charge seperation (Figure 1-3b). It is also worth noting that the open-circuit
voltage (Voc) of OPV is konwn to be proportinal to the energy difference between the HOMO
of p-type material and the LUMO of n-type materials (Figure 1-3b). In this regard, the ideal
HOMO and LUMO levels of p-type materials are about —5.2~—5.4 eV and -3.8~4.0 eV,
respectively, when PC¢;BM (LUMO = ca. —4.3 eV) is employed as an n-type material.”’ Next,
the holes and electrons are transported to the electrodes through p- and n-type materials,
respectively (step 4). In this process, materials that show high us to the out-of-plane direction

are favorable. Lastly, the holes and electrons are collected at the electrodes to generate

(@) ®) Mt
e D 0.2-0.3eV

N m

Cathode
g V,
: \ Anode 4 o Voc ST
O .X.
i Anode 5 b‘ ﬁi_ﬁﬂol @ electron
B n-type material h* 5 HOMO
p-type n-type

B p-type material

Figure 1-3. (a) Fundamental processes of bilayer heterojunction OPVs. (b) Typical HOMO-LUMO
energy diagram of OPV.
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photovoltaic current.

To satisfy the requirements for achieving efficient photovoltaic process, various types of
highly m-conjugated organic semicondoctor materials have been developed.”'** Because of
the low solubilies of pristine n-frameworks, long and bulky alkyl side-chains are generally
introduced to such materials in order for ensuring high-enough solubilities in processing
solvents and for tuning the miscibility with other materials in the acitve layer.”> >’ Recently,

28-33

solution-processed bulk heterojunction (BHJ) OPVs based on polymer and

23.34 . . . .
334 p-type materials have achieved over 10% of power conversion efficencies

small-molecule
(PCEs). These achievements are owing to the development of OPV materials having high
photoabsorption capability, suitable orbital energy levels, favorable film morphology, and
excellent charge-transport property. However, the stability of the active-layer morphology and
thus the performance of the OPVs comprising those materials with bulkyl side-chains are
considered to be low against long-time thermal stress.*® Thus, the introduction of bulky side

chains to OPV materials should be avoided or minimized to improve the long-term device

stability.

1-4. Tetrabenzoporphyrins for Organic Semiconductor Devices
Tetrabenzoporphyrin (BP) has a large, rigid m-framework, excellent stability, and the

! around 450-500 nm in which the solar

maximum absorption coefficient over 10° M~ cm
light intensity is strongest.*® These structural and optical characteristics make BP attractive as
an active-layer component in organic semiconductor devices such as OFETs and OPVs. On
the other hand, BP shows extremely poor solubility owing to the large and rigid n-framework,
and thus, its direct application to cost-effective solution-processed devices is severely limited.

This issue has been evaded via a stepwise pathway so-called “precursor approach”, in which a

soluble precursor 1,4:8,11:15,18:22,25-Tetraethano-29H,31H-tetrabenzo[b, g,/,q]porphyrin
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(CP) is solution-deposited and then converted to BP in situ by thermally induced retro-Diels—

Alder reaction in situ (Figure 1-4 and 1-5).%’
29 Qs

S O

cP BP

Figure 1-4. Thermal conversion of CP to BP.

Matsuo et al. judiciously employed this CP-to-BP conversion in the preparation of p—i—
n-type organic photovoltaic active layers comprising BP and a fullerene-based acceptor
named SIMEF achieving respectable PCEs of 5.2-5.4%.%*"° These efficiency was among the
best obtained in small-molecule OPVs at that time, and still remains one of the highest

reported for the devices with BP or its derivative as an active-layer component.

CP solution

A
160-200 °C
BN

: w(_!' i

Figure 1-5. Description of the precursor approach using CP-to-BP conversion.

‘ spin-coating
—_—

Several other groups also used the same approach in the preparation of OFET having BP or

40-43
L.

its metal complexes as an active-layer materia The highest mobilities achieved thus far

-1 40,43

in free-base and metal-incorporated BPs are 0.070 and 0.22 em® Vs, respectively.
Since BP does not have any solubilizing groups, it is assumed that the stability of the

BP-based OPVs and OFETs is higher as compared to those devices employing highly soluble

materials with bulky side chains.
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1-5. Aims and Outline
As mentioned in the previous section, BP has a great potential to be an excellent p-type
material for organic semiconductor devices. However, the reported device performances of
OFETs and OPVs comprising pristine BP and its derivatives are still much lower than those
of the state-of-the-art organic semiconductor materials, indicating their great potentials have
not been fully exploited until now. The reason for this stagnated performance can be ascribed
to some drawbacks associated with BP, such as the limited photoabsorption range, too high
HOMO level, and poor miscibility with other materials. A conceptually straightforward
strategy for overcoming these drawbacks, is the structural tuning by chemical modification
introduction. However, systematic investigation on the relationship between molecular
structure and device performance among BP derivatives has been scarce, probably because of
the limited synthetic accessibility to BP derivatives as well as the absence of the definite
guideline for molecular design. In order to fully exploit the great potential of BP as a material
for organic semiconductor devices, the author decided to develop new BP derivatives which
show excellent device performance by introducing suitable substituents on the BP framework
(Figure 1-6). The aims of this dissertation are to provide a desig guideline of BP derivatives

which paves the way to achieve BP-based high-performance organic semiconductor devices.

O

M = metals
R = substituents
D Q Efficient OFET and OPV

CP derivatives BP derivatives

160—200 °C
m§ P14

I~ &

Figure 1-6. Schematic description of this study.
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This project is started with the investigation of the basic properties, including OFET and
OPV performances of 5,15-bis(trialkylsilylethynyl)-substituted BPs and their metal
complexes are as described in Chapter 2. Both the size of substituents and the type of
incorporated metal ion have considerable impacts on the crystal-packing behavior, energy
levels, and device performance. The maximum g and PCE of 0.12 cm” V' s and 1.51% are
obtained in OFET and BHJ OPV, respectively.

Chapter 3 focuses on improving the performance of OFETs based on a soluble BP
derivative  5,15-bis(triisopropylsilylethynyl)tetrabenzoporphyrin ~ (TIPS-BP)  through
polymorph and device engineering. TIPS-BP shows two different packing motifs in the
single-crystalline state, named “1D m-stack” and “2D m-stack”, respectively. Theoretical
calculations indicate that 2D m-stack has a potential to show excellent s in OFET. By
careful optimization of deposition conditions, the molecular packing of ‘2D m-stack™ is
reproduced in the thin-film state, which affords the maximum z, of 1.1 cm® V™' s™'. This
mobility is higher than any reported values with BP derivatives so far.

Chapter 4 focuses on the molecular engineering of BP for use as the p-type material in
OPVs. A series of new BP derivatives having dithienyldiketopyrrolopyrroles (DPPs) units
with different lengths of N-alkyl groups (Crn-DPP—BPs) are designed toward improving the
photocurrent-generation efficiency in BHJ layers. Systematic investigation of Cn-DPP-BPs
reveals the significant substituent impact on short-circuit current density (Jsc); C10-DPP-BP
gives 0.88 mA cm , while C4-DPP-BP affords 15.19 mA cm 2, resulting in PCEs of 0.2 and
5.2 %, respectively. The fluorescence decay measurements, atomic force microscopy (AFM),
and two-dimensional grazing-incident wide-angle X-ray diffractometry (2D-GIWAXD)
images indicate that the introduction of shorter alkyl chains on the Cn-DPP-BP framework
leads to higher miscibility, finer grains, and more preferable molecular orientation.

Chapter 5 describes the general conclusion of this dissertation. The relationship between

molecular structure and device performance among the BP derivatives is summarized. In

-8-
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addition, future directions for developing new BP derivatives toward high device performance

are suggested.
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Chapter 2

Effect of Alkyl Substituents: 5,15-Bis(trimethylsilylethynyl) vs.
5,15-Bis(triisopropylsilylethynyl) tetrabenzoporphyrins and Their

Metal Complexes

R-SiR
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R

In this chapter, the basic property and device performance (OFETs and OPVs) of
5,15-trialkylethynyl substituted tetrabenzoporphyrins and their metal complexes are

described.
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2-1. Introduction
As mentioned in the previous chapter, BP has a great potential as a p-type organic
semiconductor material for solution-processed OFETs and OPVs. However, BP still has some
room as a p-type material for organic semiconductor devices. In case of BP-based OFETs,
precursor approach is the only choice to deposit organic active layer by solution process,
making its direct solution deposition essentially impossible to control the anisotropy of crystal
growth. Thus, the zas of BP-based OFETs (0.2-0.07 cm” V™' s7')'* are still lower than those
of state-of-the-art OFETs (>10 cm® V™' s~ in which active layers deposited via fine-tuned
solution processes. To improve the s of BP-based OFETs, the strategy of molecular design
for a 6,13-triisopropylsililethynyl-pentacene (TIPS-PEN)' is a good model (Figure 2-1).
Pentacene is one of the most promising organic p-type semiconductor materials showing good
carrier mobilities of over 1 cm® V™' s™ in OFETs, but it is hardly soluble in common organic
solvents and unstable in ambient conditions. In contrast, TIPS-PEN shows a good solubility
and chemical stability owing to the introduction of the bulky TIPS-ethynyl groups to the most
reactive 6,13-positions.!’ The pristine pentacene packs to form a herringbone motif, while
TIPS-PEN forms a brickwork motif.'® Anthony et al. have reported the molecular packing of
molecular organic semiconductors can be tuned by changing the diameter of substituents at
the end of ethynyl groups.'®'*"> TIPS-PEN-based OFETs show superior carrier mobilities of

up to 11 cm? V' s in solution-processed single-crystalline film."*

Y

i

Pentacene ‘ ‘
r3
N

TIPS-PEN

Figure 2-1. Chemical structure of pentacene and TIPS-PEN.
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In case of BP-based OPVs, BP has three main drawbacks to improve the OPV performance
as a p-type material. The first is the limited absorption capability. BP can’t absorb the light
over 700 nm and has the absorption valley at 500-600 nm."> The second is the extremely poor
miscibility with other materials. The size of BP crystals in blend film is quite larger than the
Lp of BP'® because of the strong intermolecular interaction'’ yielding the BHJ OPV based on
BP:PC¢BM system shows a low power PCE of 0.02%.'® The third is a high lying HOMO
level. The Voc of BP-based OPV (0.55-0.75 V) is still lower than state of the art OPV based
on small molecular materials which show the excellent PCE of over 10% (ca. 0.9-1.0 V)."*°

A conceptually straightforward approach to fill room of BP is the introduction of proper
substituents into a BP framework. However, systematic investigation of BP derivatives for
OFETs and OPVs has been scarce probably because of the limited synthetic accessibility.
Meanwhile, Yamada’s group reported that 5,15-bis(trimethylsilylethynyl)tetrabenzoporphyrin
(TMS-BP) could be formed in good yields via the corresponding CP-type precursors named
TMS-CP (ie., through the precursor approach).”’ This report demonstrated that the
introduction of ethynyl groups at 5,15-positions of a BP framework is effective to expand
n-conjugation. However, physical properties such as crystal structures and energy levels as
well as device performance of TMS-BP were not investigated. In addition, several groups
have reported the internal metal ions of BP have great impacts on the performance of both
OFETs and OPVs.' %

In this regard, the author decided to investigate the crystal structures, energy levels, and
device performance (OFETs and OPVs) of TMS-BP,
5,15-bis(triisopropylsilylethynyl)tetrabenzoporphyrin (TIPS-BP) and their zinc, copper and

nickel complexes (Figure 2-2).
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R
TMS-BP (R = Me, M =2H)
TMS-ZnBP (R = Me, M = Zn)
TMS-CuBP (R = Me, M = Cu)
TMS-NiBP (R = Me, M = Ni)
TIPS-BP (R = i-Pr, M = 2H)
TIPS-ZnBP (R = i-Pr, M = Zn)
TIPS-CuBP (R = i-Pr, M = Cu)
TIPS-NiBP (R = i-Pr, M = Ni)

Figure 2-2. Molecular structures of TMS-, TIPS-BP, and their metal complexes.

2-2. Synthesis and Thermal Properties
The synthesis of TMS-BP, TIPS-BP their metal complexes is shown in Scheme 2-1.

TMS-CP
TMS-ZnCP
TMS-CuCP
TMS-NiCP
TIPS-ZnCP
TIPS-CuCP
TIPS-NiCP

R  BF,;OEt, DDQ

R R
R-Si-R R-Si-R

A4 I N Z

o A XA A XA

M(OAC), XH,0

MeOH rt, 1h CHCI;, MeOH
o g ’ g ’
RfS‘ifR RfS‘ifR
R R
TMS-CP (R = Me 57%) TMS-ZnCP (R = Me, M = Zn, 82%)
TIPS-CP (R = i-Pr, 57%) TMS-CuCP (R = Me, M = Cu, 82%)
TMS-NiCP (R = Me, M = Ni, 87%)
R TIPS-ZnCP (R = i-Pr, M = Zn, 94%)
R-Si-R TIPS-CuCP (R = i-Pr, M = Cu, 91%)
‘ ‘ TIPS-NiCP (R = i-Pr, M = Ni, 87%)
200 °C
in vacuo
quant.

O

I
R-Si-R
R

TMS-BP (R = Me)

TMS-ZnBP (R = Me, M = Zn)
TMS-CuBP (R = Me, M = Cu)
TMS-NiBP (R = Me, M = Ni)
TIPS-ZnBP (R = i-Pr, M = Zn)
TIPS-CuBP (R = i-Pr, M = Cu)
TIPS-NiBP (R = i-Pr, M = Ni)

Scheme 2-1. Synthesis of TMS-, TIPS-BP, and their metal complexes.
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TMS-CP and TIPS-CP were obtained by a MacDonald-type condensation of BCOD-fused
dipyrromethane (1)*' and 3-(triisopropylsilyl)propiolaldehyde. Dipyrromethane (1) was
synthesized from cis-1,2-dichloromethane for 6 steps (Scheme S2-1). TMS-ZnCP, TMS-CuCP,
TMS-NiCP, TIPS-ZnCP, TIPS-CuCP, and TIPS-NiCP were synthesized from TMS-CP and
TIPS-CP by general metal insertion methods.’

Thermal behavior of CP, TMS-CP, TIPS-CP, and their metal complexes was observed by
thermogravimetric analysis (TGA) (Figure 2-3). The temperature of thermally induced retro

Diels—Alder reaction temperature (7:), decomposition temperature (74), theoretical and

—— TMS-CP — TIPS-CP
— TMS-ZnCP L — TIPS-ZnCP
—— TMS-CuCP 3 _ TIPS-C'uCP
§ 10 — TMS-NiCP S\‘ 10k —— TIPS-NiCP
3 — A
o ﬁ‘\ S
) %)
© S
s -20f = -20F
-30 | 1 1 " | L 1 L -30 1 L | 1 | 1 |
100 200 300 400 500 100 200 300 400 500
Temperature / °C Temperature / °C
(c) o
—CP
X
~ -10
1)
17}
=
1)
@
= -20F
230 1 I 1 1

100 200 300 400 500
Temperature / °C

Figure 2-3. TGA curves of (a) TMS-CP, TMS-CuCP, TMS-NiCP, (b) TIPS-CP, TIPS-ZnCP,
TIPS-CuCP, TIPS-NiCP, and (c) CP.

observed mass losses of all precursors are summarized in Table 2-1. The mass loss of all

precursors started at around 140-160 °C and finished at around 200 °C. The observed mass
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loss of all precursors except for TIPS-CuCP is in agreement with the calculated value of the
mass loss of four ethylene molecules per molecule. On the other hand, the observed mass loss
of TIPS-CuCP is 19.7%, which is consistent with the loss of four ethylene molecules and a
chloroform molecule per TIPS-CuCP molecule. It is presumed that the chloroform was
contaminated during recrystallization (CHCl;/MeOH) of TIPS-CuCP. The TGA results
suggested that the precursors could be converted to the corresponding BPs quantitatively by
heating at 200 °C in the solid state. The average T4 of TMS- and TIPS-BPs are 458 and
415 °C, respectively, indicating the thermal stability of TMS-BPs are higher than those of of

TIPS-BPs, but lower than that of BP (73 = 534 °C).

Table 2-1. Summary of TGA.

Materials T?/°C Mass loss (calcd) / % Mass loss (found)b | % Tq/°C
TMS-CP 141 13.8 13.8 472
TMS-ZnCP 151 12.8 12.4 488
TMS-CuCP 154 12.8 12.7 424
TMS-NiCP 155 12.9 12.8 449
TIPS-CP 147 11.4 11.4 417
TIPS-ZnCP 148 10.7 10.9 435
TIPS-CuCP 160 19.9° 19.2 417
TIPS-NiCP 149 10.9 10.1 390
CP 146 18.0 18.5 534

“Temperature of retro Diels—Alder reactions.; bat 250 °C, “with a CHCls per one TIPS-CuCP.

2-3. Crystal Structures

Single crystal structures of TMS-BP and their metal complexes are shown in Figure 2-3
and Figure S2-1. Single crystals of TMS-BP, TMS-ZnBP, TMS-CuBP and TMS-NiBP
suitable for X-ray analysis were obtained by recrystallization in o-dichlorobenzene (TMS-BP,
TMS-ZnBP and TMS-CuBP) or slow diffusion of heptane into a chlorobenzene solution
(TMS-NiBP). Specifically, recrystallization of TMS-BP, TMS-ZnBP, and TMS-CuBP were
performed in boiling o-dichlorobenzene to dissolve compounds followed by cooling solutions

to room temperature slowly in an oil bath. TMS-BP, TMS-ZnBP, and TMS-CuBP adopt
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Figure 2-4. Crystal structures of (a) TMS-BP, (b) TMS-ZnBP, (c) TMS-CuBP, and (d) TMS-NiBP.

Packing views from the side (left line) and top (right line) of n-stack colums.

herringbone motifs which are similar that of BP (Figure S$2-2).** The distance associated with
the m—n stacking between BP frameworks is 3.21 A, 3.18 A, and 3.21 A for TMS-BP,
TMS-ZnBP, and TMS-CuBP, respectively (Figure S2-3). These n—n stacking distances are
longer than that of pristine BP crystal (3.15 A, Figure S2-4) and each n—n stacking column is
separated with insulate TMS-groups. On the other hand, the BP framework in TMS-NiBP
adopts a saddle-shaped conformation reflecting the small radius of nickel(Il) cation in
comparison with the cavity size of porphyrin core. The TMS substituents orient to the same

direction so that the overall molecular conformation is V-shaped (Figure S2-1d). Molecules of
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Figure 2-5. Crystal structures of (a) TIPS-BP, (b) TIPS-ZnBP, (c) TIPS-CuBP, and (d) TIPS-NiBP.

Packing views from the side (left line) and top (right line) of nt-stack colums.

TMS-NiBP form a face-to—face dimeric motif, in which the two molecules are stacked

orthogonally with their curved porphyrin surfaces fitting well to each other. Two
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chlorobenzene molecules are located in the unit cell to occupy the space between the face—to—
face dimeric motifs. The associated Ni-Ni distance in the dimer is 3.45 A.

Single crystal structures of TIPS-BP and their metal complexes are shown in Figure 2-5
and Figure S2-5. Single crystals of TIPS-BP, TIPS-ZnBP, TIPS-CuBP, and TIPS-NiBP were
obtained by slow diffusion of poor solvents into good solvent solutions of TIPS-BPs. The
crystallization conditions (good/poor solvents) are described as follows: CHCl;/MeOH

(TIPS-BP), chlorobenzene/heptane (TIPS-ZnBP), CHCl;/MeOH (TIPS-CuBP), and
1,2-dichloroethane/EtOH (TIPS-NiBP). The crystal structure of TIPS-BP consists of two
crystallographically independent molecules in a unit cell. These molecules adopt orthogonal
positions each other to form a one-dimensionally extended columnar n-stacking motif with an
average interplane spacing of 3.30 A (Figure S2-6). TIPS-ZnBP and TIPS-CuBP have a
planar BP framework and two ethynyl groups bent from the BP framework sigmoidally as
similar to the case of TIPS-BP (Figure S2-5b,c). In the packing structures of TIPS-ZnBP and
TIPS-CuBP, molecules form a triad-like structures and the molecules are stacked
orthogonally. The minimum plane—to—plane distance of each molecule is 3.25 A for both
TIPS-ZnBP and TIPS-CuBP, the distance of which is shorter than that of TIPS-BP (3.30 A).
The triad units are packed parallel to form one-dimensionally extended columnar w-stacking
motifs with the plane-to—plane distances of 3.08 A for TIPS-ZnBP and 3.11 A for
TIPS-CuBP, respectively. On the other hand, TIPS-NiBP molecules show a saddle-shaped
conformation and form a face—to—face dimeric motif which is similar with that of TMS-NiBP.
The curved porphyrin surfaces are fitted to each other, but TIPS groups of each molecule are
oriented against its partner in the dimeric structure. It is indicated that this crystal structure is
not suitable for organic electronic devices because of the absence of continuous m-overlap to
transport charge-carriers.

The author evaluated the intermolecular electronic coupling of HOMO by calculating

charge-transfer integrals (fmomo) based on the single-crystal structure of TMS-BP and
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(b)

14.2 meV
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a

Figure 2-6. Transfer integrals in (a) TMS-BP and (b) TIPS-BP single-crystal structures: Substituents

and hydrogen atoms are omitted for clarity.

TIPS-BP (Figure 2-6). The value of fomo indicates the strength of electronic coupling of
HOMGOs and correlated with g, of OFET.>>2® The calculated tuomoS In m-stack column of
TMS-BP crystal are all higher than that of TIPS-BP. Especially, the highest tomo of TMS-BP
(84.5 meV) is higher than that of TIPS-BP (14.2 meV) by a factor of 6. These results indicate
that the crystal structure of TMS-BP is better than that of TIPS-BP for charge-carrier transport.
However, the highest fomo in BP crystal (100.2 meV, Figure S2-7) is still higher than that of
TMS-BP may be due to the shorter n-r stacking distance of BP (3.15 A) than that of TMS-BP

(3.21 A).

2-4. Optical and Electronic Properties

The absorption spectra of TMS-BP, TIPS-BP and their metal complexes in solvents are
shown in Figure 2-3 and summarized in Table 2-2. The absorption spectra of TMS-BPs and
TIPS-BPs are red-shifted from TMS-CPs and TIPS-CPs because of the m-expansion from
precursors to correspond BP compounds (Figure S2-8a,b). TMS-, TIPS-BPs and their metal
complexes show peaks of the Soret- and Q-band at around 460 nm and 700 nm, respectively.
The offset absorption edges of TMS- and TIPS-BPs are around 700-730 nm which are

red-shifted about 30—60 nm from pristine BP solution (Figure S2-8b).
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Table 2-2. Electronic properties of compounds

Coumpounds Aonset (solution) / nm Aonset (film) / nm ES eV Enomo® / eV ELumo' / eV
BP 670° 716 1.73 —4.89"® -3.15
TMS-BP 723° 782 1.59 —4.77 -3.18
TMS-ZnBP 698° 779 1.59 —4.72 -3.13
TMS-CuBP 708° 772 1.61 —4.72 -3.11
TMS-NiBP 710° - - - -
TIPS-BP 7247 782 1.59 —4.94 -3.35
TIPS-ZnBP 698° 770 1.61 -4.92 -3.31
TIPS-CuBP 711° 768 1.61 -4.89 -3.28
TIPS-NiBP 727° - - - -

%n CH,Cl,, %in DMF, “in THF, “Determined by optical gaps from the absorption onsets of thin films. “Determined by
photoelectron spectroscopy in air. TErumo = Enomo + E,

(@) 7
— TMS-BP
6- —— TMS-ZnBP
—— TMS-CuBP
- 97 —— TMS-NiBP
5
T 47
=
Yo 31
W 2_
1 -
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(b) 7
— TIPS-BP
6 —— TIPS-ZnBP
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Figure 2-7. Absorption spectra of (a) TMS- and (b) TIPS-BPs in CH,Cl, (TMS-BP, TIPS-BP,
TIPS-CuBP and TIPS-NiBP), DMF (TMS-ZnBP, TMS-CuBP and TMS-NiBP), or THF (TIPS-ZnBP).
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The absorption spectra of compounds in the film state are shown in Figure 2-7. Since the
planarity of Ni complexes (TMS-NiBP and TIPS-NiBP) is low, it was assumed that the device
performance of OFETs and OPVs would be poor because of low intermolecular interaction
indicated by their crystal structures. Thus, the properties of Ni complexes in the solid state as
well as device performances were not studied further. Thin films of BP derivatives except for
Ni complexes were prepared by spin-coating of precursors on glass substrates followed by
thermal annealing at 180 °C for 30 min. All absorption spectra are broader and red-shifted

about 60—80 nm compared with those of absorption spectra in solutions. The offset absorption
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Figure 2-8. Absorption spectra of (a) TMS- and (b) TIPS-BPs as thin-films.
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edges of TMS- and TIPS-BPs films are around 770-780 nm which are red-shifted about 50—
60 nm from that of pristine BP (Figure S2-8b). This absorption red-shift phenomenon in both
solution and film states indicates that the substitution of ethynyl groups at 5- and 15-position
of'a BP framework is effective for m-expansion.

In terms of organic electronic devices, determining the HOMO (Epomo) and LUMO
(ELumo) levels of materials in the solid state are important. For OFETs, the positional relation
between the energy levels of organic semiconductors (Enomo and Erumo) and work function
of metal electrodes decides the type of OFET such as p-, n-type, or ambipolar OFETs.**" If
the Enomo or Erymo of organic semiconductors are much different from the work function of
metal electrodes, the injection of holes or electrons is not available to work as OFETs.”' In the
case of OPVs, Voc is proportional to the offset between Enomo of donors and Epymo of
acceptors.’

To determine the Epomo of compounds, ionization energy of thin films was measured by
photoelectron spectroscopy in air (Figure 2-9) and the results are summarized in Table 2-2.
The Erumo were calculated by adding the optical energy gaps of thin films (£;) to the Enomo.
The E, were determined from the absorption onset of the thin-films. Enomo of TMS-BPs are —

4.72 to —4.77 eV which are 0.12—0.17 eV higher than that of BP (—4.89 eV), whereas Enxomos

of TIPS-BPs are —4.89 to —4.94 eV which are similar to that of BP. E;ymos of TMS-BPs are

(a) 14 (b) 14
® TMS-BP ® TIPS-BP
@ 12e TMS-ZnBP « 12e TIPS-ZnBP
210 L® TMS-CuBP 2 1o L® TIPS-CuBP
Q [&]
< 472 eV <
2 8F (TMS-ZnBP) 2 8r 4.92 eV
> > TIPS-ZnBP
S 6 472eV c 6f ( nBP)
D (TMS-CuBP) D 4.89 eV 4.94 eV
2 4l £ 4 (TIPS-CuBP)™~a (TIPS-BP
o, W 4T77eV w o, -
(TMS-BP)
0 ..... | I T T T | IR T T S 1 0 .......... | I S T T 1
4.0 45 5.0 55 4.0 45 5.0 5.5
Photo energy / eV Photo energy / eV

Figure 2-9. Photoelectron spectra of compounds.
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similar with that of BP, while the Erymos of TIPS-BPs are lower than that of BP (ca. 0.1 eV).
To understand the difference of Exomo between TMS-BPs and TIPS-BPs in the solid state,
the author estimated the Epomos for the packing motifs obtained from their single-crystal
structures by density functional theory (DFT) calculation. The results of calculations are
shown in Figure 2-10. The Epomos of both TMS-BP and TIPS-BP are similar in
single-molecular state. However, the Enomos of TMS-BP are getting higher with increasing
the neighboring nt-stack columns, while the Enomos of TIPS-BP are not changing. The m-stack
columns in TMS-BP crystal have contacts with n-frameworks in neighboring n-stack columns
to interact HOMO making its Enomo is higher, while the m-stack columns in the TIPS-BP
crystal do not have contacts each other. Since the each n-stack column in the TIPS-BP crystal
is separated by insulating TIPS-groups (Figure 2-5). Thus, the author presumes that this
Enomo difference caused by the difference of packing motifs. Thus, the difference of crystal

structure induces the different Enomos 1n the solid state.
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Figure 2-10. Energy diagram of Eyomos obtained from DFT calculation (CAM-B3LYP/6-31G(d)) for
packing motifs of TMS-BP and TIPS-BP. Red and blue molecules indicate TMS-BP and TIPS-BP

molecules, respectively.
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2-5. Fabrication and Evaluation of OFETs
OFET devices comprising the free-base, the corresponding zinc(Il), and copper(Il)
complexes of TMS-BP and TIPS-BP have been fabricated to investigate the effect of the
substituents and metalation on the charge-carrier transport property. Fabrication and
evaluation of OFET devices of this chapter was conducted by Mr. Naoya Yamada of Prof.
Nakayama’s group in Yamagata University. TIPS-substituted compounds (TIPS-BP,
TIPS-ZnBP and TIPS-CuBP) are soluble in organic solvents, while the solubility of
TMS-substituted compounds (TMS-BP, TMS-ZnBP and TMS-CuBP) are too low to deposit
the active layer by solution processes. Thus, the active layers were deposited by precursor
approach to compare the OFET performance between TMS- and TIPS-BPs in the same
deposition process. The active layers of OFET were prepared by heating thin-films which
were fabricated by spin-coating of the corresponding precursors on 300 nm-thick SiO;
dielectric layers above the n-doped Si substrates. Source—drain electrodes of gold were
deposited on organic active layers by vacuum deposition to fabricate bottom-gate-top-contact

OFETs (Figure 2-11).

Source Drain
| Active layer \
SiO, (300 nm)
TIPg-rBPs

o

Figure 2-11. Device structure of OFET.

Performance and parameters of each OFET device are summarized in Table 2-3. The best
un 0f 0.12 cm® V' s7! was obtained in an OFET based on TMS-BP, which is higher than the
previously reported bottom-gate-bottom-contact OFET of BP by a factor of 2.* The transfer

and output curves of this OFET device are shown in Figure 2-12 and others are shown in
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Table 2-3. Summary of OFET parameters of TMS- and TIPS-BPs.

Compounds w/em?V's™ Ton 1 loft Vin IV
TMS-BP 0.12 2.4 x 10° -13.0
TMS-ZnBP 9.2 x 107 2.8x 10" 27.5
TMS-CuBP 50x 107 9.4 x 10* -12.5
TIPS-BP 4.8x107° 4.3x10* -18.4
TIPS-ZnBP 1.3x107° 6.6 x 10° -1.5
TIPS-CuBP 57 %107 8.9 x 10° -8.2

Figure S2-9 and S2-10. The uy of TMS-ZnBP and TMS-CuBP are much lower than that of
TMS-BP even though their crystal structures are similar. On the other hand, the uy of all
TIPS-BPs (10° to 10° cm® V' s7') are much lower than that of TMS-BP. The uy, of
TIPS-CuBP is higher than those of TIPS-BP and TIPS-ZnBP by two orders.

To understand what kind of factors affect the un of OFET among this system, the X-ray
diffraction (XRD) patterns of the films were measured (Figure 2-13, Table 2-4) by Mr. Naoya
Yamada in Prof. Nakayama’s group in Yamagata University.

The XRD patterns of TMS-BP, TMS-ZnBP, and TMS-CuBP neat films are similar each
other indicating that their crystal stuctures and molecular orientations are similar as observed
in single-crystal structures (Figure 2-4). However, these peaks are not overlaped with the

simulated poweder patterns from their single-crystal structures, indicating that their thin-film

a) 25
( ) 500 - VG:—100V
& 20
< 400
o 197 300-
X
¢ 10 200
[a]
-
: : 0 +=20-V0V:
0 T T I T I I I I I
-100 -80 60 40 -20 0 20 -100 -80 60 40 -20 O
Ve !V Ve !V

Figure 2-12. (a) Transfer and (b) output curves of an OFET of TMS-BP.
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Figure 2-13. Out-of-plane XRD patterns of (a) TMS-BPs and (b) TIPS-BPs neat film prepared by the

same conditions with OFET.

crystal structures are different from bulk single crystal structures (Figure S2-11). In the case
of TIPS-BPs, the intensities of their primary peaks were smaller than those of TMS-BPs
(Figure S2-12) indicating that the crystallinity of TIPS-BPs is lower than that of TMS-BPs. In
contrast to the case of TMS-BPs, XRD patterns of TIPS-BPs are similar with their simulated
powder patterns of bulk single-crystal sturctures (Figure S2-13), indicating the thin-film
crystal stuctures and bulk single-crystal structures of TIPS-BPs are similar or same. The
errors of the degrees between observed primary peaks and simulated 001 planes are 0.17°
(TIPS-BP), 0.06° (TIPS-ZnBP), and 0.08° (TIPS-CuBP), respectively. Such minor differences
between single-crystal and thin-film packings are sometimes observed for ornigac molecular

(:rystals.33’34 Observation of the peaks from 001 planes in out-of-plane XRD measurement

Table 2-4. Summary of XRD parameters of TMS- and TIPS-BPs.

Compounds 20°/° d/A Normalized peak area D /nm
TMS-BP 5.55 15.9 0.604 86.5
TMS-ZnBP 5.70 15.5 1.00 78.5
TMS-CuBP 5.60 15.8 0.388 79.5
TIPS-BP 5.40 16.4 0.029 511
TIPS-ZnBP 5.12 17.3 0.165 47.2
TIPS-CuBP 4.98 17.7 0.380 74.2

“Angles of primary peaks. Active layers were prepared by spin-coating (1000 rpm, 40 s) a chloroform solution of CP (7.0 mg

mL™) followed by thermal annealing at 180 °C for 30 min.
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indicates that 001 planes are excisted in parallel to substrates, namely, TIPS-BPs adopt
end-on mode (Figure S2-14).

To extract deeper insights from XRD patterns, the peak area and size of TMS-BPs and
TIPS-BPs crystallites (D) were extracted. The peak area indicates a relative measure of the
crsytallite volume within the film.*”> D can be estimated from the full-width at half-maximum
(FWHM) of the respective XRD peaks using Scherrer’s equation®® D = (KA)/(S cos6), where
K 1s the shape factor (normally assumed to be 0.89), A is the incidnt X-ray wavelength, £ is
the FWHM in radians of the XRD peak, and @ is the diffaction agnle. The peak area and
FWHM were observed from gaussian fitting of XRD patterns. The plot of the s, peak areas,
and Ds is shown in Figure 2-14. The z4s are correlated with both the peak areas and Ds and,
namely, the crystallite volumes and sizes of compounds. Ds are more correlated with the z4s
than peak areas (Figure 2-14). Noguchi et al. reported the crytallite sizes of pristine BP are

correlated with the 4,8 of OFET.*
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Figure 2-14. Plot of z4S, normalized peak areas, and Ds of XRD peaks.
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2-6. Fabrication and Evaluation of OPVs
To investigate substituents and metalation effect of BP derivatives on the photovoltaic
performance, solution-processed BHJ OPVs have been fabricated and evaluated comprising
TMS-BPs and TIPS-BPs as p-type materials with PC7;BM as an n-type material (Figure 2-15).
Fabrication and evaluation of OPV devices as well as their XRD patterns and AFM images

were measured by Mr. Naoya Yamada of Prof. Nakayama’s group in Yamagata University.

Al
BCP

ctivallayery

PEDOT:PSS
Glass/ITO

TMS-BPs or TIPS-BPs

.

Figure 2-15. Device structure of BHJ OPV and active components.

The current density—voltage (J-V) curves, external quantum efficiency (EQE) spectra, and
absorption spectra of OPV devices of TMS-BP:PC7;BM and TIPS-BP:PC7;BM are shown in
Figure 2-16 and summarized in Table 2-5. When the TMS-BP:PC;;BM film was annealed at
160 °C, a PCE of 0.33% was obtained. By increasing the annealing temperature to 180 °C,
PCE was improved to 1.09% with Jsc = 5.07 mA cmfz, Voc = 0.48 V and fill factor (FF) =
0.40. However, further increase of the annealing temperature to 200 °C resulted in a decreased
PCE of 0.47%. The TIPS-BP:PC7;BM system showed a similar tendency to
TMS-BP:PC7,BM and the highest PCE of 0.97% was obtained by annealing at 180 °C. The
other annealing temperatures (160 and 200 °C) gave lower PCE values (0.57% and 0.19%)).
The TMS-BP:PC7,BM and TIPS-BP:PC7;BM devices are comparable in Jsc and FF values,
while the Voc values of TMS-BP:PC7BM (0.47-0.48 V) system are lower than those of

TIPS-BP:PC7,BM (0.53-0.66 V) reflecting the relationship of their Exomos. The both EQE
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Figure 2-16. (a) J~V curves and (b) EQE spectra of OPVs based on TMS-BP:PC;BM. (¢) J-V curves
and (d) EQE spectra of OPVs based on TIPS-BP:PC;BM.

Table S2-5. Performance of OPVs with different annealing temperatures.

p-type materials Annealing temperature / °C  Jsc / mA cm™ Voc /' V FF PCE / %
TMS-BP 160 2.46 0.48 0.28 0.33
180 5.70 0.48 0.40 1.09
200 3.53 0.47 0.28 0.47
TIPS-BP 160 3.06 0.66 0.29 0.57
180 475 0.60 0.34 0.97
200 1.47 0.53 0.24 0.19

spectra of TMS-BP:PC7;BM and TIPS-BP:PC;;BM OPVs prepared by annealing at 180 °C
are higher than those of OPVs prepared by other annealing temperatures (160 and 200 °C)
(Figure 2-16b,e).

Surface morphology and molecular ordering of active-layers in these devices were
investigated by out-of-plane XRD and tapping-mode AFM. Figure 2-17 shows the AFM

images of TMS-BP:PC7,BM and TIPS-BP:PC;;BM blend films. The AFM images of
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-5 nm

Figure 2-17. Tapping mode AFM images of TMS-BP:PC;,BM blend films annealing at (a) 160, (b)
180, and (c) 200 °C. Tapping mode AFM images of TIPS-BP:PC;BM blend films annealing at (d)
160, (e) 180, and (f) 200 °C.

TMS-BP:PC7;BM blend films indicate that several hundred of nanometers to 1 um-sized

large domains were formed in all blend films deposited by all annealing temperatures.
In particular, domains as large as 1 pm and large valleys were observed for the
TMS-BP:PC7;BM blend film annealed at 200 °C. In contrast, the TIPS-BP:PC7;;BM blend
films annealed at 160 and 180 °C show smooth surfaces. In the case of the blend film
annealed at 200 °C, cracks were notably observed on the surface of the blend film (Figure
2-17f). These cracks were also observed in the neat films of TIPS-BP indicating the thin-film
of TIPS-BP prepared by a precursor approach tends to form cracks (Figure S2-15). Since
these cracks were observed in the blend film which showed the worst PCE among TMS-BP
and TIPS-BP systems, it is indicated that these cracks have a significant bad influence for the
performance of OPV.

Figure 2-18 and Table 2-6 show XRD patterns and their parameters of the
TMS-BP:PC7,BM and TIPS-BP:PC7;BM blend films. Diffracted primary peaks are observed
at around 26 = 5.42-5.55° for both TMS-BP:PC;1BM and TIPS-BP:PC;,BM blend films
annealed at 180 and 200 °C, while the blend films annealed at 160 °C showed no specific

peaks. This observation indicates that TMS-BP and TIPS-BP crystallize over 180 °C, while
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Figure 2-18. XRD patterns of (a) TMS-BP:PC7BM blend films and (b) TIPS-BP:PC7,BM blend films

annealing at different temperature.

)]

Table 2-6. Summary of XRD parameters of TMS- and TIPS-BPs blend films.

p-type materials  Annealing temperature / °C 20%/° d/A D/ nm
TMS-BP 160 - - -
180 5.42 16.3 22
200 5.55 15.9 38
TIPS-BP 160 _ _ —
180 5.31 16.6 16
200 5.30 16.7 49
“Angles of primary peaks.

they don’t crystallize by annealing at 160 °C to afford amorphous films. By increasing
annealing temperature 180 °C to 200 °C, the peak intensities of primary peaks are getting
larger, indicating that higher annealing temperature promotes the crystallization of TMS-BP.*’

In the case of TIPS-BP:PC7;BM films annealed at 180 and 200 °C, diffraction peaks are
observed at 5.44° and 5.55° respectively. These peaks correspond to the diffraction from a
001 plane of TIPS-BP as observed for the TIPS-BP neat film and its simulated powder XRD
pattern (Figure S2-13a). This observation indicates that the dominant molecular orientation of
TIPS-BP in active layer is edge-on which is not suitable for OPV.***? The Ds of TMS-BP and
TIPS-BP were extracted from their primary peaks of blend films in XRD patterns. The

extracted Ds of TMS-BP and TIPS-BP annealed at 200 °C are 38.2 and 48.6 nm, respectively.
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These Ds are larger than those of TMS-BP (22 nm) and TIPS-BP (16 nm) annealing at 180 °C.
Considering the Lp of BP is 15 nm,'® the Ds in the blend films annealed at 200 °C of both
TMS-BP and TIPS-BP are too large for the efficient charge separation. Thus, the PCEs of
OPVs annealing at 200 °C are lower than those of 180 °C.

The OPV using TMS-ZnBP or TIPS-ZnBP as a p-type material with PC7;BM as an n-type
material was also fabricated and evaluated. The results are shown in Figure 2-19 and
summarized in Table 2-7.

The best PCE of 1.51% was attained with the highest Jsc (7.60 mA cm *) and FF (0.42) in a
OPV based on TMS-ZnBP:PC;;BM among the BP compounds in this chapter. The best
annealing temperature for TMS-ZnBP:PC7;BM and TIPS-ZnBP:PC;BM are 200 °C and
180 °C, respectively. Jsc and FF values of both TMS-ZnBP and TIPS-ZnBP were the higher

than those of free-base compounds. The Voc values of TMS-ZnBP and TIPS-ZnBP were
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Figure 2-19. (a) J~V curves and (b) EQE spectra of OPVs based on TMS-ZnBP:PC7BM. (¢) J~V
curves and (d) EQE spectra of OPVs based on TIPS-ZnBP:PC; BM.
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Table 2-7. Performance of OPVs based on TMS-ZnBP:PC;;BM and TIPS-BP:PC,;;BM with different
annealing temperatures.

p-type materials Annealing temperature / °C  Jsc / mA cm™ Voc IV FF PCE / %
TMS-ZnBP 160 6.79 0.45 0.37 1.13
180 7.81 0.46 0.41 1.49
200 7.60 0.47 0.42 1.51
TIPS-ZnBP 160 212 0.68 0.30 0.44
180 5.03 0.61 0.37 1.13
200 4.29 0.64 0.36 0.99

comparable to those of TMS-BP and TIPS-BP, reflecting the Enomos of zinc complexes are
similar to that of free-base compounds. TIPS-ZnBP also showed the PCE of 1.13% with the
improvement of the PCE compared with that of TIPS-BP.

Figure 2-20 shows the AFM images of TMS-ZnBP:PC7;,BM and TIPS-ZnBP:PC;;BM
blend films. The surface of TMS-ZnBP:PC7;BM blend film prepared by annealing at 160 °C
is very smooth. By increasing annealing temperature to 180 °C and 200 °C, relatively finer
grains are observed without forming large aggregation and valleys as observed in a
TMS-BP:PC7,BM system. In the case of TIPS-ZnBP, the surface of the blend film annealed at
160 °C is also smooth, while the blend films annealed at 180 °C shows sharp and clear shaped
grains. By increasing annealing temperature from 180 °C to 200 °C, these grains grow larger
to be a few hundred nanometers.

Molecular ordering in active-layers of these devices was investigated by out-of-plane XRD.
Figure 2-21 and Table 2-8 show XRD patterns and their parameters of the
TMS-ZnBP:PC7,BM and TIPS-ZnBP:PC7BM blend films. Diffracted primary peaks are
observed at around 26 = 5.03-5.56° for both TMS-ZnBP:PC7BM and TIPS-ZnBP:PC;,BM
blend films annealed at 180 and 200 °C, while the blend films annealed at 160 °C showed no
specific peaks at around 26 = 5-6°. However, there are diffracted peaks at round 26=9.1-9.4°
in all blend films which can be assigned as a peak from 110 plane of PC;BM (Figure
S2-16).* These peaks were not observed in free-base and copper complexes of blend films.

This observation indicates that zinc complexes mixing with PC; BM induce the
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Figure 2-20. Tapping mode AFM images of TMS-ZnBP:PC;,BM blend films annealing at (a) 160, (b)
180, and (c) 200 °C. Tapping mode AFM images of TIPS-ZnBP:PC;BM blend films annealing at (d)
160, (e) 180, and (f) 200 °C.
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Figure 2-21. XRD patterns of (a) TMS-ZnBP:PC;BM blend films and (b) TIPS-ZnBP:PC;;BM blend

films annealing at different temperature.

Table 2-8. Summary of XRD parameters of TMS- and TIPS-ZnBPs blend films.

p-type materials  Annealing temperature / °C 20°/° d/A D/ nm
TMS-ZnBP 160 _ _ —
180 5.33 16.6 14
200 5.56 15.9 23
TIPS-ZnBP 160 - — _
180 5.31 16.6 16
200 5.03 17.6 49
“Angles of primary peaks.
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crystallization of PC7;BM. In addition, the peaks correspond to the n—mn stacking (26 = 28.5—
28.6°, d = 3.12-3.13 A) were observed in the blend films of both TMS-ZnBP:PC;BM and
TIPS-ZnBP:PC7,BM blend films prepared by annealing at 180 °C and 200 °C. The Jsc and FF
improvement of zinc complexes from that of free-base compounds is probably due to form the
n—n stacking crystallites of BP compounds and PC7;;BM crystallites in the out-on-plane
direction. The Ds of TMS-ZnBP and TIPS-ZnBP were extracted from primary peaks in XRD
patterns. The Ds of TMS-ZnBP:PC7;BM blend films were getting larger with incresing
annealing temperature, but the D in the blend film anneaeled at 200 °C (23 nm) is smaller
than that of free-base compounds annealed at 200 °C (38 nm). On the other hand, Ds of
TIPS-BP:PC71BM blend films annealed at 180 °C and 200 °C are 16 nm and 49 nm,
respectively. Thus, the D of TIPS-ZnBP crystallite in the blend film annealed at 180 °C is
more favorable than that of 200 °C. Thus, the best annealing temperture for
TIPS-ZnBP:PC7;BM system is 180 °C.

The OPVs comprising TMS-CuBP:PC7;BM and TIPS-CuBP:PC7;;BM blends were also
fabricated. The results are shown in Figure 2-22 and summarized in Table 2-9. The best PCE
values of 0.72 and 0.86% were respectively obtained for TMS-CuBP and TIPS-CuBP devices
annealed at 160 °C. The Jsc values of copper complexes are lower than those of free-base and
zinc complexes. In the J-J curve of copper complexes, leakage currents are observed in the
reverse bias region, indicating the bad film quality. In EQE spectra of TMS-CuBP, the
quantum yields are lower with increasing annealing temperature.

AFM images of copper complexes are shown in Figure 2-23. On contrast to the blend films
of free-base and zinc complexes, a few hundred nanometers to 1 pm-sized of domains are
observed in all the blend film of TMS-CuBP:PC7;BM, indicating that TMS-CuBP tends to
form large aggregation compared to those of free-base and zinc complexes. On the other hand,
the blend films of TIPS-CuBP:PC;1BM are much smoother than those of

TMS-CUBPZPC71BM blend.
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Figure 2-22. (a) J-V curves and (b) EQE spectra of OPVs based on TMS-CuBP:PC;BM. (¢) J-V
curves and (d) EQE spectra of OPVs based on TIPS-CuBP:PC;BM.

Table 2-9. Performance of OPVs based on TMS-CuBP:PC7BM and TIPS-CuBP:PC;BM with

different annealing temperatures.

p-type materials Annealing temperature / °C  Jsc / mA cm™ Voc I'V FF PCE / %
TMS-CuBP 160 4.51 0.43 0.38 0.72
180 1.83 0.43 0.18 0.14
200 1.49 0.42 0.30 0.19
TIPS-CuBP 160 3.85 0.65 0.34 0.86
180 3.22 0.37 0.28 0.33
200 3.64 0.42 0.28 0.42
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Figure 2-23. Tapping mode AFM images of TMS-CuBP:PC;BM blend films annealing at (a) 160, (b)
180, and (c) 200 °C. Tapping mode AFM images of TIPS-CuBP:PC;BM blend films annealing at (d)
160, (e) 180, and (f) 200 °C.

XRD patterns and their parameters of copper complexes are shown in Figure 2-24 and
Table 2-10, respectively. In the XRD patterns of TMS-CuBP blend films annealed at 160 °C,
a primary peak at 260= 5.43°. By increasing the annealing temperature to 180 °C, the intensity
of the primary peak is weaker than that of the blend film annealed at 160 °C despite the larger
grains are observed in an AFM image (Figure 2-23b). By increasing annealing temperature to
200 °C, there are no specific peaks in XRD patterns indicating the films are amorphous. In the
XRD patterns of TIPS-CuBP blend films, only the blend film annealing at 160 °C shows a
primary peak at 26 = 5.55 but the intensity of this peak is weaker than that of TMS-CuBP.
According to these results, the copper complexes tend to have lower crystallinity and form
larger aggregations compared to those of free-base and zinc complexes resulting their Jsc and
PCEs are lower than those of free-base and zinc complexes. It is also noteworthy that the Lp
of a copper tetrabenzoporphyrin is shorter than that of the free-base BP.** This shorter Lp is
also one of the reason for the lowest photovoltaic performance of copper complexes among

this system.
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Figure 2-24. XRD patterns of (a) TMS-CuBP:PC;;BM blend films and (b) TIPS-CuBP:PC;,BM blend

films annealing at different temperature.

Table 2-10. Summary of XRD parameters of TMS-BPs and TIPS-CuBPs blend films.

p-type materials  Annealing temperature / °C 20%/° d/A D/ nm
TMS-CuBP 160 5.43 16.3 28
180 5.33 16.6 14
200 - - -
TIPS-CuBP 160 5.55 15.9 10
180 - - -
200 - - -

“Angles of primary peaks.

Summarizing the results of OPV, zinc complexes show the best OPV performance
compared to those of free-base and copper complexes, because of forming n— n stacking and
PC;:BM crystallites, moderate crystal sizes, and good film morphology. Free-base
compounds have the highest crystallinity to form large grains to afford moderate OPV
performance. Copper complexes tend to form large aggregations and show low crystallinity
showing the lowest OPV performance. It is indicated that the free-base and zinc complexes of

BP derivatives are more suitable for the OPV materials than the copper complexes.

2-7. Summary

In summary, we have succeeded in the preparation of

5,15-bis(alkylsilylethynyl)tetrabenzoporphyrins (TMS-BP and TIPS-BP) and their metal
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complexes by retro Diels—Alder reaction. Single-crystal structures of TMS-BP and their metal
complexes are herringbone packing motifs which are similar with that of pristine BP. On the
other hand, TIPS-BP and their metal complexes form one dimensionally extended columnar
n-stacking motifs. OFET devices of these compounds were fabricated by precursor approach
and the best 1, 0f 0.12 cm® V' 57! was obtained for TMS-BP which is higher than that of BP
by a factor of 2. The effect of substituents and metalation on the BP derivatives has impacts
on the crystallite sizes as well as the 4 of OFET. BHJ OPV devices of these compounds were
also fabricated and the best PCE was obtained for TMS-ZnBP with a PCE of 1.51 % which is
much higher than that of BP:PCsBM-based BHJ OPV. The effect of substituents and
metalation has impacts on the film morphology and crystallinity as well as OPV performances.
Specifically, the compounds with TMS-groups tend to form larger grains while compounds
with TIPS-groups form smooth surfaces. Free-base compounds have higher crystallinity than
those of zinc and copper complexes, and zinc complexes tend to form n—m stacking and
PC7,BM crystallites in the out-of-plane direction. Copper complexes tend to form large
aggregations and show lower crystallinity to afford lowest OPV performance compared to

those of free-base and zinc complexes.
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2-8. Outlook
The OFET device based on TMS-BP achieved the z4, of 0.12 cm® V' s™' by a precursor
approach. However, the 1, over 1 cm® V™' s should be achieved for the practical application

indicating the further improvement of 4 is desired. To improve the 4, direct solution

41-43 4448

processes such as drop casting and dip coating methods could be applied to this
system to control the anisotropy of crystal growth. Since the TIPS-BP has enough solubility
for the deposition of active layer of OFET by solution processes, further improvement of
can be expected. Thus the author further investigated OFET performance of TIPS-BP in the

next chapter.
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Figure 2-25. (a) Photographs of a TIPS-BP:PC4BM blend film before (left) and after (right) dropwise
toluene droplet followed by spin-coating. (b) Solar spectrum and absorption spectra of BP and
TMS-ZnBP films.

The BHJ OPV of TMS-BPs and TIPS-BPs were achieved the PCE of about 1% which are

much higher than the BHJ OPV based on BP:PC¢;BM blend. This improvement caused by the
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introduction of substituents into a BP framework to have better miscibility, film morphology
and moderate crystallinity in the blend film. However, the PCE of p—i—n-type OPV of
BP:PC¢;BM system (2.0%) is still higher than those of TMS-BPs and TIPS-BPs systems.”
This is because of the p—i—n-type OPV have three active layers to generate larger amount of
excitons and have better electronic property compared with that of BHJ] OPV (PCE =
0.02%).'"® Thus, the fabrication of p—i-n-type OPVs comprising TMS-BP:PC;;BM and
TIPS-BP:PC7,BM blend were tried to improve the PCE of OPVs. Unfortunately, TMS-BP
and TIPS-BP blend films were washed away when the deposition of another active layer onto
the TMS-BP and TIPS-BP films, indicating the fabrication of p—i—n-type OPVs based on
these compounds by solution-processes are essentially impossible (Figure 2-25a). Thus, the
further PCE improvement by using TMS-BPs and TIPS-BPs is mostly impossible. Moreover,
the absorption of TMS-BPs and TIPS-BPs are still weak at 500—600 and over 800 nm even
though their absorptions are red-shifted from that of BP. In addition, the Vocs of TMS-BPs
and TIPS-BPs (0.4-0.7 V) are much lower than the state-of-the-art OPV materials which
show the PCEs over 10% reflecting the high lying Enomos of TMS-BPs and TIPS-BPs (Table
2-11). These problems of TMS-BPs and TIPS-BPs should be overcome by developing new

BP derivatives.

Table 2-11. OPV performance of TMS-ZnBP and DRCNST.

p-type materials Etiomo Jsc / mA cm™ Voc /' V FF PCE / %
TMS-ZnBP -4.8 7.6 0.47 0.42 15
DRCN5T" -5.2 15.7 0.92 0.68 10.0
BTID-2F% -5.1 15.7 0.95 0.76 11.3
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2-9. Supporting Figures

Figure S2-1. Crystal structures of top view (left) and side view of (a) TMS-BP, (b) TMS-ZnBP, (c)
TMS-CuBP, and (d) TMS-NiBP. Thermal ellipsoids represent the 50% probability.

Figure S2-2. Crystal structure of BP (CCDC No. 2202816).**
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Figure S2-3. Crystal structures of (a) TMS-BP, (b) TMS-ZnBP, and (¢c) TMS-CuBP with n—= stacking

distances.

Figure S2-4. Crystal structures of BP** with n—r stacking distances.
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Figure S2-5. Crystal structures of top view (left) and side view of (a) TIPS-BP, (b) TIPS-ZnBP, (c)
TIPS-CuBP, and (d) TIPS-NiBP. Thermal ellipsoids represent the 50% probability.

Figure S2-6. The average of interplane spacing of a TIPS-BP crystal structure was calculated as: (d; +
dy)/4 =330 A.
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Figure S2-7. Charge-transfer integrals in BP single-crystal’*: Views from (a) the side and (b) top of

nt-stack columns.
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Figure S2-11. XRD and simulated powder patterns of (a) TMS-BP, (b) TMS-ZnBP, and (c)

TMS-CuBP.
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Figure S2-12. Intensity comparison of the primary XRD peaks of (a) TMS- and (b) TIPS-BP and their

metal complexes.
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TIPS-CuBP.
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Substrate Substrate Substrate

Figure S2-14. Relation between 001 planes and substrates of (a) TIPS-BP, (b) TIPS-ZnBP, and (c)
TIPS-CuBP.

Figure S2-16. 110 plane of a single-crystal structure of PC;,BM*’ (CCDC No. 1420203).
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2-10. Experimental Section

2-10-1. General
Materials for Synthesis

Solvents and chemical reagents were reagent grade quality, obtained from commercial
sources and used without further purification. 3-(Triisopropylsilyl)propiolaldehyde® and
bis(4,7-dihydro-2H-4,7-ethanoisoindol-1-yl)methane (1)*' were prepared as described in

literatures.

Materials for Device Fabrication

CP was prepared as described in literatures.”® Semico Clean 53 was purchased from
Furuuchi Chemical. PC;;BM was purchased from Luminescence Technology Crop. and used
as received. For OPV device fabrication, solvents were purchased from Sigma-Aldrich and

used as received.

Purification and Characterization of Materials

Material purification by flash column chromatography was conducted on silica gel
purchased from Kanto Chemical (Silica Gel 60N, 60 A, 40-50 um). Analytical thin-layer
chromatography (TLC) was conducted on Merck 200-um thickness silica gel plates with a
fluorescent indicator. Visualization was accomplished with UV light at 254 nm and 365 nm.
'H NMR and *C NMR spectra were recorded on a JEOL AL-300 (300 MHz), ECX—400P
(400 MHz), or ECA-600 (600 MHz) spectrometer at 294 K using tetramethylsilane as an
internal standard. High resolution ESI mass spectra were measured on a JEOL
AccuTOF/JIMS-T100LC mass spectrometer. High resolution MALDI mass spectrum was
measured on a JEOL SpiralTOF™/IMS-S3000 mass spectrometer. UV—vis—NIR absorption
spectra in solutions and thin films were measured on a JASCO V-670 and V-650
spectrophotometer, respectively. For spectral measurements, spectral grade solvents were
purchased from Nacalai Tesque Inc. The TGA were carried out on a Seiko Exstar 6000

TG/DTA 6200 instrument under nitrogen gas flow with a heating rate of 10 °C min"".

- 59 -



Chapter 2

DFT Calculation
DFT calculation was carried out using a Gaussian 09 package based on

CAM-B3LYP/6-31G(d) level of theory.

Charge Transfer Integral Calculation

Charge transfer integrals are calculated by fragment orbital method with the GGA:BP/DZP

level of theory using Amsterdam Density Functional (ADF) program.”’

Film Characterization

Ionization energies of the thin films were determined from the onset of photoelectron
spectra measured by a photoelectron spectrometer in air (AC-3, Riken Keiki). Thin films for
photoelectron spectroscopy were deposited as follows: ITO-coated glass substrates (18 x 20
mm, 15 Q per square) were cleaned by sonication in Semico Clean 53, deionized water, and
isopropanol for 10 min each. The washed substrates were further treated in a UV—0O; cleaner
(UV253V8, Filgen) for 20 min. The substrates were then transferred to a N,-filled glove box
(<0.5 ppm O; and H,0O). Active layers were deposited by spin-coating (800 rpm, 30 s) of a
solution containing a precursor (TMS-CP, TMS-ZnCP, TMS-CuCP, TIPS-CP, TIPS-ZnCP, or
TIPS-CuCP) in a chloroform solution (5 mg mL™") followed by heating at 180 °C for 30 min
to convert the corresponding BP compound. Thin-films for absorption spectroscopy were
deposited as follows: glass substrates (18 x 18 mm) were cleaned by sonication in Semico
Clean 53, deionized water, and isopropanol for 10 min each. The washed substrates were
further treated in a UV—-Os3 cleaner (UV253V8, Filgen) for 20 min. The substrates were then
transferred to a N-filled glove box (<0.5 ppm O, and H,0). Active layers were deposited by
spin-coating (800 rpm, 30 s) of a solution containing a precursor (TMS-CP, TMS-ZnCP,
TMS-CuCP, TIPS-CP, TIPS-ZnCP, or TIPS-CuCP) in a chloroform solution (5 mg mL™")

followed by heating at 180 °C for 30 min to convert the corresponding BP compound. AFM
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images awere recorded on a Buruker Dimension Icon. Thin film XRD patterns were recorded

on a Rigaku SmartLab system.

Fabrication and Evaluation of OFET

The heavily doped n-doped Si substrates with 300 nm-thick thermally grown SiO, layer as
the gate dielectric layer Si substrates were cleaned sequentially with H,O, acetone and
2-propanol in an ultrasonic bath, and treated with UV—ozone (UV253V8, Filgen) for 20 min.
Chloroform solutions of precursors (7.0 mg mL™") were spin coated at 1000 rpm for 40 s on Si
substrates in a nitrogen glove box, where H,O and O, concentrations were <0.5 ppm.
TMS-CPs or TIPS-CPs films were annealed at 180 °C for 30 min to convert precusors to
corresponding BP compounds. Au source and drain electrodes (70 nm) were vacuum
deposited through a metal shadow mask. The channel length (L) and width (#) were 50 pm
and 5.5 mm, respectively. Transfer (Isp—V) and output (/sp—Vsp) curves were measured using
an Agilent HP4155C semiconductor parameter analyzer in a glove box at room temperature.
Field-effect uy was estimated from the saturation regime at drain voltage Vsp =—100 V, using
the equation:

Isp= (uWC2LY Vo~ V) (1)
where Igp is the drain-source current, u the field-effect mobility, /¥ the channel width, L the
channel length, C; the capacitance per unit area of the gate dielectric layer, and Vi the

threshold voltage.

Fabrication and Evaluation of OPV

The BHJ OPV devices of donors and PC;;BM were fabricated as follows: ITO-coated glass
substrates (20 x 25 mm, 15 Q per square) were cleaned by gentle rubbing with an
acetone-soaked wipe for ca. 5s, sonication in acetone and isopropanol for 10 min each, and

exposure to boiling isopropanol for 10 min. The washed substrates were further treated in a

UV-0; cleaner (UV253V8, Filgen) for 20 min, and the PEDOT:PSS (Clevios PVP Al4083)
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was spin-coated at 5000 rpm for 40 s in air followed by a thermal annealing treatment at
120 °C for 20 min in air. The thickness of the resulting PEDOT:PSS layer was about 30 nm.
The substrates were then transferred to a Nj-filled glove box (< 0.5 ppm O, and H,0). Active
layers were deposited by spin-coating (2500 rpm for TMS-CPs or 800 rpm for TIPS-CPs) of a
solution containing a precursor (TMS-CPs or TIPS-CPs) and PC7BM (D:A w/w = 1:1 for
TMS-BP, TMS-ZnBP, TIPS-BP, and TIPS-ZnBP; 2:1 for TMS-CuBP; 1:2 for TIPS-CuBP) in
a chloroform solution for TMS-CPs (20 mg mL™") or a mixture of CHCl:chlorobenzene (1:1
v/v) solution for TIPS-CPs (10 mg mL™") followed by heating at 160, 180 or 200 °C for 30
min to convert the corresponding benzoporphyrin in situ. Finally, BCP (7 nm) and Al (100
nm) were vapor deposited at high vacuum (~10~ Pa) through a shadow mask that defined an
active area of 4.0 mm’. The device was then tested in air after the encapsulation in the glove
box. J-V curves were measured using a Keithley 2400 source measure unit under AM 1.5G
illumination at an intensity of 100 mW cm™” using a solar simulator (CEP-2000TF,
Bunko-keiki). The EQE spectra were obtained under illumination of monochromatic light

using the same system.

Single-Crystal X-ray Crystallography
Single-crystal X-ray diffraction data were collected at 103 K on a Rigaku VariMax RAPID

using Mo-Ka: radiation. The structures were solved by direct methods and refined on F* by
full-matrix least-squares using the CrystalClear and SHELXS-2000 program. CCDC No.
930877 (TIPS-CP), 930879 (TIPS-ZnCP), 1031711 (TMS-BP), 1039260 (TMS-ZnBP),
1031710 (TMS-CuBP), 1031712 (TMS-NiBP), 930876 (TIPS-BP, 1D =-stack), 1441675
(TIPS-BP, 2D n-stack), 930878 (TIPS-ZnBP, with i-PrOH), 1040808 (TIPS-ZnBP), 1031708
(TIPS-CuBP), and 1031709 (TIPS-NiBP) contain the crystallographic data for this chapter.
This data can be obtained free of charge from The Cambridge Crystallographic Data Centre

(CCDC) via https://summary.ccdc.cam.ac.uk/structure-summary-form.
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2-10-2. Synthesis

30% H,0, aq., PhPO,H, © y
Cl. Cl PhSH,KOH Pphs sph [(n-Bu)HSO,), NaW0,2H,0  pho,s  s0,ph
_ o e AR PS ) —/ SO,Ph
EtOH (CH,CI), toluene
reflux, 25 h 3 70°C. 19 h 4 reflux, 16 h SO,Ph
81% 97% 5
% 2 A\ J Q
5 t-BuOK, CNCH,CO,Et ~, Mmethylal, conc. H,SO,4 B = NaOH = /
THF \_NH  ACOH, CH,Cl, \NH HN-4 (CH,0H), \_NH HN_Z
rt, 16 h Et0,C rt,1h EtO,C COzEt 150°C,2h
90% 97% 89%
6 7 1
Scheme S2-1. Synthesis of 1.*!
(Z)-1,2-Bis(phenylthio)ethene (3)
cl. cl PhSH, KOH PhS  SPh
N EtOH N
2 reflux, 25 h 3

KOH (92.7 g, 1.65 mol) was dissolved in ethanol (1000 mL) by stirring at room
temperature. Thiophenol (82.2 mL, 0.799 mol) and cis-1,2-dichloroethylene (2) (30.2 mL,
0.399 mol) were then added to the solution. After the reaction mixture was refluxed with
stirring for 25 h, the mixture was cooled to room temperature. After the obtained KCl salt was
removed by filtration, ethanol was removed under reduced pressure. After the residue was
quenched by adding water, the mixture was extracted with CHCI; for three times and the
organic layer was washed with water and brine. The mixture was then dried over Na,SO4 and
the solvent was removed under reduced pressure to give a target compound 3 as orange oil.
This product was directly used for the next reaction as this reaction was quantitatively
proceeded. "H NMR (400 MHz, CDCls, 8): 7.21-7.44 (m, 10H), 6.52 (s, 2H).

(Experimental note-4, page 46—47, reaction No. 4-23)

(Z)-1,2-Bis(phenylsulfonyl)ethene (4)
30% H202 aq., PhPO3H2

PhS  SPh [(n-Bu)4HSO,], Na;WO,2H,0  PhO,S  SO,Ph
\—/ \—/
(CH,CI),
3 70°C,19h 4

(81% in two steps)

A solution of compound 3 (399 mmol) in (CH,Cl), (200 mL) was added dropwise into a
solution of PhPOs;H, (1.90 g, 12.0 mmol), [(n-Bu)sNJHSO4 (2.53 g, 12.0 mmol), and
Na,WO4-2H,0 (3.96 g, 12.0 mmol) in a 30% hydrogen peroxide water (300 mL) at 0 °C.
After finishing dropping, the reaction mixture was vigorously stirred (>1000 rpm) at 70 °C for
19 h. After cooling the mixture to room temperature, the mixture was extracted with CHCl;.
The organic layer was washed with saturated NaHCO3 aqueous solution, water, and brine.
The washed organic layer was dried over Na;SO4 and the solvent was removed under reduced

pressure. The obtained white solid was washed with MeOH to give a target compound 4 as a
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white solid in 81% yield (99.7 g, 323 mmol). '"H NMR (400 MHz, CDCl;, §): 8.08-8.06 (m,
4H), 7.73-7.69 (m, 2H), 7.62—7.58 (m, 4H), 6.82 (s, 2H).
(Experimental note-4, page 50-51, reaction No. 4-25)

5,6-Bis(phenylsulfonyl)bicyclo[2.2.2]oct-2-ene (5)

¢ /
PhO,S o SO,Ph SO,Ph
toluene
4 reflux, 15 h SO,Ph
97% 5

The reaction mixture of compound 4 (57.4 g, 186 mmol) and 1,3-cyclohexadiene (19.5 mL,
205 mmol) in toluene (230 mL) was refluxed with stirring for 15 h. After cooling the mixture
to room temperature, the solvent was removed under reduced pressure. The obtained white
solid was washed with Et;O to give a target compound 5 as a white solid in 97% yield (70.3 g,
181 mmol). '"H NMR (300 MHz, CDCls, 8): 7.95-7.52 (m, 10H), 6.37-6.22 (m, 2H), 3.95—
3.92 (m, 1H), 3.77-3.74 (m, 1H), 3.18-3.15 (m, 1H), 3.07-3.05 (m, 1 H), 2.40-2.31 (m, 1H),
1.73-1.63 (m, 1H), 1.45-1.35 (m, 1H), 1.17-1.06 (m, 1H).

(Experimental note-6, page 134—135, reaction No. 6-64)

Ethyl 4,7-dihydro-4,7-ethano-2 H-isoindole-1-carboxylate (6)

’ £BUOK, CNCH,CO,Et

SO,Ph
2 THF o
SO,Ph rt, 16 h NH
90% EtO,C
5 6

To a stirred solution of compound 5§ (53.6 g, 138 mmol) and ethyl isocyanoacetate (19.6
mL, 180 mmol) in dehydrated THF (586 mL) was added dropwise a solution of potassium
tert-butoxide (46.4 g, 414 mmol) in dehydrated THF (414 mL) at 0 °C under Ar atmosphere.
The resulting mixture was stirred for 16 h at room temperature. After neutralizing the reaction
mixture with 1 M HCI aqueous solution, THF was removed under reduced pressure. The
residue was added water and extracted with CHCl;. The organic layer was washed with
saturated NaHCO3 aqueous solution and dried over Na,SO4. The solvent was removed under
reduced pressure. The residue was purified by column chromatography on silica gel (CH,Cl,)
followed by recrystallization (CHCls/hexane) to give a target compound 6 as a white solid in
90% yield (27.0 g. 124 mmol). 'H NMR (300 MHz, CDCl, 8): 8.37 (brs, 1H), 6.57 (m, 1H),
6.52-6.49 (m, 2H), 4.39-4.35 (m, 1H), 4.31 (q, J = 7.1 Hz, 2H), 3.89-3.86 (m, 1H), 1.61—
1.42 (m, 4H), 1.37 (t, J= 7.1 Hz, 3H).

(Experimental note-1, page 9697, reaction No. 1-53)
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Diethyl 5,5’-methylenebis(4,7-dihydro-2H-4,7-ethanoisoindole-1-carboxylate) (7)*'

Z 2 N
x methylal, conc. H,SO, \\ //
)-NH ACOH, CH,ClI NHHN
CcOH,
EtO,C rt, 1 h2 ’ EtO0;C CO:Et
. 7
6 97%

To a stirred solution of compound 6 (10.9 g, 50.2 mmol) and methylal (2.70 mL, 30.6
mmol) in a mixture solution of CH,Cl, (50 mL) and acetic acid (100 mL) was added dropwise
a concentrated H,SO4 (0.55 mL) at room temperature. The resulting mixture was stirred for 1
h at room temperature. The reaction mixture was poured into water and extracted with CH,Cl,.
The organic layer was neutralized with saturated NaHCO3; aqueous solution and washed with
water and brine, then dried over Na;SO4. The solvent was removed under reduced pressure.
After the residue was washed with hexane by ultrasonication, the white precipitation was
obtained and collected by filtration (hexane) to give a target compound 7 as a white solid in
97% yield (10.8 g. 24.2 mmol). '"H NMR (300 MHz, CDCls, 8): 8.67-8.62 (m, 2H), 6.51-6.43
(m, 4H), 4.34-4.24 (m, 6H), 3.99-3.84 (m, 2H), 3.69-3.61 (m, 2H), 1.58-1.31 (m, 14H).
(Experimental note-2, page 100—101, reaction No. 2-43)

Bis(4,7-dihydro-2H-4,7-ethanoisoindol-1-yl)methane (1)*'

74 N 74 A\
X U NaOH X U
\NH HN-{ (CH,OH), \_NH HN-/

EtO,C CO,Et 150 °C, 2 h
7 89% 1

A solution of 7 (24.4 g, 54.6 mmol), NaOH (11.7 g, 293 mmol) in (CH,OH), (250 mL) was
heated at 150 °C for 2 h under Ar atmosphere. The reaction mixture was cooled to room
temperature by using ice bath, added water, and extracted with EtOAc. The organic layer was
washed with water and brine, dried over Na,SO,, and concentrated under reduced pressure.
The residue was purified by column chromatography on silica gel (CH,Cl,) to give a target
compound 1 as a brown solid in 89% yield (6.58 g, 21.8 mmol). '"H NMR (300 MHz, CDCls,
0): 7.15 (brs, 2H), 6.52—-6.4w (m, 4H), 6.31-6.29 (m, 2H), 3.90-3.89 (m, 2H), 3.80-3.79 (m,
2H), 3.61-3.55 (m, 2H), 1.60—1.44 (m, 8H).

(Experimental note-6, page 142—143, reaction No. 6-68)
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5,15-Bis(trimethylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrin (TMS-CP)*!

\

[e) 2 ‘ ‘ N

; \ Py LI NAAS
X Z T™S BF;-OEt, DDQ
\ NH HN / MeOH rt,1h
‘an’

0°C,3h

1

TMS-CP (57%)

A solution of compound 1 (455 mg, 1.50 mmol) in methanol (150 mL) was deoxygenated
by bubbling of argon gas for 20 min. 3-(Trimethylsilyl)propiolaldehyde (0.22 ml, 149 mmol)
was added to a solution of compound 7 and then the reaction system was covered with
aluminum foil. Boron trifluoride etherate (BF;.OEt;) (26.0 ul, 0.207 mmol) was added
dropwise to the solution and the resulting mixture was stirred for 3 h at 0 °C. DDQ (681 mg,
3.00 mmol) was added to the solution and stirred for 1 h at room temperature. Then, the
solvent was removed under reduced pressure. The residue was purified by alumina column
chromatography (CH,Cl,) to give TMS-CP as a purple solid in 57% yield (347 mg, 0.426
mmol). "H NMR (400 MHz, CDCls, 8): 10.22-10.21 (m, 2H), 7.11-7.07 (m, 8H), 6.53 (m,
4H), 5.69 (m, 4H), 2.21-1.86 (m, 16H), 0.70-0.68 (m, 18H), —3.08 (s, 2H).

(Experimental note-3, page 106—-107, reaction No. 3-52)

5,15-Bis(triisopropylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrin (TIPS-CP)

Rets

2 A\
P A AP
A TIPS BF;-OEt, DDQ
\NH HN MeOH rt,1h
0°C,3h

1

‘N’
) 5<

TIPS-CP (57%)

A solution of compound 1 (889 mg, 2.94 mmol) in methanol (300 mL) was deoxygenated
by bubbling of argon gas for 20 min. 3-(Triisopropylsilyl)propiolaldehyde (0.80 ml, 3.27
mmol) was added to a solution of compound 7 and then the reaction system was covered with
aluminum foil. Boron trifluoride etherate (BF;.OEt;) (0.10 ml, 0.796 mmol) was added
dropwise to the solution and the resulting mixture was stirred for 3 h at 0 °C. DDQ (1.33 g,
5.86 mmol) was added to the solution and stirred for 1 h at room temperature. Then, the
solvent was removed under reduced pressure. The residue was purified by alumina column
chromatography (CH,Cl,) followed by recrystallization (CHCl;/MeOH) to give TIPS-CP as a
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purple solid in 57% yield (347 mg, 0.426 mmol). '"H NMR (400 MHz, CDCls, 8): 10.24 (m,
2H), 7.06 (m, 8H), 6.63 (m, 4H), 5.71 (m, 4H), 2.27-1.81 (m, 16H), 1.66 (m, 6H), 1.57—-1.46
(m, 36H). °C NMR (75 MHz, CDCl, 8): 151.39, 148.00, 142.06, 137.23, 136.20, 136.02,
109.00, 100.67, 98.75, 97.45, 38.39, 36.25, 27.36, 19.05, 12.13. HRMS (ESI): m/z [M + H]"
calcd for CesH79N4Sip, 983.5843; found, 983.5445. UV—vis (CH,CL) Amax, nm (& ><104): 661
(1.58), 603 (0.759), 576 (4.27), 535 (1.09), 506 (0.564), 423 (21.5).

(Experimental note-1, page 49—51, reaction No. 1-25)

[5,15-Bis(trimethylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrinato] zinc(II)
(TMS-ZnCP)*!

—Si— —Si—
A I N A AN
Zn(OAc),-2H,0
CHCl3, MeOH
i, 7h
S
I I
TMS-CP TMS-ZnCP

A solution of Zn(OAc),-2H,0 (305 mg, 1.39 mmol) in methanol (3.0 mL) was added to a
solution of TMS-CP (227 mg, 0.278 mmol) in CHCI; (30 mL). After stirring for 7 h at room
temperature, the reaction mixture was poured into water and extracted with CHCl;. The
organic layer was washed with saturated NaHCO; aqueous solution, dried over Na,SO4, and
the solvent was removed under reduced pressure. The residue was purified by column
chromatography (CH,Cl,) on silica gel followed by reprecipitation (CH,Cl,/hexane) to give a
target compound TMS-ZnCP as purple crystals in 82% yield (200 mg, 0.228 mmol). 'H
NMR (400 MHz, CDCls, 9): 10.24 (m, 2H), 7.11-7.08 (m, 8H), 6.63 (m, 4H), 5.69 (m, 4H),
2.23-1.92 (m, 16H), 0.71-0.68 (m, 18H).

(Experimental note-5, page 4951, reaction No. 5-66)
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[5,15-Bis(trimethylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrinato|copper(1l)
(TMS-CuCP)

—Si— —Si—
AN AN
CU(OAC)z'Hzo
CHCl, MeOH
r, 2 h
T WY
Il Il
TMS-CP TMS-CuCP

A saturated solution of Cu(OAc);'H,O (344 mg, 1.72 mmol) in methanol (30 mL) was
added to a solution of TMS-CP (250 mg, 0.307 mmol) in CHCl; (50 mL). After stirring for 4
h at room temperature, the reaction mixture was poured into water and extracted with CHCls.
The organic layer was washed with water and brine, then dried over Na,SQO,, and the solvent
was removed under reduced pressure. The residue was purified by recrystallization
(CHCI13/MeOH) to give TMS-CuCP as purple crystals in 82% yield (221 mg, 0.252 mmol).
HRMS (ESI): m/z [M + H]+ calcd for Cs4H353CuN4S1p, 876.3105; found, 876.3119. Elemental
analysis: calcd for CssHs;CuN4Si,: C, 73.98; H, 5.98; N, 6.39. found: C, 73.92; H, 5.97; N,
6.41. UV-vis (CH,Cl) Amax, nm (& % 10%): 431 (39.9), 563 (1.47), 591 (2.23), 605 (2.31).
(Experimental note-4, page 28-29, reaction No. 4-14)

[5,15-Bis(trimethylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrinato]nickel(IT)
(TMS-NiCP)

—Si— —Si—

A Al N A Il N
Ni(OAc),-4H,0
CHCI3, MeOH

reflux, 3 h
ST YT
I I
TMS-CP TMS-NiCP

A solution of Ni(OAc),-4H,0 (153 mg, 0.615 mmol) in methanol (10 mL) was added to a
solution of TMS-CP (50 mg, 0.0613 mmol) in CHCl; (25 mL) at room temperature. The
mixture was refluxed for 7 h. After being cooled to room temperature, the reaction mixture
was poured into water and extracted with CHCl;. The organic layer was washed with
saturated NaHCO3 aqueous solution and water, then dried over Na,SOj, and the solvent was
removed under reduced pressure. The residue was purified by recrystallization
(CHCI13/MeOH) to give TMS-NIiCP as purple crystals in 80% yield (42.9 mg, 0.0492 mmol).
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'H NMR (400 MHz, CDCls, 8): 9.55 (m, 2H), 6.97 (m, 8H), 6.35 (m, 4H), 5.39 (m, 4H),
2.04-1.83 (m, 16H), 0.57 (m, 18 H). HRMS (ESI): m/z [M + H]" calcd for Cs4Hs3N4NiSis,
871.3162; found, 871.3168. UV—vis (CH,Cl,) Amay, nm (& % 10%): 430 (29.6), 603 (1.95).
(Experimental note-5, page 66—67, reaction No. 5-33)

[5,15-Bis(triisopropylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrinato] zinc(II)
(TIPS-ZnCP)

>4 4
A Al N A Il N
A A A

Zn(OAc), 2H,0
CHCl3, MeOH
rt,2h

g H ’ 94% g H ’
5 5=

A solution of Zn(OAc),-2H,0 (226 mg, 1.03 mmol) in methanol (5.0 mL) was added to a
solution of TIPS-CP (202 mg, 0.205 mmol) in CHCI; (25 mL). After stirring for 2 h at room
temperature, the reaction mixture was poured into water and extracted with CHCl;. The
organic layer was washed with saturated NaHCO; aqueous solution and water, dried over
Na,SOq4, and the solvent was removed under a reduced pressure. The residue was purified by
recrystallization (CHCI3/MeOH) to give a target compound TIPS-ZnCP as purple crystals in
82% (202 mg, 0.193 mmol). '"H NMR (400 MHz, CDCL, 8): 10.25 (s, 2H), 7.12-7.09 (m,
8H), 6.79-6.78 (m, 4H), 5.71-5.70 (m, 4H), 2.22-1.90 (m, 16H), 1.74-1.63 (m, 6H), 1.53—
1.48 (m, 36H). °C NMR (100 MHz, CDCls;, 8): 151.93, 151.89, 149.95, 149.90, 144.79,
144.77, 140.74, 140.72, 140.70, 137.66, 137.63, 137.61, 137.58, 136.26, 136.20, 110.12,
100.51, 100.48, 99.57, 99.55, 99.52, 98.62, 98.58, 39.21, 39.19, 36.18, 27.35, 27.29, 18.99,
18.97, 12.15. HRMS (ESI): m/z [M + H]+ caled for C¢eH77N4S1,Zn, 1045.4978; found,

1045.4977. UV-vis (CHyCl) Ama, nm (& x 10%): 433 (4.64), 563 (1.47), 569 (1.45), 599
(3.28), 609 (2.59).

(Experimental note-2, page 5455, reaction No. 2-26)
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[5,15-Bis(triisopropylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrinato]copper(I
I (TIPS-CuCP)

< o

7 N 2

A A Ao A O
Cu(OAc),-H,0
CHCls, MeOH
rt, 2 h

g ’ 91% g ’

I f
yod yod
TIPS-CP TIPS-CuCP

A solution of Cu(OAc), H,O (407 mg, 2.04 mmol) in methanol (15 mL) was added to a
solution of TIPS-CP (101 mg, 0.103 mmol) in CHCl; (50 mL). After stirring for 2 h at room
temperature, the reaction mixture was washed with saturated NaHCO3 aqueous solution, and
water. The mixture was then dried over Na,SQOy, and the solvent was removed under reduced
pressure. The residue was purified by recrystallization (CHCl3/MeOH) to give TIPS-CuCP
as purple crystals in 91% yield (97.7 mg, 0.0935 mmol). HRMS (ESI): m/z [M + H]" calcd for
CesH77CuN4Siy, 1044.4983; found, 1044.4984. UV—vis (CH,Cl) Amax, nm (& x 10%): 431
(41.1), 562 (1.74), 592 (2.64), 604 (2.47).

(Experimental note-2, page 40—41, reaction No. 2-20)

[5,15-Bis(triisopropylsilylethynyl)tetrakis(bicycle[2,2,2]octadieno)porphyrinato]nickel(11
) (TIPS-NiCP)

H< <

7 A\ 7% A
Ni(OAc),-4H,0
CHCl;, MeOH
reflux, 3 h

STy = NV

f Il
5= 5=
TIPS-CP TIPS-NiCP

A solution of Ni(OAc),-4H,0 (507 mg, 2.04 mmol) in methanol (15 mL) was added to a
solution of TIPS-CP (101 mg, 0.103 mmol) in CHCl; (50 mL) at room temperature. The
mixture was refluxed for 3 h. After being cooled to room temperature, the reaction mixture
was washed with saturated NaHCO3 aqueous solution, and water. The mixture was then dried
over Na,SOys, and the solvent was removed under reduced pressure. The residue was purified
by recrystallization (CHCl3/MeOH) to give TIPS-NiCP as purple crystals in 93% yield (98.6
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mg, 0.0948 mmol). '"H NMR (400 MHz, CDCls, 8): 9.51 (s, 2H), 6.96-6.93 (m, 8H), 6.42—
6.40 (m, 4H), 5.38-5.37 (m, 4H), 2.07-1.78 (m, 16H), 1.52-1.43 (m, 6H), 1.36—1.33 (m,
36H). °C NMR (100 MHz, CDCls;, 8): 151.91, 151.87, 151.83, 151.80, 151.77, 150.55,
150.52, 150.50, 137.19, 137.15, 136.40, 136.38, 136.36, 135.90, 135.86, 135.82, 135.78,
133.06, 133.03, 107.28, 104.73, 104.66, 98.14, 95.30, 95.26, 38.66, 38.63, 35.90, 35.88, 27.23,
27.20, 27.15, 18.86, 11.78. HRMS (ESI): m/z [M + H]" caled for CesH77N4NiSiy, 1039.5040;
found, 1039.5042. UV—vis (CH2Cl,) Amax, nm (& x 10%): 432 (23.8), 594 (1.65), 601 (1.62).
(Experimental note-2, page 40—41, reaction No. 2-19)

5,15-Bis(trimethylsilylethynyl)tetrabenzoporphyrin (TMS-BP)*
\ \

—Si— —Si—
A AN I I i
200 °C
in vacuo
OO
g It ’ It
TMS-CP TMS-BP

TMS-CP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give a
target compound TMS-BP quantitatively as a deep blue solid. "H and *C NMR spectra were
not available due to poor solubility.

(Experimental note-4, page 5657, reaction No. 4-28)

[5,15-Bis(trimethylsilylethynyl)tetrabenzoporphyrinato]zinc(II) (TMS-ZnBP)20

—Si— —Si—
A N | It O
200 °C
in vacuo
e ans
g It ’ I
TMS-ZnCP TMS-ZnBP

TMS-ZnCP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give a
target compound TMS-ZnBP quantitatively as a deep blue solid. 'H and *C NMR spectra
were not available due to poor solubility.
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[5,15-Bis(trimethylsilylethynyl)tetrabenzoporphyrinato]copper(Il) (TMS-CuBP)

—Si— —Si—
7 I I i
200 °C
in vacuo
OO
g> It <’ I
7S‘|7 7S‘|7
TMS-CuCP TMS-CuBP

TMS-CuCP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give
TMS-CuBP quantitatively as a deep blue solid. HRMS (MALDI): m/z [M]" caled for
C4sH36CuN4Siy, 763.1789; found, 763.1769. UV—vis (DMF) Amax, nm (& x 10%): 462 (38.6),
641 (3.27), 678 (7.81).

(Experimental note-4, page 58—59, reaction No. 4-29)

[5,15-Bis(trimethylsilylethynyl)tetrabenzoporphyrinato]nickel(Il) (TMS-NiBP)

—Si— —Si—
I I I i'
200 °C
in vacuo
OO
g’ It <g I
TMS-NiCP TMS-NiBP

TMS-NiCP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give
TMS-NiBP quantitatively as a deep blue solid. 'H and *C NMR spectra were not available
due to poor solubility. HRMS (MALDI): m/z [M]+ caled for C46H36N4Si,Ni, 758.1837; found,
758.1827. UV—vis (DMF) Amax, nm (& x 10%): 462 (30.0), 642 (2.53), 677 (4.94).
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5,15-Bis(triisopropylsilylethynyl)tetrabenzoporphyrin (TIPS-BP)
s 4
” QLD

200 °C
n \;akc‘:uo
g If ’ O If Q
5= 5=
TIPS-CP TIPS-BP

TIPS-CP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give a
target compound quantitatively TIPS-BP as a black solid. "H NMR (400 MHz, CDCl;, 8):
10.19 (d, J = 7.8 Hz, 4H), 10.00 (s, 2H), 9.17 (d, J = 7.8 Hz, 4H), 8.02 (t, J = 7.8 Hz, 4H),
7.90 (d, J = 7.8 Hz, 4H), 1.83-1.74 (m, 6H), 1.65-1.63 (m, 36H), —3.19 (s, 2H). *C NMR
(100 MHz, CDCls, 9): 142.30, 137.79, 136.17, 134.82, 126.91, 126.80, 125.50, 120.25,
108.55, 104.06, 94.51, 92.80, 19.30, 12.06. HRMS (ESI): m/z [M + H]" calcd for CssHg3N4Sin,
871.4591; found, 871.4592. UV-vis (CH>CL) Amax, nm (& x10%): 711 (5.79), 626 (4.93), 583
(1.20), 462 (56.2), 452 (28.8), 437 (8.05), 424 (5.72).

(Experimental note-2, page 5657, reaction No. 2-35)

[5,15-Bis(triisopropylsilylethynyl)tetrabenzoporphyrinato]zinc(Il) (TIPS-ZnBP)
b b
)-8 )9
A XA AL

200 °C
in vacuo
1h

O

l
5 5]
TIPS-ZnCP TIPS-ZnBP

TIPS-ZnCP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give a
target compound quantitatively TIPS-ZnBP as a black solid. 'H NMR (400 MHz, pyridine-ds,
d): 11.34 (s, 2H), 11.11-11.07 (m, 4H), 9.86-9.84 (m, 4H), 8.30-8.25 (m, 8H), 1.78-1.67 (m,
6H), 1.53-1.51 (m, 36H). >C NMR (100 MHz, pyridine-ds, 8): 146.54, 143.39, 140.49,
138.79, 127.68, 127.39, 127.14, 121.62, 111.75, 105.36, 96.60, 19.30, 12.16. HRMS (ESI):
m/z [M + Na]" calcd for CssHgoN4NaSi,Zn, 955.3546; found, 955.3544. UV—vis (THF) Amax,
nm (& x 10%): 468 (61.7), 632 (1.96), 647 (1.87), 681 (9.96).

(Experimental note-2, page 56—57, reaction No. 2-41)

-73 -



Chapter 2

[5,15-Bis(triis0propylsilylethynyl)tetrabenzoporphyrinato]copper(II) (TIPS-CuBP)

b
SI‘<
A \
200 °C
/n vacuo
g> It <g H
Si{
N
TIPS-CuCP TIPS-CuBP

TIPS-CuCP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give
TIPS-CuBP quantitatively. HRMS (ESI): m/z [M + Na]+ caled for CsgHgoCuN4NaSi,,
954.3550; found, 954.3551. UV—vis (CH,CL) Amax, nm (& % 10%): 682 (5.75), 642 (2.64), 463
(32.0), 314 (1.75).

(Experimental note-2, page 5657, reaction No. 2-41)

[5,1S-Bis(triisopropylsilylethynyl)tetrabenzoporphyrinato]nickel(II) (TIPS-NiBP)

A | \
200 °C
/n vacuo

g> I <’ H

TIPS-NiCP TIPS-NiBP

TIPS-NiCP was heated at 200 °C for 1 h in a sample tube under reduced pressure to give
TIPS-NiBP quantitatively as a dark green solid. 'H NMR (400 MHz, CDCL;, 8): 9.97 (d, J =
7.6 Hz, 4H), 8.92 (s, 2H), 8.70 (d, /= 7.6 Hz, 4H), 7.91 (t, J=7.6 Hz, 4H), 7.81 (t, /= 7.6 Hz,
4H), 1.53-1.44 (m, 6H), 1.36-1.35 (m, 36H). "H NMR (100 MHz, CDCl, 8): 138.25, 137.34,
136.58, 133.58, 126.19, 125.95, 124.66, 119.69, 108.51, 106.41, 94.18, 92.37, 18.96, 11.71.
HRMS (ESI): m/z [M + H]" calcd for CsgHgN4NiSip, 927.3788; found, 927.3787. UV—vis
(CH2CLy): Amax, nm (& x 10%): 689 (4.51), 645 (2.48), 465 (22.6), 314 (2.08).

(Experimental note-2, page 90, reaction No. 2-37)
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Figure S2-17. Absorption spectra of TMS-CPs in CH,Cl,.
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Figure S2-18. Absorption spectra of TIPS-CPs in CH,Cl,.
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2-10-4. NMR Spectra
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Figure $2-20. "H NMR spectrum of 7 in CDCl;.
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Figure $2-22. "H NMR spectrum of TMS-CP in CDCl.
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Figure S2-23. "H NMR spectrum of TIPS-CP in CDCls.
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Figure $2-24. "C NMR spectrum of TIPS-CP in CDCl;.

-78 -



Chapter 2

T™S

TMS-ZnCP

H,0

hexane

— —_—
CH,Cl,
l\j A—
—

-TMS

CHCl,

TMS-NiCP

H,0
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Figure S2-30. "C NMR spectrum of TIPS-NiCP in CDCl.
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Figure $2-32. °C NMR spectrum of TIPS-BP in CDCl.
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Chapter 3

Engineering Thin Films of a Tetrabenzoporphyrin toward Efficient

Charge-Carrier Transport: Selective Formation of a Brickwork Motif

Columnar motif ) “ i Brickwork motif
/ -_' - - e £ G: .-, {*a, g, g
“‘5.-"\?0 B LI Drop cast Dip coat o i -
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TIPS BP

This chapter concentrates on engineering the solid-state packing of a TIPS-BP toward
achieving efficient charge-carrier transport in its solution-processed thin films. The effort
leads to the selective formation of a brickwork packing that has two-dimensionally extended
n-staking. The maximum field-effect hole mobility in the resulting films reaches 1.1 cm® V!
s, which is approximately 14 times higher than the record value for pristine free-base BP
(0.070 cm® V™' 7). This achievement is enabled mainly through the optimization of three
factors; namely, deposition process, cast solvent, and self-assembled monolayer that
constitutes the dielectric surface. These results will provide a useful basis for the polymorph
engineering and morphology optimization in solution-processed organic molecular

semiconductors.
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3-1. Introduction
The 4 in organic semiconducting thin films is largely influenced by molecular packing' ™
and film morphology.”” Accordingly, much effort has been devoted toward efficient
preparation of semiconducting thin films having optimal molecular arrangement and minimal
domain boundary. Several successful examples have already been reported in which excellent
field-effect charge-carrier mobilities were observed in organic molecular thin films deposited
via fine-tuned solution processes. For instance, Bao and co-workers achieved the highest and
average hole mobilities of 43 and 25 com® V' s, respectively, in
2,7-dioctyl[ 1 ]benzothieno[3,2-b][ 1]benzothiophene (C8-BTBT) deposited by off-center spin
coating.'” The same group also obtained hole mobilities of up to 11 cm® V' s in
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-PEN) deposited by solution shearing with a
micropillar-patterned blade (Figure 3-1)."' These deposition methods were carefully

optimized to obtain homogeneous, large-area thin films of specific polymorphs that are

suitable for efficient charge-carrier transport across the device area.

H<
Il
CgH47 S
20009
S CgHyq7

] Il
Cc8-BTBT }jl\ {

TIPS-PEN

Figure 3-1. Chemical structure of C8-BTBT and TIPS-PEN.

In the previous chapter, the OFET device based on TMS-BP achieved the s, 0f0.12 cm’ V-

"'s™! by precursor approach. However, the 1, over 1 cm® V' s should be achieved for the

practical application indicating the further improvement of 4, is desired. To improve the i,

40-42 43-47

direct solution processes such as drop casting and dip coating method would be

applied to this system in order to control the anisotropy of crystal growth. Unfortunately, the
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solubility of TMS-BP is too poor to deposit the active layer of OFET by solution-processes,
indicating the further improvement of 4, TMS-BP-based OFET is almost impossible. On the
other hand, since TIPS-BP has enough solubility for the deposition of active layer of OFET

by solution processes, further improvement of s can be expected.

TIPS-BP
Figure 3-2. Chemical structure of TIPS-BP.

This chapter shows that TIPS-BP (Figure 3-2) can be crystallized in a brickwork
arrangement in solution-processed thin films. The maximum field-effect hole mobility in
resulting films reaches 1.1 cm® V™' s', which is higher by orders of magnitude as compared
to the mobilities obtained in the previous chapter (4.4 x 10> cm® V™' s7)."” This achievement
is enabled by careful optimization of deposition conditions and proper selection of a SAM

that constitute the dielectric surface.

3-2. Single-Crystal X-ray Structures

This study was initially motivated by the finding of two different packing structures of
TIPS-BP in the single-crystalline state. The first polymorph, which was previously described
in Chapter 2,'® was obtained by slow diffusion of either methanol into a chloroform solution
or n-hexane into a chlorobenzene solution. XRD analysis has revealed that this polymorph
consists of a one-dimensionally extended columnar mt-stacking motif (Figure 3-3a,b)."°

The second polymorph was found to form, after several try-and-error cycles, when
TIPS-BP was crystallized by slow evaporation of a chloroform or chlorobenzene solution. In
this case, BP frameworks are arranged in a brickwork motif where m-stacking extends two

dimensionally (Figures 3-3d,e). This structure is reminiscent of the brickwork arrangement of
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TIPS-PEN'® which is one of the benchmark high-performance organic semiconductors. The
first and second polymorphs of TIPS-BP are referred to as “1D m-stack™ and “2D m-stack”,

respectively, in the following discussion.

= r )
.‘;‘-“"‘ ‘A‘

40.0 meV 22.2 meV
A L LB, (o, W L iy o, S AT M o)

%‘m wa—";m‘é‘t—”iusﬁmevn
% M 0.3 meV& oy, 0 Qe q; I SOy, G Y3 RIS O

Figure 3-3. Comparison of the two polymorphs of TIPS-BP obtained as bulk single crystals: (a,b) 1D
n-stack viewed along and perpendicular to the m-stacking axis; (c) transfer integrals in 1D 7-stack;
(d,e) 2D m-stack viewed along and perpendicular to the m-stacking axis; (f) transfer integrals in 2D

n-stack. Substituents are omitted for clarity in ¢ and f.

BP frameworks in 1D m-stack are piled up in such a way that the four edges of each
columnar stack are sterically blocked with densely packed TIPS groups (Figure 3-3a,b). As a
result, m—m contacts between BP frameworks are essentially limited to within each 1D
columnar structure. The interplane spacing between stacked BP frameworks is 3.30 A on
average (Figure S3-1a), and the corresponding transfer integral between HOMOs is calculated
to be only 14.2 meV (Figure 3-3c). In 2D n-stack, on the other hand, all the substituents orient
parallel such that TIPS groups cover the surface of the two dimensionally extended brickwork
(Figure 3-3d,e). Relatively short interplane distances of 3.24 and 3.45 A (Figure S3-1b)

associated with calculated transfer integrals of 40.0 and 22.2 meV, respectively, were
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observed within the brickwork motif. These values are similar to or higher than the maximum
transfer integral calculated for TIPS-PEN in the bulk single-crystalline state'® (23.5 meV,
Figure S3-2a,b) and even comparable to that calculated for the thin-film strained state'® (40.6
meV, Figure S3-2c,d). TIPS-PEN can generally afford good field-effect s of over 1 cm” V'

s both in single-crystal and thin-film transistors.'"""* !

In addition, it has been postulated that
charge-carrier transport in organic molecular semiconductors greatly benefits from the
formation of two dimensionally extended n—m contacts.”> Therefore, TIPS-BP is expected to

afford high s upon the selective formation of 2D m-stack in high-quality thin films. This

aspect is examined in the next section.

3-3. Charge-Carrier Mobilities in Solution-Processed Thin Films

Carrier-transport  characteristics in TIPS-BP thin films were evaluated in
bottom-gate-top-contact OFETs prepared on SiO,/ALO; dielectric layers (Figure S3-3).%
Fabrication and evaluation of OFETs as well as their polarized micrographs were measured by
the author in the Prof. Miao’s group of The Chinese University of Hong Kong (CUHK)
during the internship. XRD patterns were measured by Dr. Shuaijun Yang of Prof. Miao’s
group in CUHK. The substrate surface was pretreated with a SAM of
12-methoxydodecylphosphonic acid (MODPA)** or 12-cyclohexyldodecylphosphonic acid
(CDPA) (Figure 3-4)."" In multiple cases of solution-processed OFETs, MODPA and CDPA
were reported to afford higher us as compared to more traditional SAM materials such as
hexamethyldisilazane (HMDS) and octadecyltrimethoxysilane (OTMS).**** For the contact

2627 matches with the

electrodes, Au is the material of choice, as its work function (ca. 5 eV)
ionization energy of TIPS-BP (Figure S3-4 in SI). The observed OFET characteristics are

summarized in Table 3-1.
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Figure 3-4. Chemical structures of the SAM materials employed in this chapter.

Table 3-1. Characteristics of TIPS-BP thin films.

entry  method solvent SAM packing motif P lem* Vs Vel IV ol
drop CeHsCl  MoDpA  Unknown +1D 0.027 (0.018) 25  12x 10"
casting (minor)
2 CeHsCHs MODPA P ?t;’anc';")own 0.029 (0.018) 09  4.9x10?

1D + 2D (minor)

) 0.078 (0.028) 3.8 1.5 x 10°
+ unknown (minor)

3 dip coating CHCI3 MODPA

4 CH:Cl. MODPA 2D + 1D (minor) 0.47 (0.29) 152 1.9x10°
CHCl, + ]

> 10% CHcl; MODPA 2D +1D (irace) 0.38(027)  -11.3 1.7x10
CHCl, + )

10% CHcl; CPPA - 2D +1D(trace) 1.1 (0.90) 16  7.2x10

“Data of the best performing devices followed by the average of at least 6 devices in parentheses. “Data of the best

performing devices.

The author first examined drop-cast films prepared with several different solvents. When
chlorobenzene was used as cast solvent, the maximum and average s of 0.027 and 0.018
cm’ V' s, respectively, were obtained (entry 1 in Table 3-1 and Figure 3-5a). These us are
significantly improved from those obtained in spin-coated thin films on bare SiO, surface in
the previous chapter (up to 4.4 x 10° cm® V™' s )7 and close to the highest value reported for
free-base BP (0.070 cm® V' s7")."* This improvement may be due to the change in film
morphology induced by the difference in surface treatment (with vs without a SAM or
deposition process (drop casting vs spin coating).

The out-of-plane thin-film XRD analysis showed that the main crystalline component in the
TIPS-BP film cast from a chlorobenzene solution was neither the targeted 2D nor 1D n-stack,
and had an unknown structure (Figure 3-5b). Specifically, the primary diffraction peak was

observed at 260 = 5.03° (d = 17.6 A), while the 001 diffractions of 2D and 1D m-stacks are
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expected at 20 = 4.66° (18.9 A) and 5.23° (16.9 A), respectively. A minor component was
additionally detected which diffracted at 20 = 5.17° (17.1 A). This peak is very close to the
simulated 001 diffraction of 1D m-stack, and the small deviation may be attributed to thermal
expansion of the unit cell because of the higher measurement temperature for the thin film
(ambient temperature, 290-295 K) as compared to the case of single crystal (103 K). Such
minor differences between single-crystal and thin-film packings are sometimes observed for
organic molecular crystals.”®* Although it is not possible to fully determine the exact
structure of this minor component at this moment, we have tentatively assigned it to 1D
n-stack and describe accordingly in this report. It would also be worth pointing out here that
the 010 (260=6.16°) and 011 (26 = 6.29°) diffractions of 1D n-stack were not observed in this
case (Figure 3-5b), indicating that TIPS-BP molecules in 1D n-stack crystallites stand in an
end-on mode with the ab plane parallel to the substrate (Figure S3-5). Note that the primary
diffraction peak observed for a TIPS-BP film deposited by the precursor approach'” was at 26
~ 5.4°, being different from those of 1D m-stack and the unknown structure obtained here. The

formation of 2D m-stack was not detected in this case of drop casting from chlorobenzene.

a) 4.0 4 b —
(a) 10 ®) 5 (466°)
5
o 10 = 2D n-stack
< 3.0 1o° % : : (simulated)
T L E 5. 03°
— 7 w heo} o
. 2.0 10 2L 9 ks 17‘ drop-cast
g s T = (chlorobenzene)
B 40 10 E£| | 001(5.239) 010 (6.16°)
L 0 gl /011 (6. 290)
L =62pm 10 : 1D r-stack
W =983 um . }k (simulated)
0.0 T T T T T 10 T T 4
-50 40 -30 -20 10 0 10 4 5 8 9 10
Vg !V 26'/"

Figure 3-5. Characteristics of TIPS-BP thin films prepared by drop casting using chlorobenzene as
cast solvent: (a) Transfer characteristics of the best-performing OFET device fabricated on a
MODPA-modified substrate; (b) Comparison of experimental out-of-plane XRD and simulated
powder XRD patterns.
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Besides chlorobenzene, toluene afforded crystalline films of TIPS-BP in drop casting.
Formation of the unknown structure was largely attenuated in the latter case, and instead 1D
n-stack became a dominant crystalline phase (Figure S3-6). Unfortunately, however, any sign
of the targeted 2D m-stack was not observed again, and the x4, remained at the same level as
the case of chlorobenzene (0.029 cm” V' s™', entry 2 in Table 3-1). Use of other solvents and
application of postdeposition annealing did not lead to the formation of crystalline thin films
adequate for OFET fabrication.

We then examined dip coating which has been demonstrated to be highly effective in
gaining control over the film morphology of TIPS-PEN’"?? and other organic
semiconductors.®®° It turned out that dip coating from a chloroform solution at a pull rate of
0.10 mm min"' could afford crystalline films of TIPS-BP on MODPA-modified substrates.
(The pull rate was kept at 0.10 mm min"' in the following experiments.) XRD analysis
showed that 1D m-stack was formed as a primary crystalline component, along with 2D
n-stack and an unknown structure as minor components (Table 3-1 and Figure 3-6a).
Specifically, the primary peak in this case is observed at 20=5.19° (d = 17.0 A) which can be
assigned to the 001 diffraction of 1D m-stack. In addition, relatively small peaks are observed
at 20=4.68 and 5.03° (d = 18.9 and 17.6 A) which are well consistent with the simulated 001
diffraction of 2D m-stack and the unknown structure observed in the case of drop casting with
chlorobenzene, respectively. The resulting films showed field-effect zus of up to 0.078 cem’ V°
's7' (entry 3 in Table 3-1 and Figure S3-9a) which is approximately 3 times higher than the
best value obtained in drop-cast films (0.029 em® V' s™). This improvement may be
attributed, at least partially, to the emergence of 2D m-stack. It should be noted here that 2D
n-stack was also formed as a minor component when a TIPS-BP film drop-cast with
chlorobenzene was annealed with chloroform vapor (Figure S3-7), indicating that the 1D
n-stack motif is metastable. Unfortunately, field-effect x could not be measured in the

postannealing sample because of the extremely poor film quality. In addition, a film drop-cast
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from a chloroform solution was not crystalline. These observations indicate the superiority of

dip coating over drop casting in forming crystalline thin films of TIPS-BP.

a b) 10 “
(a) %07 4660) (b) 10
2D n-stack 10-5
=3 A (simulated) 84
<
T ~ N
= A CH,Cl,:CHCl, = 9:1 7 6- 10
3 ° 78
N CH,CI, x 10 =
2 S s
E [ ﬁ CHCl, 3 107
S 001 (5.23°) P
< ( 1D n-stack 2 10
(simulated)
T I T T T - 0 10_‘|0
4 5 7 8 9 10 50 -40 -30 -20 -10 0 10
20/« Vs !V

Figure 3-6. Characteristics of TIPS-BP thin films prepared by dip coating on MODPA-modified
substrates: (a) Comparison of experimental out-of-plane XRD patterns of thin films prepared from
different solvents and simulated powder XRD patterns; (b) Transfer characteristics of the

best-performing OFET device fabricated using dichloromethane/chloroform (9:1 vol) as cast solvent.

It was found in further examination that 2D m-stack became a main component when
dichloromethane was used as cast solvent instead of chloroform (Figure 3-6a). The highest s,
in resulting films reached 0.47 cm® V™' s! (entry 5 in Table 3-1 and Figure S3-9b). However,
the overall film quality was not high, and the sample-to-sample reproducibility was low in
terms of both the film morphology and carrier mobility. There were even cases, at relatively
high probability, in which no or little organic films were formed on the MODPA-modified
substrate. Furthermore, TIPS-BP precipitated on the surface of dip-coat solution during
deposition because of the low solubility of TIPS-BP in dichloromethane, resulting in the
formation of highly inhomogeneous, rough films.

These problems were significantly alleviated by adding chloroform, a better solvent than
dichloromethane for TIPS-BP, as a cosolvent: that is, relatively homogeneous films were

consistently obtained when TIPS-BP was dip-coated from a solution in
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dichloromethane/chloroform (9:1 vol). Gratifyingly, XRD analysis showed that the resulting
films contained 2D m-stack as an essentially solo crystalline component (Figure 3-6a).
Nonetheless, the best and average field-effect s observed in these films were 0.38 and 0.27
cm® V' 57, respectively, staying at the same level as the case where only dichloromethane
was used as dip-coat solvent (entry 5 in Table 3-1 and Figure 3-6b).

Further improvement in z4 was achieved when the molecule for SAM was changed from
MODPA to CDPA. While CDPA has been reported to afford higher us (1.64 + 0.55 cm” V'
s 1)* than MODPA (1.1 £0.22 cm® V"' s7)** for drop-cast films of TIPS-PEN, CDPA is also
known to give surfaces with lower surface energies as compared to MODPA, making solution
deposition of organic molecular materials more challenging. In fact, TIPS-BP could not be
deposited on the CDPA-treated substrate when we tried dip coating from a chloroform
solution. This led us to employ MODPA as the SAM material of choice in the earlier
experiments described above. After careful examination, it was eventually found that
TIPS-BP  could be dip-coated on the CDPA-modified surface  when
dichloromethane/chloroform (9:1) mixed solvent was used. The XRD analysis showed that
2D m-stack was essentially a solo crystalline component in this case again (Figure 3-7a), and
the resulting films afforded the best and average s of 1.1 and 0.90 cm® V' s, respectively
(entry 6 in Table 3-1 and Figure 3-7b). The improvement can be attributed, at least partly, to
larger domain/crystallite sizes as compared to the case of MODPA (Figure S3-10-12). This
result serves as yet another example that highlights the non-straightforward nature of
achieving high-quality solution-processed thin films having specific target packing motifs. In
addition, note also that the field-effect y calculated from the saturation regime can be
overestimated, and the p from the linear regime is often considerably lower than the
saturation mobility. In the present case of TIPS-BP, a film deposited under the optimized
conditions gave saturation and linear mobilities of 0.70 and 0.31 cm® V' s, respectively

(Figure S3-13).
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Figure 3-7. Characteristics of TIPS-BP thin films prepared by dip coating from a
dichloromethane/chloroform (9:1 vol) solution on CDPA-modified substrates: (a) Assignment of the
peaks in an experimental out-of-plane XRD pattern of a thin film. (b) Transfer characteristics of the

best-performing OFET device.

3-4. Molecular Orientation in 2D ©-Stack Films
The out-of-plane XRD data of a dip-coated thin film on CDPA shows diffraction peaks at

20=4.67, 14.0, 18.7° (d = 18.9, 6.32, 4.74 A) which can be assigned to the 001, 003, 004
diffractions of 2D m-stack, respectively (Figure 3-7a). This observation indicates that the ab
plane of 2D m-stack crystallites is parallel to the substrate, and TIPS-BP molecules stand in an
end-on mode (Figure S3-14). We also studied the in-plane packing anisotropy by azimuthal

11,37

(¢) diffraction scan using synchrotron radiation. The scan was performed on the 110

diffraction [(gxy, ) = (0.92 A7, 0.03A™), see Figure S3-15 for the 2D-GIWAXD data], with
the start point parallel to the pull axis of dip coating. The (110) planes are almost
perpendicular to the (001) planes as well as the substrate. The scan showed two distinct peaks
around ¢ = 99 and 177° along the in-plane rotation with rather wide distributions of ca. +7°,
suggesting that the crystallites populate in two main orientations (Figure 3-8a). From Bragg’s
law, the 110 diffraction is expected to appear when their angle against the incident X-ray is 4°.
Thus the (110) planes are mainly oriented at angles of 103° (from 99 + 4°) and 181° (or 1°,

from 177 + 4°) with distributions of ca. £7° with respect to the pull axis (Figure 3-8b). The
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population of two main orientations are calculated to be 33% and 37% for ¢ = 99 + 7° and

177 + 7°, respectively, by integrating peak intensities.

D
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(b)

—
5

(110)

o
i

o
i

o
e

Normalized intensity

o o
S
3

30 60 90 120 150 180
¢l°

o

Incident
X-ray at ¢ = 0°

Figure 3-8. (a) X-ray ¢ diffraction scan of a 2D =-stack film prepared by dip coating on a
CDPA-modified substrate. The start point of scan (¢ = 0°) is set to be parallel to the pull axis of the

substrate in dip coating. (b) Relation between the pull axis and dominant molecular orientations.

Furthermore, polarized optical micrographs of 2D m-stack grown on a CDPA monolayer
did not show strong contrast in brightness when the sample was rotated in-plane against
polarizers (Figure S3-16). Thus, the in-plane anisotropy of molecular alignment would not be
very high in the 2D m-stack obtained in this work. Considering the strong impact of packing
misalignment on charge-carrier mobility in brickwork arrangement,'' it can be assumed that

there still remains much room for improvement in morphology and thus  in TIPS-BP films.

3-5. Summary

This work has demonstrated that BP frameworks can be stacked in a brickwork motif
having two-dimensionally extended intermolecular m—m contacts in solution-processed thin
films. Those films with the 2D n-stack motif afforded the maximum field-effect s, of 1.1 cm?

V' 57!, which is higher by orders of magnitude than that obtained in TIPS-BP in the previous
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chapter (4.4 x 10° cm® V' s7')!7 and even the record u for pristine free-base BP (0.070 cm®
V' s")." The key to this achievement is threefold: employment of a suitable deposition
method (dip coating), use of a proper solvent (dichloromethane/chloroform, 9:1), and choice
of an appropriate SAM material (CDPA). With these three factors combined, TIPS-BP
molecules can be arranged to form 2D n-stack selectively and reproducibly.

On the other hand, the thin-film XRD data and polarized-light micrographs have suggested
that the 2D m-stack films obtained in this work are relatively inhomogeneous in terms of
in-plane molecular orientation. Therefore, further improvement in charge-carrier mobility
may be expected by reducing grain boundaries or, more preferably, forming large

single-crystalline thin films. State-of-the-art solution-processing techniques®® such as the use

7,39,40 11,41

of a patterned surface or a patterned shirring blade, as well as the modification of

molecular structure, may enable the formation of high-quality thin films of BP-based

9919,42-44

molecular semiconductors. The present work of “polymorph engineering will help

pave the way toward realizing this goal.
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3-6. Supporting Figures

Figure S3-1. (a) 1D =m-stack packing and (b) 2D m-stack packing motifs of TIPS-BP. The average of
interplane spacing in the 1D n-stack packing motif was calculated as: (d; + d»)/4 = 3.30 A.
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Figure S3-2. (a) Single-crystal structure of TIPS-PEN'® (b) with the calculated charge-transfer
integrals. (c) Packing structure of thin film strained TIPS-PEN" (d) with the calculated charge-transfer
integrals. TIPS-ethynyl groups are omitted for clarity in (b) and (d).
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Organic semiconductor
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Figure S3-3. Schematic drawing of OFETs fabricated in this chapter.
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Figure S3-4. Photoelectron spectrum in air of a thin film of TIPS-BP on an ITO-coated glass substrate.
The deposition conditions of the film are: concentration of solution: 2 mg mL ', solvent: CHCl;, spin

rate and time: 800 rpm, 30 s in air. The data was obtained on a RIKEN KEIKI AC-3 surface analyzer.
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Figure S3-5. Relation between 1D n-stack crystallites and substrate.

2D n-stack
i (simulated)

chlorobenzene

JA toluene

ﬁk 1D n-stack

: imulated

1 I T 1 (Slmul ° L
4 5 6 7 8 9 10
20/ -°

Normaliezed intensity

Figure S3-6. XRD patterns of TIPS-BP thin films prepared by drop casting from chlorobenzene and

toluene solutions with simulated powder patters of 2D and 1D n-stack motif.
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Figure S3-7. XRD patterns of TIPS-BP thin films prepared by drop casting from chlorobenzene
followed by annealing with chloroform vapor with simulated powder patters of the 2D and 1D m-stack

motifs. The red arrow indicates a peak from the 2D n-stack motif of TIPS-BP.
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Figure S3-8. Transfer curve (left) and output curves (right) of OFETs fabricated by drop casting from

(a) chlorobenzene and (b) toluene solution on MODPA-modified substrates.
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Figure S3-9. Transfer curve (left) and output curves (right) of OFETs fabricated by dip coating from
(a) chloroform (CHCI;), (b) dichloromethane (CH,Cl,), and (c) CH,Cl,:CHCl; = 9:1 solution on
MODPA-modified substrates and from (d) CH,CL:CHCl; = 9:1 solution on CDPA-modified

substrates.
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0 66 nm 0 45 nm
Figure S3-10. Tapping-mode AFM height images of TIPS-BP thin films prepared by dip coating using
CH,CI, with 10% CHCI; as solvent: (a) on MODPA SAM (RMS roughness = 9.4 nm), (b) on CDPA
SAM (RMS roughness = 6.1 nm). The two films are in general similar in terms of micron-scale

surface topology, and the considerable improvement in hole mobility for the case of CDPA monolayer

could not be explained based on these images.

(a)

Figure S3-11. Polarized optical micrographs of TIPS-BP dip-coated using CH,Cl, with 10% CHCI; as
solvent: (a) on MODPA SAM, (b) on CDPA SAM. The MODPA-modified surface affords a higher
surface coverage and smaller domains, while the CDPA-modified surface gives a lower surface
coverage and larger domains. These observations are in accordance with the fact that CDPA gives

lower surface energies as compared to MODPA.
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Figure S3-12. Profile analysis to determine FWHM values for primary XRD peaks and estimated
crystallite sizes in dip-coated TIPS-BP; (a) on MODPA SAM (estimated average crystal size = 330
nm), (b) on CDPA SAM (375 nm).
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Figure S3-13. FET data of a TIPS-BP film deposited under the optimized conditions; (a) Output
characteristics, (b,c) Transfer curves at Vsp =—50 V (saturation region) and —10 V (linear region at Vg
= —20 V). Note that the saturation mobility can be overestimated. At the same time, the mobility
derived from the linear regime might be underestimated owing to the strong influence by the contact
resistance as commented by, for example, Bao et al.'"’ With these considered, as well as the fact that
the so-far reported field-effect mobilities for BP and its derivatives have been fitted from the saturation
region, it would be reasonable to employ saturation mobilities for discussion and comparison purposes

in the present work.
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001 Substrate

Figure S3-14. Relation between 2D m-stack crystallites and substrate.
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Figure S3-15. Integrated 2D-GIWAXD image of an OFET active layer deposited by dip coating from
a dichloromethane/chloroform (9:1 vol) solution of TIPS-BP on a CDPA-modified substrate. The

yellow arrow and circle indicate the 110 diffraction of the 2D n-stack motif.

rotation by 45°

Figure S3-16. Polarized optical micrographs of 2D m-stack grown on a CDPA monolayer.
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W= S (W, + W,)/2 = 509 um
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Figure S3-17. Reflected polarized-light micrograph for the best-performing OFET device which was
fabricated via dip coating from a dichloromethane/chloroform (9:1 vol) solution of TIPS-BP on a
CDPA-modified substrate. The white lines were measured directly from the images to calculate the
effective channel widths (W) and lengths (L).
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Figure S3-18. Capacitance density versus frequency under 0 V bias voltage of MOPDA and

CDPA-modified Si0,/Al,O5 dielectrics as measured from a metal-insulator—metal structure.
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Figure S3-19. Crystal structure of TIPS-BP in 2D m-stack; (a) top view and (b) side view. Thermal
ellipsoids represent the 50% probability.
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Table S3-1. Crystal data and structure refinement for TIPS-BP of 2D n-stack motif.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20(])]

R indices (all data)

Largest diff. peak and hole
CCDC No.

CssHeaN4Sip

871.33

103 K

0.71075 A

triclinic

P-1

a=28.21844(15) A o= 86.5438(7)°
b=28.23048(15) A L= 88.8447(7)°
c=18.9666(4) A y=67.9519(7)°
1186.95(4) A®

1

1219 gem™

1.182 cm™

466

0.20 x 0.08 x 0.04 mm

3.13t0 27.47°
-10<h<10,-10<k<10,-24<[<24
20542

5428 [R(int) = 0.0257]

0.995 and 0.888

Full-matrix least-squares on F*

5428 /0/295

1.144

R1=0.0416, wR, = 0.1079

R =0.0466, wR, = 0.1126

0.663 and -0.314 e A

1441675
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3-7. Experimental Section

3-7-1. General
Materials for Device Fabrication

TIPS-BP,'® MODPA,** and CDPA*® were prepared according to the reported procedures.

Preparation of Dielectric Layers

The highly n-doped silicon wafers with a 100 nm-thick thermally grown SiO; layer were
cleaned sequentially with acetone, isopropanol and ethanol for 10 min in an ultrasonic bath.
After rinsing ethanol by deionized (DI) water, substrates were dried with a flow of nitrogen
gas and then treated by oxygen plasma for 2 min. A solution of Al(NOs3)3;-9H,0 in ethanol
(0.15 M) was spin-coated (5000 rpm, 40 s) on cleaned substrates and annealed at 300 °C for
30 min in air to form an Al,O; layer, following the reported solution-based procedure to form
dielectrics.>! To form SAMs of MODPA and CDPA, Al,Os-coated substrates were treated by
oxygen plasma for 1.5 min and then soaked in a solution of the MODPA or CDPA in
isopropanol (1.5 mM) at room temperature for 12 hours. Lastly, substrates were rinsed with
isopropanol in an ultrasonic bath and DI water, and then dried with a flow of nitrogen gas to

afford SAM-modified substrates.

Preparation of Active Layers

To form drop-cast films, one drop of TIPS-BP solution (2.0 mg mL ' in chlorobenzene
(entry 1) or 0.5 mg mL™" in toluene (entry 2)) was dropped onto a MODPA-modified
substrate (12 mm x 12 mm) and then dried up solvent in air. To form dip-coated films, a SAM
(MODPA or CDPA)-modified substrate (12 mm X 6 mm) was immersed vertically in a
TIPS-BP solution (2.0 mg mL' in chloroform (entry 3) or 1.0 mg mL ' in either
dichloromethane (entry 4) or dichloromethane/chloroform (9:1 vol, entries 5 and 6)) and then
pulled up at a constant speed of 0.1 mm min ' as controlled by a Longer Pump TJ-3A syringe

pump controller.
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Deposition of Source and Drain Electrodes
Top contact source and drain electrodes were vacuum-deposited afterward through a
shadow mask onto the active layer by an Edward Auto 306 vacuum coating system with a
Turbomolecular pump at a pressure of 2.0 x 10°° torr or lower, with a deposition rate of ca. 2

nm min "' to a thickness about 30 nm as measured by a quartz crystal sensor.

Characterization of the Thin Films and OFETs

Polarized optical images of the thin films were obtained using Nikon S0IPOL microscope.
Out-of-plane XRD measurements with -2 8 scan mode were carried out on a SmartLab X-ray
Refractometer. Tapping-mode AFM images were observed by an SPM-9700 (Shimazu).
Azimuthal (¢) diffraction scan was conducted in beamline BL19B2 at SPring-8 (Hyogo,
Japan) with a GIWAXD setup. The X-ray beam was monochromatized by a double-crystal
Si(111) monochromator, and the X-ray energy was 12.398 keV (1 =1 A). The incident angle
was set to 0.12° with a Huber diffractometer and the sample-to-detector distance was 175 mm.
The sample for this experiment was the best performing OTFT device and located with the
pull-up direction parallel to the incident X-ray. The direction of ¢-scan was set as a clockwise
rotation with a scan step of 0.2°. Diffracted X-rays from samples were recorded by an X-ray
photon counting pixel detector (PILATUS 300 K, Dectris) for 1 s for every azimuthal angle at
room temperature in air. The current—voltage measurements of OFETs were conducted using
a probe station (4PROBES TECH, ST-102C) and a Keithley 4200 Semiconductor
Characterization System in air. The field-effect hole mobilities in the devices were calculated
in the saturation regime. The equation is listed as follows:

Ips = (UWWCI2L)Ve—Vi)*
where Ips is the drain—source current, x the field—effect mobility, W the channel width, L the
channel length, Vg the gate voltage and Vj;, threshold voltage and C; the capacitance per unit
area of the gate dielectric layer. Effective W and L were measured by an optical microscope

(see Figure S3-17). The frequency-dependent capacitance of SAM-modified Si0,/Al,O; were
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measured using a HP 4284 A Precision LCR Meter in a frequency range of 100 Hz to 100 kHz
from a metal-insulator—metal structure, which had vacuum-deposited gold (0.2 mm x 1 mm)
as the top electrode and a highly doped silicon substrate as the bottom electrode. The
capacitance per unit area of MODPA and CDPA-modified SiO,/Al,05 as taken at the lowest
frequency (100 Hz) were 27 and 28 nF cm ~, respectively (Figure S3-18). This measurement

was conducted by Dr. Xiaomin Xu in the Prof. Miao’s group of CUHK.

Single-Crystal X-ray Crystallography

Single crystals of 2D m-stacking motif of TIPS-BP were obtained from recrystallization of
TIPS-BP in a CHCI; or chlorobenzene solution at room temperature. Single crystals of 1D
n-stacking motif of TIPS-BP were obtained from slow diffusion of methanol into a CHCl;
solution or slow diffusion of n-hexane into a chlorobenzene solution. Single-crystal X-ray
diffraction data of 2D m-stacking motif of TIPS-BP were collected at 103 K on a Rigaku
VariMax RAPID using Mo-Ka radiation. The structures were solved by direct methods and
refined on F* by full-matrix least-squares using the CrystalClear and SHELXS-97 program
(Table S3-1 and Figure S3-19). CCDC 1441675 contains the crystallographic data of 2D
n-stack. This data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via https://summary.ccdc.cam.ac.uk/structure-summary-form.

Charge Transfer Integral Calculation

Charge transfer integrals were calculated by fragment orbital method with the

GGA:BP/DZP level of theory using ADF program,45
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Molecular Engineering on a Tetrabenzoporphyrin-Based Acceptor—
Donor—Acceptor System for Efficient Photocurrent Generation in

Bulk-Heterojunction Layers
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This chapter describes the synthesis, electronic properties, and photovoltaic performance of
a series of new BP derivatives linking with dithienyldiketopyrrolopyrroles (DPPs) with
different length of alkyl side-chains (Cn-DPP—BPs). Systematical investigation of Cn-DPP—
BPs on the OPV performance reveals the significant substituent impact in Jsc ranging from
0.88 mA cm > with C10-DPP-BP to 15.19 mA cm * with C4-DPP-BP, resulting in PCEs of
0.2 and 5.2 %, respectively. The fluorescence decay measurements, AFM, and 2D-GIWAXD
indicate that the introduction of shorter alkyl chains on a Cn-DPP-BP framework induces

better miscibility, finer grains, and n—n stacking.

- 126 -



Chapter 4

4-1. Introduction
The aim of this chapter is to offer a high-performance BP-based molecular semiconductor
that can be processed by the precursor approach for the photovoltaic application. The
state-of-the-art OPVs have achieved PCEs of over 10%,'™® and many research groups are
working toward even higher efficiencies in order for realizing practically useful devices. The
author envisions that a high-performance p-type material may be obtained by exploiting the

9,10

superior traits of BP such as the high absorption coefficient, good hole transport

11,12 13,14

capability, and exceptional stability. In addition, the precursor approach provides

unique opportunities in controlling the molecular arrangement in blend films, which will
enable construction of well-performing photovoltaic layers.'>'°

One of the key tasks in this context is the expansion of photoabsorption range. BP has
rather narrow absorption bands, being transparent at 500—600 nm and over 700 nm.'”'®
Accordingly, Jsc values in BP-based OPVs have been relatively low; for example, the p—i—
n-type system reported by Matsuo et al. showed a Jsc of 10.5 mA cm > at maximum, while
the current best cells typically afford Jsc of 15-20 mA cm 2"~ The most straightforward
approach to extend the photoabsorption range of BP would be having it conjugated with other
n-systems. However, systematic investigation for this purpose has been scarce probably
because of the limited synthetic accessibility to BP derivatives. Meanwhile, the author
investigated that 5,15-bis(trialkylsilyl)ethynylbenzoporphyrins could be formed in good
yields via the corresponding CP-type precursors (i.e., via the precursor approach),'*?° which
can serve as useful intermediates in the construction of extended m-systems based on BP in
Chapter 2.

Another important factor to be considered in improving Jsc is substituents of active-layer
materials. It is well known that the photovoltaic performance of organic semiconductors

largely depends not only on the main n-framework but also on the structure and position of

peripheral substituents. For instance, Shin et al. reported that the difference in alkyl-chain
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length on a dithienyldiketopyrrolopyrrole (DPP)-based small-molecule system brought about
a considerable variation in Jsc ranging from below 4 to over 8 mA cm  associated with a
change in PCE from 1.1 to 4.2%.?' This and many other examples have demonstrated the
critical role of substituents in determining the p/n interface area and domain size, the two
major morphological parameters that influence the charge-carrier generation and transport

21-24

efficiencies in organic photovoltaic layers. The two parameters are often related also to

the FF and sometimes to the Voc of OPVs, further enhancing the importance of the
optimization of thin film morphology through substituent engineering.***>>°

In this chapter, the author has designed a series of DPP—BP conjugates that can efficiently
absorb at a wide range of wavelengths in the visible and near-infrared region. These
conjugates have normal alkyl chains on the DPP units, and are denoted as Cn-DPP—BP where
nis 2,4, 6,8, or 10 depending on the length of alkyl chains (Figure 4-1). Note that Cn-DPP—

BPs are all insoluble in common organic solvents thus solution-deposited via the precursor

approach from the corresponding CP derivatives.

n=2:R = ethyl i _

n=4:R = n-butyl Cn-DPP-CP
n=6: R = n-hexyl

n = 8: R = n-octyl -4 :<

n=10: R = n-decyl (160~ 220 °C)

Cn-DPP-BP

Figure 4-1. Formation of Cn-DPP-BPs from the corresponding thermally convertible precursors

Cn-DPP—CPs. Cn-DPP-BPs were isolated and used as mixtures of diastereomers.
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The following sections compare BHJ OPVs comprising Cn-DPP-BP and PCsBM,
revealing that alkyl-chain length greatly affects the photovoltaic parameters of Cn-DPP-BP:
PCeqBM blends. Difference in Jsc is especially large, ranging from 0.88 mA cm” with
C10-DPP-BP to 15.25 mA cm > with C4-DPP-BP, resulting in PCEs of 0.19 and 5.21%,
respectively. The origin of this substituent impact is discussed based on morphological
analyses by fluorescence decay measurements, AFM, and 2D-GIWAXD. The results reported
herein will serve as a basis for the substituent-directed morphology control in blend films
prepared through the thermo-precursor approach, and pave the way to BP-based

high-performance OPVs.

4-2. Molecular Design and Synthesis

Cn-DPP-BPs are designed to have an acceptor—donor—acceptor (A—D—A) configuration in
which BP and DPP act as donor and acceptor units, respectively. Construction of the A—-D—A
structure has been a widely used molecular-design strategy to achieve desirable
frontier-orbital energy levels and effective m-conjugation for many state-of-the-art OPV
materials.”” The DPP chromophore is chosen as a partner of BP, since DPP possesses a strong
absorption band around 550 nm at which BP’s absorption valley locates.”® The BP and DPP
units are connected through the sterically non-demanding ethynylene linkage in order to
minimize the steric hindrance between the benzo moieties and the meso substituents of BP.
Molecular geometry optimization by the DFT has predicted that Cn-DPP-BPs have efficient
n-conjugation within a relatively flat molecular conformation (Figure 4-2). Peripheral
substituents in Cn-DPP-BPs are kept minimal; namely, each Cn-DPP-BP molecule is
equipped with only four linear, relatively short alkyl chains at the nitrogen atoms of DPP
moieties. Accordingly, Cn-DPP—BPs are all insoluble in common organic solvents. This
molecular design is made possible by employment of the precursor approach and beneficial in

that large m-systems, such as Cn-DPP-BPs, do not require heavy decoration with insulating
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Figure 4-2. Optimized molecular structure of C4-DPP-BP (a) top view and (b) side view with the
dihedral angles between BP and DPP planes. Geometry of (¢) HOMO and (d) LUMO for the
optimized structure of C4-DPP-BP. HOMO and LUMO are delocalized BP and DPP units indicate the

effective expansion of m-conjugation through ethynyl spacers.

solubilizing groups which are unnecessary in terms of the optimization of thin-film
morphology and molecular packing.

The precursors Cn-DPP—CPs have dimethylethano bridges as thermally removable
solubilizing units in order to ensure enough solubility for synthesis and solution deposition.**~
! Thermally induced retro-Diels—Alder reactions of each Cn-DPP—CP were confirmed by
thermogravimetric analysis in the solid state (Figure 4-3). The mass loss of precursors starts at
131-136 °C and ends at 181-191 °C. The mass loss proportions of C2-, C4-, C6-, C8- and
C10-DPP—CPs are 15.2, 14.0, 13.1, 12.3, and 11.6%, respectively, that are in good agreement
with the elimination of four isobutene molecules (calculated values of mass loss are 15.0, 14.0,
13.1, 12.3 and 11.6%). The decomposition temperatures of C2-, C4-, C6-, C8-, and
C10-DPP—CPs are 432, 403, 378, 359, and 354 °C, respectively. The thermal stability of
Cn-DPP-BPs is higher with the shorter alkyl chains than the longer chains. Note that the
original CP has non-methylated ethano bridges which are often insufficient for solubilizing

nti-extended CP derivatives.
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Figure 4-3. TGA curves of Cn-DPP—CPs.

Cn-DPP-CPs were synthesized via the corresponding ethynyl-substituted CP, which was
obtained by a MacDonald-type condensation of two dipyrromethane subunits (Scheme 4-1
and Experimental Section).'**°
Here, while five diastereomers are possible to form depending on the relative orientation of
four dimethylethano bridges against the porphyrin framework, only a mixture of two
diastereomers were subjected to the following steps toward Cn-DPP—CPs (see Experimental
Section). The exact structure of other three diastereomers was experimentally confirmed by
single-crystal X-ray structure analysis (Figure S4-1). The proper connectivity among the CP,
DPP, and ethynylene units in the final product was confirmed by single-crystal X-ray
diffraction analysis of C6-DPP—CP (Figure 4-4 and Table S4-1). The dihedral angles between
the porphyrin and DPP planes in the crystal structure are 13.8° and 25.7°. Similar planarity is
expected for Cn-DPP—BPs after thermal conversion, because the steric hindrance between
n-frameworks should not be much different before and after the extrusion of isobutylene

units.
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Scheme 4-1. Synthetic scheme of Cn-DPP-BPs. (check the compound number and name)
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Figure 4-4. Crystal structure of C6-DPP—CP. (a) Top view and (b) side view. Solvents and hydrogen

atoms are omitted for clarity. Thermal ellipsoids represent 50% probability.

4-3. Optical and Electronic Properties
The optical absorption spectra of BP and Cn-DPP-BP films are shown in Figure 4-5 and

their parameters are summarized in Table 4-1. The BP film shows large-Soret and Q bands at
around 400 and 700 nm, respectively, but the absorption between these bands are weak and
the absorption edge is at 716 nm. The Cn-DPP-BP films show broader absorption spectra
with longer absorption edge wavelengths reaching 846—-868 nm. The absorption edges of

Cn-DPP-BP thin films are slightly different to each other, indicating that there are minor

1.2
—— C2-DPP-BP — C8-DPP-BP
—— C4-DPP-BP — C10-DPP-BP
o 10 #\ — C6-DPP-BP — BP
2
3 08
o
[2]
G
S 06
[}
N
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S
Z
0.2
0.0
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Wavelength / nm
Figure 4-5. Absorption spectra of BP and Cn-DPP-BP thin films.
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deviations in the solid-state molecular arrangement depending on the length of alkyl chains.
The Enomos of Cn-DPP-BPs were determined by photoelectron spectrometry to be —5.0 to
—5.1 eV. (Figure 4-6). The optical energy gaps were calculated from the absorption onsets of
the thin films to be 1.44-1.47 eV, and the E;ymos were calculated to be —3.5 to —3.7 eV. The
Enomos and Erumos of all Cn-DPP-BPs are summarized in Table 4-1. The Enomos and
Erumos of Cn-DPP-BPs are 0.1 and 0.4 eV lower than those of a BP film (Epomo = 4.9 eV
and ELumo = —3.2 V), respectively.’? Considering the relationship between Voc of OPV and
the energy gap between the Epomo of the donor and the Erymo of the acceptor, Voc of the

Cn-DPP-BPs:PC4sBM system was expected to be improved than that of the BP:PCs BM

system.
a (b c)
( )12 )12 ( 12
2 2 2
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Figure 4-6. Photoelectron spectra in air of the thin films based on (a) C2-DPP-BP, (b) C4-DPP-BP, (c)
C6-DPP-BP, (d) C8-DPP-BP, and (e) C10-DPP-BP on ITO-coated glass substrates.
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Table 4-1. Electronic properties of Cn-DPP—BPs and BP.

Materials Aonset” / NM ES eV Evomo®/ €V Eiumo® / eV
C2-DPP-BP 846 1.47 -5.0 -3.5
C4-DPP-BP 862 1.44 -5.0 -3.6
C6-DPP-BP 857 1.45 -5.0 -3.6
C8-DPP-BP 855 1.45 -5.0 -3.5

C10-DPP-BP 868 1.43 -5.1 -3.7
BP 716 1.73 4.9 -3.2

“As thin films, *Calculated from Ayyse. “Determined by photoelectron spectroscopy in air, “Er umo = Eromo E,,

4-4. Photovoltaic Performance

Solution-processed BHJ OPVs with a general device structure of [[TO/PEDOT:PSS/Crn-DPP—
BP:PCsBM/Ca/Al] were fabricated by the precursor approach using Cn-DPP-CPs as
precursors of Cn-DPP—BPs. Fabrication and evaluation of OPV devices was conducted by Mr.
Naoya Yamada and Mr. Daichi Kuamgai Prof. Nakayama’s group in Yamagata University.
The weight ratios of Cn-DPP-BPs and PCg¢ BM, annealing conditions (duration and
temperatures), and the concentration of solutions (thickness of the films) were optimized for
each Cn-DPP-BP (Table S4-2—-S4-13). Because of the low solubility, thin films containing
C2-DPP-BP were too rough to be evaluated for OPV performance. Thus, C2-DPP-BP was

not studied further (Figure 4-7).

Figure 4-7. An optical microscope image of the thin films of C2-DPP-BP:PCsBM (2:1) on a
PEDOT:PSS-modified ITO substrate.
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J-V curves and EQE spectra of the best performing cells are shown in Figure 4-8a,b and
the photovoltaic parameters are summarized in Table 4-2. The optimum active-layer
thicknesses of C4-, C6-, C8-, and C10-DPP-BP:PCs;BM systems were experimentally
determined as 105, 115, 115, and 115 nm, respectively. The best performance was obtained
with C4-DPP-BP affording the highest PCE of 5.2% (Jsc = 15.2 mA cmfz, Voc = 0.67 V, FF
= 0.52). This PCE is much higher than those of BP:PCs;BM and BP:PCBNB (< 0.1%).***
Moreover, it is close to the best efficiencies so far reported for BP-based OPVs (5.2-5.4%)
which have been achieved by using carefully designed n-type materials SIMEF'' and
SIMEF-Ph, o-An®* in p—i-n-type active layers. Notably, the Jsc obtained with the C4-DPP—
BP:PC4BM system (15.2 mA cm ) is considerably higher than those of the BP:PCysBM
(5.7-7.0 mA cm)'*"" and BP:SIMEF systems (10.2-10.5 mA cm2).'** In EQE spectra
(Figure 4-8c), photovoltaic response extends beyond 700 and reaches 850 nm where pristine
BP does not absorb. The Vocs of a Cn-DPP-BP:PC¢BM systems (0.64—0.70 V) are slightly
increased from those of the BP:PC¢BM devices (0.44-0.61 V),'** reflecting the lower
Enomo of Cn-DPP-BPs (—5.0 ¢V) as compared to BP (—4.9 eV). On the other hand, FF of the
C4-DPP-BP:PCs;BM system (0.52) is lower than the p—i—n-type OPV based on BP:PC¢;BM
(0.61)."% 1t is known that FF of BHJ system is lower than that of p—i—n system.”**° Figure 2d
shows the plots of normalized OPV parameters against the length of alkyl chains. The PCE is

improved together with Jsc

Table 4-2. Photovoltaic parameters of optimized Cn-DPP—BP:PC4BM OPVs.*

Materials Thickness”/nm  Jsc/ mA cm™ Voc I V FF PCE®/ %
C4-DPP-BP 105 15.19 (£ 0.18)  0.67 (+0.00)  0.52 (+0.01)  5.24 (5.03 + 0.14)
C6-DPP-BP 115 13.56 (£ 0.25)  0.69 (+0.00)  0.49 (+ 0.00) 4.52 (4.39 + 0.08)
C8-DPP-BP 115 9.12 (+ 0.09) 0.70 (£ 0.00)  0.48(+0.01) 3.06(2.95+0.10)
C10-DPP-BP 115 0.88 (+ 0.01) 0.66 (£ 0.01)  0.33(x0.00) 0.19(0.18 +0.01)

“Showing the parameters of the best-performing cell with standard deviation of four devices in parentheses, “Active layer

thickness, “Highest values followed by averages and standard deviation of four devices in parentheses.
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Figure 4-8. (a) J-V curves, (b) EQE spectra, (c) normalized photovoltaic parameters, and (d)
fluorescence lifetime decay curves of OPV based on Crn-DPP-BP:PC¢BM blend.

when alkyl chains become shorter. The Voc values are similar for all Cn-DPP-BPs. By

making the alkyl chains on DPP units shorter from C10 to C4, the FF values are increased

from 0.33 to 0.52.

To investigate the relationship between the photovoltaic performance and the alkyl-chain

length, the charge-transfer efficiency, charge-carrier mobility, and charge-recombination

efficiency of each blend film were investigated. The charge-transfer efficiency was evaluated

using a picosecond-pulsed laser excitation at 470 nm followed by measuring the average

fluorescence lifetime (7r) (Figure 4-8d). This measurement was conducted by Prof. Sadahiro

Masuo in Kwansei Gakuin University. The obtained zs are shorter with shorter alkyl chains;
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namely, 0.45 ns for C4-DPP-BP:PC4BM, 0.48 ns for C6-DPP—BP:PC¢BM, 0.54 ns for
C8-DPP-BP:PCs;BM, and 0.70 ns for C10-DPP—BP:PCsBM. This result suggests more
1637 1

effective fluorescence quenching via charge separation occurs with shorter alkyl chains.

other words, Cn-DPP-BPs are more finely mixed with PCs;BM when alkyl substituents are

shorter.
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Figure 4-9. J-V curves and fitting lines to the Mott-Gurney Low for the hole-only devices of blend
films. (a) C4-DPP-BP:PCsBM (1, = 2.18 x 10* cm”> V' s7"), (b) C6-DPP-BP:PCs;BM (1, = 1.31 x
10" em® V' s™), C8-DPP-BP:PC¢BM (14, = 5.64 x 10° cm”> V' s7'), and C10-DPP—BP:PC¢;BM (1,
=5.55%x10" cm® V's™).

Next, the charge-carrier hole mobility (z4) in the blend films were measured by the
space-charge-limited current (SCLC) method with the general device structure of

[ITO/PEDOT:PSS/Cn-DPP-BP:PCs;BM/M0Os/Al] (Figure 4-9). The organic layers were
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deposited under the same conditions as those optimized for the BHJ OPV devices. The
measuments revealed that the 4, increases from 5.55 x 107 to 2.18 x 10* cm* V' s' as the
alkyl substituents become shorter form C10 to C4. This observation indicates that the
C4-DPP-BP:PCs;BM system is the best in terms of the charge-carrier transport property of
the holes reaching to the electrodes. Improvement in the g4, generally leads to a higher Jsc and
FF, which is also the case for the present Cn-DPP-BP:PC4BM system.>>™>’

Then, the variation of Jsc as a function of illumination intensity was studied to evaluate the

4041 The data are plotted on a log—log scale and fitted to

charge-recombination characteristics.
a power law (Figure 4-10). In general, a power law dependence of Jsc upon light intensity is
observed in OPV; namely, Jsc oc I where « is an exponential factor, and « = 1 indicates the
efficient sweep-out of carriers prior to recombination. The value of « are high for the C4, C6,
and C8-DPP-BP:PCsBM devices, being 1, 1, and 0.98, respectively. On the other hand, the
C10-DPP-BP:PC¢BM  device showed an o of 0.88 suggesting that bimolecular charge
recombination is promoted in C10-DPP—BP:PC4BM compared to other systems with shorter

alkyl chains. Namely, non-geminate charge recombination is suppressed when alkyl groups

are shorter.
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Figure 4-10. Light intensity dependency on Jsc of Cn-DPP-BP:PC¢;BM-based OPVs.
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4-5. Film Morphology

The surface morphology of Cn-DPP—BP:PCsBM films was probed by AFM (Figure 4-11).
Pinholes, which have been reported to lower the performance and stability of OPVs, **** were
observed in all cases, although their depth and appearance frequency were largely dependent
on the length of alkyl substituents. The depth of the deepest pinhole in each AFM image is
about 10, 12, 37, and 34 nm for the C4-, C6-, C8-, and C10-DPP—BP blend films, respectively
(Figure S4-2). The best-performing system, C4-DPP-BP:PCs;BM has the shallowest pinholes
(Figure 4-11a—d). Pinholes or cracks were also observed in Cn-DPP-BP neat films (Figure
S4-3) and TIPS-BP films deposited by the precursor approach in Chapter 2 (Figure 2-17f and
S2-15). In all cases, pinholes or cracks became more obvious when longer or larger alkyl
groups were introduced as substituents. These observations suggest that the formation of such

large structural defects in thin films would be facilitated as molecules become more mobile

and easier to rearrange owing to the higher flexibility of longer or larger alkyl substituents.

o_-1-5.24 nm o_-1299 nm o asm a5 m
Figure 4-11. Tapping-mode AFM images. (a) C4-DPP-BP:PC¢BM, (b) C6-DPP-BP:PCqBM, (c)
C8-DPP-BP:PC4BM, (d) C10-DPP-BP:PC¢BM, (e) rinsed C4-DPP-BP: PC4BM, (f) C6-DPP—
BP:PC4BM, (g) rinsed C8-DPP—BP:PC4,BM, and (h) rinsed C10-DPP—BP:PC¢ BM.

The author also observed the surface morphology of blend films after rinsing with toluene.

Since the Cn-DPP—BPs are insoluble in toluene (Figure S4-4), it is possible to selectively
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wash away PC¢BM from the blend films and directly observe the morphology of Cn-DPP—
BP domains by AFM (Figure 4-11e-h)."*'” In the cases of C8- and C10-DPP—BPs,
micrometer-sized grains were observed, whereas the grain size is around 100 nm or smaller in
the cases of C4- and C6-DPP-BPs. These observations are in accordance with the above
postulation that longer alkyl chains would lead to higher molecular mobility during the
deposition—thermal conversion process, which can result in more significant self-aggregation
forming larger domains and less domain boundaries. Considering that the exciton diffusion
lengths in molecular organic materials are within the range of only a few to dozens of
nanometers,** the grain sizes in C8- and C10-DPP-BP films are too large to enable efficient

photovoltaic processes.

4-6. Molecular Orientation and Crystallinity
The molecular arrangement in Cn-DPP—BP neat films and Cn-DPP—BP:PCgsBP blend films

were observed by 2D-GIWAXD measurements.*’ Figure 4-12a—h and Figure 4-121,j show the
2D-GIWAXD images, and their out-of-plane profiles of the films, respectively (see also
Figure S4-5 and S4-6). For the C4- and C6-DPP—BP neat films, a low wavenumber diffraction
in the in-plane direction (gx, = 0.47-0.48 A", d = 13.1-13.4 A) and a high wavenumber
diffraction in the out-of-plane direction (g, = 1.79 A™', d = 3.51 A) are observed. Here, the
former corresponds roughly to the minor axis of a DPP-BP framework (Figure 4-13), and the
latter corresponds to m—n stacking. Thus, this combination of diffraction peaks indicates that
molecules of C4- and C6-DPP-BP in neat films are arranged in face-on geometries which is
favorable for OPV.* The C8-DPP-BP neat films showed arc-shaped diffraction patterns at ¢ =
0.35 A (d=18.0 A) and 1.73-1.77 A™' (d = 3.55-3.63 A) indicating a random arrangement
of crystallites.* The C10-DPP—BP neat film showed a combination of a primary peak in the
out-of-plane direction (g, = 0.33 A", d = 19.0 A) and a peak from n—m stacking in the

in-plane direction (g, = 1.74 A’!, d=3.61 A) indicating that C10-DPP-BP molecules adopt
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Figure 4-12. 2D-GIWAXD images of (a) C4-DPP-BP, (b) C6-DPP-BP, (c) C8-DPP-BP, (d)
C10-DPP-BP, (e) C4-DPP-BP:PC4BM, (f) C6-DPP-BP:PC¢;BM, (g) C8-DPP-BP:PC4BM, and (h)
C10-DPP-BP:PC¢BM. Out-of-plane profiles of 2D-GIWAXD images of the (i) Cn-DPP-BP neat
films and (j) Cn-DPP-BP:PC4BM blend films. (k) Correlation of the lengths of alkyl chains, the peak

area in the out-of-plane direction, and hole mobility of the blend films.

Figure 4-13. Optimized molecular structures of (a) C4-DPP-BP and (b) C6-DPP—BP.

an edge-on orientation. The C10-DPP-BP neat film also direction (¢, = 0.65 A" and 0.94 A~

") indicating a higher crystallinity as compared to the other neat films.
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It is noteworthy that the molecular orientation in Cn-DPP-BP neat films is drastically
changed only by the difference of alkyl-chain length. This observation made the author to
focus on the aspect ratio of major and minor axis of molecules. The aspect ratio of Cn-DPP—
BP system increases by shorter alkyl chains from 1.5 (C10), 1.8 (C8), 2.4 (C6), and 2.9 (C4)
(Figure 4-14) and the molecular orientation changes from edge-on to face-on orientation.

Same tendency in solution processable small molecular OPV materials was reported by

1.>*7 and Bazan et al.*** For both studies, the molecular orientation of neat films

Cheng et a
changes from edge-on to face-on orientation by increasing the major axis of molecules via
elongating the molecular backbone as well as the aspect ratio (Figure S4-7 and S4-8). Thus,

the author presumed that the aspect ratio of molecules is one of the key factors to decide

molecular orientation.

SIXe Jouly

Major axis

C4-DPP-BP
Aspect ratio= 2.9

C6-DPP-BP
Aspect ratio= 2.3

bimodal edge-on

C8-DPP-BP
Aspectratio=1.8

C10-DPP-BP
Aspect ratio= 1.6

Figure 4-14. Optimized molecular structures of (a) C4-DPP-BP, (b) C6-DPP-BP, (c) C8-DPP-BP,

and (d) C10-DPP—BP with their aspect ratios and molecular orientations in neat films.

143 -



Chapter 4

On the other hand, the edge-on geometry was found to be a major molecular arrangement
in all the blend films. Specifically, the C10-DPP-BP:PC¢ BM blend showed strong peaks in
the out-of-plane direction (¢, = 0.33 A™', 0.65 A", and ¢, = 0.94 A™") and a strong n—n
stacking peak in the in-plane direction (gyy = 1.72 A™") indicating that the edge-on geometry is
the dominant molecular orientation within crystallites. Thus, out-of-plane carrier transport
should be inefficient in the C10-DPP-BP:PCsBM blend, which is reflected to the low Jsc and
FF in corresponding OPV.”" In the case of the C8-DPP-BP:PCqBM system, the peak
corresponds to the m—m stacking of C8-DPP-BP is considerably weaker than that of
C10-DPP-BP along the g,y axis (Figure S4-6¢). Instead, a relatively strong n—m stacking peak

(=174 A", d=3.61 A) is observed at 20—60° from the ¢,y axis, indicating that the effective
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Figure 4-15. (a) Pole figure analysis of the peak from n—n stacking and (b) its profile of the C8-DPP—
BP:PC4;BM blend film. (¢) 2D-GIWAXD image and (d) its profile from 20—60° of polar angles of a
C8-DPP-BP:PC¢;BM blend film.

144 -



Chapter 4

charge-carrier pathway based on C8-DPP-BP molecule is directed diagonally to the
substrates (Figure 4-15). This orientation is less favorable for the charge extraction than the
face-on orientation but better than the edge-on orientation, since the charge carrier pathway in
OPVs is vertical to the substrates.

In the C6-DPP—BP:PC¢;BM blend film, diffraction peaks are generally weaker indicating a
lower crystallinity as compared to the C8- and C10-DPP-BP:PC¢BM systems. The n—n
stacking diffraction of the C6-DPP-BP:PCsBM system is arc-shaped indicating that the
charge-carrier transport via C6-DPP-BP molecules do not have preferred orientation in the
blend film. This type of molecular arrangement is often observed in efficient small-molecule
BHJ OPVs.>”! The C4-DPP-BP blend showed a similar diffraction pattern to the C6-DPP—BP
blend, while the diffraction intensities are higher for the case of C4-DPP-BP.

In order to compare the relative populations of effective charge-carrier paths along the
out-of-plane direction among the Cn-DPP—BP:PCs;BM systems, the peak areas corresponding
to the n—n stacking of Cn-DPP-BP were calculated (Figure 4-12k). The peak area is a relative
measure of the crystallite volume within the film.>? The peak areas were obtained by applying
the Gaussian fitting to the out-of-plane profiles of 2D-GIWAXD images (Figure 4-16).>° The
extracted peak areas of m—m stacking of Cn-DPP-BPs in blend films are larger with
decreasing the length of alkyl side-chain along with the hole-mobility of blend films (Figure
4-12k). These results suggest that the charge-carrier paths to the vertical direction in blend
films are improved with shorter alkyl side-chains due to the larger population of the n—=
stacking crystallites for Cn-DPP-BP. This trend is presumed to originate from the nature of
Cn-DPP-BPs neat films that tends to arrange face-on orientation with shorter alkyl chains.
Thus, introducing shorter alkyl side-chains induces the better charge-carrier transport to

improve the Jsc and FF, which is also indicated by the light intensity dependence of Jsc.
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Figure 4-16. Out-of-plane profiles and Gaussian fitting of (a) C4-DPP-BP:PC¢BM, (b) C6-DPP—
BP:PC4BM, (c) C8-DPP-BP:PC¢BM, and (d) C10-DPP—BP:PC¢BM blend films.

4-7. Summary

This work has demonstrated that BP frameworks can be modified to improve the
absorption capability, miscibility, crystallinity, and molecular orientation for BHJ OPV. It is
shown that the alkyl chain length has a strong impact on the OPV performance, with Jsc and
PCE values ranging from 0.9—15.2 mA cm* and 0.2-5.2%, respectively. A BHJ OPV device
of C4-DPP-BP:PCyBM shows the best Jsc of 15.2 mA cm > among BP based OPV. The
GIWAXD measurements suggested that the Cn-DPP-BPs with shorter alkyl chains in blend

films tend to have larger amount of crystallites derived from n—n stacking in the out-of-plane
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direction which is suitable for charge-carrier transport of OPV. On the other hand, the
Cn-DPP-BP with longer alkyl chains tends to orient edge-on against the substrate. Notably,
the drastic change of molecular orientation of Cn-DPP—BPs provides a clue that the aspect
ratio of molecules is one of the key factors to decide molecular orientation. Since a BHJ OPV
based on C4-DPP-BP:PC¢BM shows 5.2% of PCE by only a single active layer, further

17,36

improvement of the OPV performance can be expected by utilizing p—i—n architectures

using the precursor approach.

4-8. Outlook
The OPV devices based on C4-DPP-BP:PCsBM blend showed the PCE of 5.24% with the

great Jsc value of 15.19 mA cm ? as a BP derivatives. However, that PCE value is still much
lower than the state-of-the-art OPV and even much far away from the practical use. C4-DPP—
BP still has two drawbacks for the p-type material for OPV. The first is high Epomo of
C4-DPP-BP. The Epomo of C4-DPP-BP (-5.0 V) is still higher than ideal Egomo (—5.4~5.2
eV) in the case of using PCs;BM as an n-type material reflecting the obtained Voc is 0.65 V
which is much lower than that of DRCNS5T (0.92 V) which show the PCE over 10%.> The
second is long synthesis steps. The preparation of C4-DPP—CP needs 12 steps and 18
reactions indicating the practical application is almost impossible.

In this regard, the author designed and synthesized
5,15-bis(trifluoromethyl)tetrabenzoporphyrins (CF;BP) from a corresponding soluble
precursor (CF3CP). The number of synthesis steps of CF3CP is 8 which is much shorter than
that of C4-DPP-BP. The Enomo of CF;BP film is —5.3 eV indicating the Voc of OPV
comprising CF;BP would be comparable with those of state-of-the-art OPV. The p-n type
OPV?® comprising CF3BP as a p-type and PCs;BM as an n-type material were fabricated by a

precursor approach for the initial evaluation to probe the potential of CF;BP. As a result, the
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Voc and FF of 0.96 V and 0.68 were obtained, respectively indicating the energy levels and

electrical property of CF;BP are comparable with those of DRCNS5T (Table 4-3).

Table 4-3. Comparison of Eyomos OPV performance of C4-DPP—BP, DRCNST and CF;BP.

p-type materials Enomo Jsc / mA cm™ Voc /' V FF PCE / %
C4-DPP-BP? -5.0 15.19 0.65 0.52 5.24
DRCN5T? -5.2 15.66 0.92 0.68 10.0
CF3BP° -5.3 3.57 0.96 0.66 2.24

“BHJ OPV with PCsBM. “BHJ OPV with PC;BM. p—n type OPV with PC¢BM.

In addition, the edge of photovoltaic response of CF;BP reaches 800 nm in which BP and
DRCNST don’t have photovoltaic response. Since the CF;BP has enough insolubility to
fabricate multi-layered p—i—n-type OPV by precursor approach, further improvement of Jsc to

achieve PCE over 10% could be expected.
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4-9. Supporting Figures and Tables
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Figure S4-1. (a) Schematic drawing of analytical TLC and single-crystal structures of three

diastereomers of compound 7. (b) and (c): Two diastereomers in spot-1. (d): Diastereomer in spot-3.

Up and Down mean the relative relationship of the direction of dimethyl groups. Solvents and

hydrogen atoms are omitted for clarity. Thermal ellipsoids represent 50% probability.
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Table S4-1. Crystal data and structure refinement for C6-DPP—CP

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [/ > 20(/)]

R indices (all data)

Largest diff. peak and hole
CCDC No.

C117H13,CIoN3O4S,4

2161.59

90 K

0.71073 A

Triclinic

P-1

a=17.452(10) A a=106.590(8)°
b=17.834(10) A £ =100.966(9)°
c=20.187(11) A y=109.185(7)°
5400(5) A’

2

1.330 gem™

0.368 mm"'

2278

0.300 x 0.100 x 0.050 mm

1.301 to 23.500°
-19<h<19,-20<k<18,-18<[<22
23951

15747 [R(int) = 0.0693]

98.6 %

0.982 and 0.641

Full-matrix least-squares on F*
15747/ 6/ 1290

1.047

R, =0.1093, wR, = 0.2730

R, =0.1978, wR, = 0.3568

0.893 and -0.872 ¢ A~

1491998
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Table S4-2. Photovoltaic performance of BHJ OPVs based on C4-DPP—BP:PCyBM with different
D:A weight ratios of 2:1, 1:1, and 1:2. (10 mg mL "', CHCl;, 800 rpm, 40 s, annealed at 200 °C for 10

min)

D : Aratio Jsc / mAcm™ Voc IV FF PCE / %
2:1 14.49 0.64 0.43 3.99
1:1 14.20 0.66 0.47 4.38
1:2 4.19 0.61 0.40 1.02

The optimum D:A ratio was assumed as 1:1.

Table S4-3. Photovoltaic performance of BHJ OPVs based on C4-DPP—BP:PC4BM with different
solution concentrations of 8, 10, 12, and 15 mg mL™". (D:A = 1:1, CHCl;, 800 rpm, 40 s, annealed at
200 °C for 10 min)

Concentration /mgmL™"  Jsc/ mAcm™ Voc 'V FF PCE /%
8 14.77 0.65 0.46 4.39
10 14.20 0.66 0.47 4.38
12 13.96 0.63 0.39 3.46
15 11.79 0.65 0.38 2.92

The optimum concentration of solution was assumed as 8 mg mL ™.

Table S4-4. Photovoltaic performance of BHJ OPVs based on C4-DPP—BP:PCyBM with different
D:A weight ratios of 4:3 and 3:4. (8 mg mL™', CHCls, 800 rpm, 40 s, annealed at 200 °C for 10 min)

D : Aratio Jsc / mAcm™ Voc I'V FF PCE / %
4:3 13.98 0.67 0.51 4.82
3:4 10.11 0.61 0.49 3.02

The optimum D:A ratio was assumed as 4:3.

Table S4-5. Photovoltaic performance of BHJ OPVs based on C4-DPP—BP:PC4sBM with different
additive (CS; v/v) ratios in CHCI; of 0%, 5%, 10% and 20%. (8 mg mL"', 800 rpm, 40 s, annealed at
220 °C for 10 min)

CS; ratio/ % Jsc / mAcm™ Voc I'V FF PCE / %
0 13.98 0.67 0.51 4.82
5 13.35 0.67 0.51 4.60
10 14.54 0.67 0.51 4.98
20 15.44 0.67 0.48 4.89

The optimum CS, ratio in CHCl; was assumed as 10% v/v.
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Table S4-6. Photovoltaic performance of BHJ OPVs based on C4-DPP—BP:PC4BM with different
solution concentrations of 8, 8.5 and 9 mg mL". (D:A = 4:3, CHCl; (10% v/v CS,), 800 rpm, 40 s,
annealed at 220 °C for 10 min)

Concentration/mgmL™  Jsc/ mAcm™ Voc ! V FF PCE / %
8 14.54 0.67 0.51 4.98
8.5 15.19 0.67 0.52 5.24
9 15.63 0.66 0.49 5.05

The optimum concentration of solution was assumed as 8.5 mg mL'. The thickness of active layer

was 105 nm.

Table S4-7. Photovoltaic performance of BHJ OPVs based on C6-DPP—BP:PCyBM with different
D:A weight ratios of 4:1, 3:1, 2:1, 1:1, and 1:2. (10 mg mL"', CHCl;, 800 rpm, 40 s, annealed at
180 °C for 30 min)

D : Aratio Jsc / mAcm™ Voc I'V FF PCE / %
4:1 10.81 0.68 0.39 2.84
3:1 11.85 0.69 0.43 3.49
2:1 12.87 0.69 0.43 3.86
1:1 8.50 0.73 0.40 2.45
1:2 6.15 0.70 0.38 1.64

The optimum D:A ratio was assumed as 2:1.

Table S4-8. Photovoltaic performance of BHJ OPVs based on C6-DPP-BP:PC¢BM with different
annealing temperature at 160 (30 min), 180 (30 min), 200 (10 min) and 220 (10 min). (D:A = 2:1, 10
mg mL™', CHCl, 800 rpm, 40 s)

Temperature / °C Jsc / mA cm™ Voc /' V FF PCE / %
160 9.77 0.66 0.34 217
180 12.87 0.69 0.43 3.86
200 13.56 0.69 0.49 4.52
220 12.99 0.68 0.48 4.25

The optimum annealing temperature was assumed as 200 °C.

Table S4-9. Photovoltaic performance of BHJ OPVs based on C6-DPP—BP:PCyBM with different
solution concentrations of 8, 10 and 12 mg mL™". (D:A = 2:1, CHCl;, 800 rpm, 40 s, annealed at
200 °C for 10 min)

Concentration/mgmL™"  Jsc/mAcm™ Voc I V FF PCE /%
8 10.06 0.68 0.46 2.92
10 13.56 0.69 0.49 4.52
12 8.52 0.67 0.35 1.97

The optimum concentration of solution was assumed as 10 mg mL"". The thickness of active layer was
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115 nm.

Table S4-10. Photovoltaic performance of BHJ OPVs based on C8-DPP—BP:PC4BM with different
D:A weight ratios of 2:1, 1:1, and 1:2. (10 mg mL "', CHCls, 800 rpm, 40 s, annealed at 180 °C for 30

min)

D : Aratio Jsc / mAcm™ Voc I V FF PCE / %
2:1 2.41 0.55 0.25 0.33
1:1 0.29 0.44 0.28 0.04
1:2 0.29 0.45 0.31 0.04

The optimum D:A ratio was assumed as 2:1.

Table S4-11. Photovoltaic performance of BHJ OPVs based on C8-DPP-BP:PCsBM with different
annealing temperature at 160 (30 min), 180 (30 min), and 200 °C (10 min) . (D:A = 2:1, 10 mg mL ",
CHCI;, 800 rpm, 40 s)

Temperature / °C Jsc / mA cm™ Voc I'V FF PCE / %
160 9.12 0.70 0.48 3.06
180 2.41 0.55 0.25 0.33
200 2.53 0.52 0.24 0.32

The optimum annealing temperature was assumed as 160 °C. The thickness of active layer was 115

nm.

Table S4-12. Photovoltaic performance of BHJ OPVs based on C10-DPP-BP:PC¢BM with different
D:A weight ratios of 2:1, 1:1, and 1:2. (10 mg mL~', CHCl;, 800 rpm, 40 s, annealed at 180 °C for 30

min)

D : Aratio Jsc / mAcm™ Voc I'V FF PCE / %
2:1 0.88 0.66 0.33 0.19
1:1 0.61 0.64 0.34 0.13
1:2 0.30 0.55 0.31 0.05

The optimum D:A ratio was assumed as 2:1.

Table S4-13. Photovoltaic performance of BHJ OPVs based on C10-DPP—BP:PC4BM with different
annealing temperature at 160 (30 min), 180 (30 min) and 200 (10 min). (D:A = 2:1, 10 mg mL"',
CHClI;, 800 rpm, 40 s)

Temperature / °C Jsc / mAcm™ Voc IV FF PCE / %
160 0.42 0.39 0.30 0.05
180 0.88 0.66 0.33 0.19
200 0.72 0.66 0.32 0.15

The optimum annealing temperature was assumed as 180 °C. The thickness of active layer was 115

nm.
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Figure S4-2. Tapping-mode AFM images (left) and cross-sectional profiles of blend films (right). Red

lines indicate the places that the profiles were extracted. The location with the deepest pinhole in each

film was chosen for the profile.
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2423 nm 0 31.68 nm

Figure S4-3. Tapping-mode AFM images of neat films based on (a) C4-DPP-BP (RMS = 5.61 nm),
(b) C6-DPP-BP (RMS = 3.69 nm) (c) C8-DPP-BP (RMS = 1.23 nm), and (d) C10-DPP-BP (RMS =
5.20 nm) on PEDOT:PSS-modified glass substrates.
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Figure S4-4. Absorption spectra of C4, C6, C8, and C10-DPP-BP neat films on glass substrates

before (red) and after (blue) soaking in toluene for 5 min.
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Figure S4-5. 2D-GIWAXD images (left), out-of-plane (middle), and in-plane (right) profiles with
peak labels of neat films based on (a) C4-, (b) C6-, (c¢) C8-, and (d) C10-DPP-BP on PEDOT:PSS

modified-Si1 substrates.

Table S4-14. Summary of peaks from Cn-DPP-BP extracted in 2D-GIWAXD images of neat films.

Out-of-plane In-plane
Primary peak n—n stacking peak Primary peak n—n stacking peak
Materials q/A”" d/A q/A”’ d/A q/A”’ d/A q/A” d/A
C4-DPP-BP - - 1.79 3.51 0.48 13.1 - -
C6-DPP-BP - - 1.79 3.51 0.47 13.4 - -
C8-DPP-BP 0.35 18.0 1.77 3.55 0.34 18.5 1.71 3.67
C10-DPP-BP 0.33 19.0 1.86 3.38 - - 1.74 3.61
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Figure S4-6. 2D-GIWAXD images (left), out-of-plane (middle), and in-plane (right) profiles with
peak labels of blend films based on (a) C4-, (b) C6-, (c) C8-, and (d) C10-DPP-BP:PC4sBM on
PEDOT:PSS modified-Si substrates.

Table S4-15. Summary of peaks from Cn-DPP-BP extracted in 2D-GIWAXD images of blend films.

Out-of-plane In-plane
Primary peak n—r stacking peak Primary peak n—n stacking peak
Materials q/A™? diA q/A™ d/A q/A™ diA q/A™ d/A
C4-DPP-BP 0.45 14.0 1.76 3.57 0.48 131 1.73 3.63
C6-DPP-BP 0.37 17.0 1.81 3.47 0.36 17.5 1.78 3.53
C8-DPP-BP 0.35 18.0 1.76 3.57 0.34 18.5 1.73 3.63
C10-DPP-BP 0.33 19.0 1.86 3.38 - - 1.72 3.65
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Figure S4-7. Optimized molecular structures of (a) DRCNST, (b) DRCNG6T, (c) DRCN7T, (d)

DRCNST, and (¢) DRCNOT with their aspect ratio and molecular orientations in neat films.>*’
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Figure S4-10. Absorption spectra of C2, C4, C6, C8, and C10-DPP—CP in CHCl;.
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4-10. Experimental Section

4-10-1. General
Materials for Synthesis

Solvents and chemical reagents were reagent grade quality, obtained from commercial
sources and used without further purification. Dehydrated CH,Cl, and toluene were purchased

from Kanto Chemical used as received. NBS was recrystallized from hot water.

3,6-Dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (NH-DPP),**
2,5-dibutyl-3,6-dithiophen-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione (C4-DPP),”
2,5-dihexyl-3,6-dithiophen-2-yl-pyrrolo[3.,4-c]pyrrole-1,4-dione (C6-DPP),®

3-(5-bromothiophene-2-yl)-2,5-dioctyl-6-(thiophene-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione
(7d),%
3-(5-bromothiophene-2-yl)-2,5-didecyl-6-(thiophene-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione
(7e),”’ 3-(triisopropylsilyl)propiolaldehyde,® and ethyl
4,7-dihydro-8,8-dimethyl-4,7-ethano-2 H-isoindole-1-carboxylate (1) were prepared as

described in literatures.

Purification and Characterization of Materials

Material purification by flash column chromatography was conducted on silica gel
purchased from Kanto Chemical (Silica Gel 60N, 60 A, 40-50 pm) and by GPC was
conducted with a JAI LC-9225NEXT (JAIGEL-2H-40/JAIGEL-1H-40) at room temperature
using CHCI; as an eluent. Analytical TLC was conducted on Merck 200-pum thickness silica
gel plates with a fluorescent indicator. Visualization was accomplished with UV light at 254
nm and 365 nm. "H NMR and *C NMR spectra were recorded on a JEOL ECX 400P (400
MHz) or ECA 600 (600 MHz) spectrometer at 294 K using tetramethylsilane as an internal
standard. High resolution ESI mass spectra were measured on a JEOL
AccuTOF/JIMS-T100LC mass spectrometer. High resolution MALDI mass spectrum was

measured on a JEOL SpiralTOF™/IMS-S3000 mass spectrometer. UV—vis—NIR absorption
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spectra in solutions and thin films were measured on a JASCO V-670 and V-650
spectrophotometer, respectively. For spectral measurements, spectral grade solvents were
purchased from Nacalai Tesque Inc. TGA were carried out on a Seiko Exstar 6000 TG/DTA

6200 instrument under nitrogen gas flow with a heating rate of 10 °C min .

DFT Calculation
DFT calculation was carried out using a Gaussian 09 package based on B3LYP/6-31G(d)

level of theory.

Single-Crystal X-ray Crystallography

The sample for making single-crystals of C6-DPP—-CP was synthesized from a stereoisomer
of compound 5 (spot-3) by the same reaction scheme. Single-crystals of C6-DPP—CP were
obtained from diffusion of hexane into a dichloroethane solution. Single-crystal X-ray
diffraction data of C6-DPP-CP were collected at 90 K on a Bruker APEX II X-ray
diffractometer equipped with a large area CCD detector by using graphite monochromated
Mo-Ka radiation (1 = 0.71073 A). The diffraction data were solved with the SIR-97 program
and refined with the SHELX-97 program. CCDC 1491998 contains the supplementary
crystallographic data for this paper. This data can be obtained free of charge for The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Materials for Device Fabrication

Semico Clean 53 was purchased from Furuuchi Chemical. PCs;BM was purchased from
Luminescence Technology Crop. and used as received. For OPV device fabrication, solvents

were purchased from Sigma-Aldrich and used as received.

OPYV Device Fabrication and Evaluation

ITO-patterned glass substrates (20 x 25 mm, 15 Q per square) were cleaned by gentle

rubbing with an acetone-soaked wipe for ca. 5 s, sonication in acetone and isopropanol for 10
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min each, and exposure to boiling isopropanol for 10 min. The cleaned substrates were further
treated in a UV—Os3 cleaner (UV253 V8, Filgen) for 20 min, and the PEDOT:PSS (Clevious P
VP AI4083) layer was spin-coated at 5000 rpm for 40 s, followed by thermal annealing at
120 °C for 20 min in air. The thickness of the resulting PEDOT:PSS layer was about 30 nm.
The substrates were then transferred to a N»-filled glovebox (<0.5 ppm of O, and H,O) for
preparation of the active layers. Cn-DPP-BP:PCsBM blend films were prepared by
spin-coating of a Cn-DPP—CP:PCsBM solution, followed by thermal annealing on a hot plate
in a glovebox. Finally, Ca (10 nm, 1 A s™") and Al (90 nm, 10 A s™') were vapor-deposited at
high vacuum (~10~ Pa) through a shadow mask that defined an active area of 4.0 mm®. The
general device structure was [ITO/PEDOT:PSS (30 nm)/ Cn-DPP-BP:PC¢BM/Ca (10
nm)/Al (90 nm)]. J-V curves were measured using a Keithley 2400 source measurement unit
under AM 1.5G illumination at an intensity of 100 mW cm > using a solar simulator
(CEP-2000TF, Bunko-keiki). The EQE spectra were obtained under illumination of
monochromatic light using the same system. Thickness of active layers was measured using a

surface profiler (DektakXT, Bruker) after the OPV measurements.

Hole-only Device Fabrication and Evaluation

ITO-patterned glass substrates (20 x 20 mm, 15 Q per square) were first pre-cleaned
sequentially by sonicating in a detergent bath with Semico Clean 53, distilled water and
isopropanol at room temperature for 10 min each, and then subjected to a UV—-Oj3 treatment at
room temperature for 20 min. The PEDOT:PSS (Clevios P VP Al4083) layer was spin-coated
at 3000 rpm for 30 s in air followed by a thermal annealing treatment at 130 °C for 10 min in
air. The thickness of the resulting PEDOT:PSS layer was about 30 nm. The substrates were
then transferred to a N»-filled glovebox (<0.5 ppm of O, and H,0) for preparation of the
organic layers. The active layers were then fabricated by spin-coating from CHCI; (10 mg

mL ", D:A =2:1 (w/w)) for C6-, C8- and C10-DPP-BP and CHCl; (10% v/v CS,) solution for
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C4-DPP-BP (8.5 mg mL ', D:A = 4:3 (w/w)) with respective amount of PC¢;BM at 800 rpm
for 40 s. The substrates were heated at 160-220 °C (C4-DPP-BP (220 °C, 10 min), C6-DPP—
BP (200 °C, 10 min), C8-DPP-BP (160 °C, 30 min) and C10-DPP-BP (180 °C, 30 min)) on a
hot plate to convert precursors to corresponding Cn-DPP-BPs. The thin films were transferred
into a vacuum evaporator connected to the glove box, and the MoOj layer (15 nm, 0.5 A s™)
and the Al layer (80 nm, 1 A s™') were vapor-deposited at high vacuum (~10~ Pa) through a
shadow mask that defined an active area of 1.0 mm®. Resulting devices were sealed by glass
plates with epoxy resin followed by irradiation of UV light. Thickness of the films was
measured using a surface profiler (ET200, Kosaka Laboratory) after the SCLC measurements.
(C4-DPP-BP:PCsBM = 80 nm, C6-DPP-BP:PCs;BM = 76 nm C8-DPP-BP:PCsBM = 79
nm and C10-DPP-BP:PCs;BM = 91 nm). J-V characteristics were measured in the range of
0—10 V using a Keithley 2400 source-measure unit in air, and fitting the results to a space

charge limited model, where described as below:

8 egulV 3
S8 aan)?

9 L’
where ¢ is the dielectric constant, & is the permittivity of free space, u is the hole mobility, V'
is the applied voltage, and L is the thickness of the active layer. The dielectric constant ¢ is

assumed to be 3, which is a typical value for organic semiconductors.

Fluorescence Decay Measurement®’

The laser beam from a picosecond-diode laser (470 nm, 10 MHz, 100 ps FWHM,
Picoquant) was introduced to an inverted microscope (IX71, Olympus) and focused onto the
active layer of the OPV by an objective lens (x 60, N.A.:0.7, LUCPlanFLN, Olympus). The
fluorescence from the active layer of the OPV device was collected by the same objective lens

and passed through a confocal pinhole (100 um) and suitable filters.

Characterization of Thin Films

Thin films for the absorption measurement and the photoelectron spectrometry were
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prepared by spin-coating of precursors on glass substrates, followed by heating at 160—220 °C
for 10-30 min. Details as follows (precursor: concentration of solution, solvent, spin rate,
heating temperature and duration): CP (20 mg mL ™', CHCls:chlorobenzene = 1:2 v/v, 1500
rpm for 30 s, 180 °C for 20 min), C2-DPP—CP (3 mg mL "', CHCLs, 800 rpm for 30 s, 200 °C
for 10 min), C4-DPP—CP (4.6 mg mL ™', CHCl; (10% CS; v/v), 800 rpm for 30 s, 220 °C for
10 min), C6-DPP—CP (6.7 mg mL™', CHCl;, 800 rpm for 30 s, 200 °C for 10 min), C8-DPP—
CP (6.7 mg mL™', CHCL, 800 rpm for 30 s, 160 °C for 30 min), C10-DPP—CP (6.7 mg mL ",
CHCl;, 800 rpm for 30 s, 180 °C for 30 min). lonization energies of the thin films were
determined from the onset of photoelectron spectra measured by a photoelectron spectrometer
in air (AC-3, Riken Keiki). The surface morphology of organic films was observed by an SII
SPA400/SPI3800N atomic force microscope in tapping mode using a silicon probe with a

resonant frequency of 138 kHz and a force constant of 16 N m ™' (SII, SI-DF20).

GIWAXD Experiment

GIWAXD experiments were conducted in beamline BL19B2 at SPring-8 (Hyogo, Japan).
The X-ray beam was monochromatized by a double-crystal Si(111) monochromator, and the
X-ray energy was 12.398 keV (4 =1 A). The incident angle was set to 0.12° with a Huber
diffractometer and the sample-to-detector distance was about 174 mm. Diffracted X-rays from
samples were recorded by an X-ray photon counting pixel detector (PILATUS 300K, Dectris)
for 30 s at room temperature. Samples for GIWAXD measurements were prepared by the
same conditions with OPV devices on the PEDOT:PSS-modified Si substrates

(SYPEDOT:PSS/Cn-DPP-BP:PCsBM).
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4-10-2. Synthesis
2,5-Diethyl-3,6-di(thiophen-2-yl)-pyrrolo[3,4-c|pyrrole-1,4-dione (C2-DPP)

iodoethane, K,CO3

NMP
70 °C, overnight

75%
NH-DPP C2-DPP

A solution of NH-DPP™* (0.166 mmol, 500 mg, 1.0 eq) and potassium carbonate (6.64
mmol, 0.92 g, 4 eq) in 53 ml dehydrated NMP was brought under argon atmosphere. Then,
iodoethane (21.2 mmol, 1.7 mL, 12.8 eq) were added in one portion. The mixture was stirred
and heated at 70 °C and 10 additional equivalents of iodoethane (16.6 mmol, 1.3 mL, 10 eq)
was added. The mixture was stirred at 70 °C for 2 h and then another 10 equivalents of
iodoethane (16.6 mmol, 1.3 mL, 10 eq) was added and the mixture was stirred overnight (21
h) at 70 °C. The mixture was cooled to room temperature, added distilled water (80 ml) and
filtered to remove NMP. The residue was washed with MeOH (15 mL X 3) and precipitated
with CH,Cly/hexane to give a target compound C2-DPP as red solid in 75% yield (446 mg,
1.25 mmol). "H NMR (400 MHz, CDCl;, 8): 8.88 (dd, J = 4.0, 1.0 Hz, 2H), 7.64 (dd, J = 5.0,
1.0 Hz, 2H), 7.29 (dd, J = 5.0, 4.0 Hz), 4.16 (q, J= 7.0 Hz, 4H), 1.38 (t, J = 7.0 Hz, 6H); "°C
NMR (100 MHz, CDCls, 8): 161.25, 139.88, 135.06, 130.72, 129.68, 128.66, 107.78, 37.07,
15.13; HRMS (EI): m/z: [M]" caled for C;sH;sBrN,0,S,, 356.0653; found, 356.0651.
(Experimental note-6, page 61-62, reaction No. 6-30)

3-(5-Bromothiophen-2-yl)-2,5-diethyl-6-(thiophen-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione
(7a)

NBS
CHCI;

rt, overnight
47%

C2-DPP

Protected from light, a solution of NBS (150 mg, 0.842 mmol, 1.0 eq) in CHCl; (25 mL)
was added dropwise to a solution of C2-DPP (300 mg, 0.842 mmol, 1.0 eq) in CHCl; (25
mL) at 0 °C for 1 h. The reaction was stirred at room temperature overnight and the solvent
was removed under reduced pressure. The residue was purified by column chromatography
on silica gel (CH,Cl;:hexane = 2:1) and reprecipitation (CH,Cly/hexane) to give a target
compound 7a as a purple solid in 47% yield (171 mg, 0.393 mmol). '"H NMR (400 MHz,
CDCl;, 9): 8.89 (dd, J=4.0, 1.0 Hz, 1H), 8.64 (d, J = 4.2 Hz, 1H), 7.66 (dd, J = 5.0, 1.0 Hz,
1H), 7.29 (dd, J = 5.0, 4.0 Hz, 1H), 7.24 (d, J=4.2 Hz, 1H), 4.15 (q, J = 7.2 Hz, 2H), 4.09 (q,
J =172 Hz, 2H), 1.37 (t, J = 7.2 Hz, 3H), 1.37 (t, J = 7.2 Hz, 3H); °C NMR (100 MHz,
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CDCls, 9): 161.15, 160.97, 140.32, 138.39, 135.32, 134.93, 131.61, 131.09, 131.01, 129.60,
128.74, 118.82, 108.01, 107.65, 37.13, 37.08, 15.18, 15.10; HRMS (EI): m/z: [M]" calcd for
CisH;sBrN»O,S,, 433.9758; found, 433.9757.

(Experimental note-6, page 65—66, reaction No. 6-32)

3-(5-Bromothiophen-2-yl)-2,5-dibutyl-6-(thiophen-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione
(7b)

NBS
CHCI,
rt, overnight
57%
C4-DPP 7b

Protected from light, a solution of NBS (215 mg, 1.21 mmol, 1.0 eq) in CHCI; (25 mL) was
added dropwise to a solution of C4-DPP>° (500 mg, 1.21 mmol, 1.0 eq) in CHCl; (25 mL) at
0 °C for 1 h. The reaction was stirred at room temperature overnight and the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography
on silica gel (CH,Cly:hexane = 2:1) and then reprecipitation (CH,Cly/hexane) to give a target
compound 7b as a purple solid in 57% yield (337 mg, 0.686 mmol). '"H NMR (400 MHz,
CDCl;, 9): 8.94 (dd, J= 4.0, 1.0 Hz, 1H), 8.67 (d, J = 4.0 Hz, 1H), 7.65 (dd, J = 5.0, 1.0 Hz,
1H), 7.28 (dd, /= 5.0, 4.0 Hz, 1H), 7.23 (d, J = 4.0 Hz, 1H), 4.07 (t, /= 7.8 Hz, 2H), 4.00 (t,
J=17.8 Hz, 2H), 1.76-1.67 (m, 4H), 1.49-1.40 (m, 4H), 0.98 (t, J = 7.4 Hz, 3H), 0.97 (t, J =
7.4 Hz, 3H); *C NMR (100 MHz, CDCL;, 8): 161.25, 161.09, 140.41, 138.52, 135.52, 135.08,
131.53, 131.16, 130.96, 129.66, 128.66, 118.76, 107.86, 107.51, 42.00, 41.96, 32.05, 31.96,
20.15, 13.73; HRMS (EI): m/z: [M]" caled for Co4H»3BrN,05S,, 490.0384; found, 490.0381.

(Experimental note-6, page 1-2, reaction No. 6-1)

3-(5-Bromothiophen-2-yl)-2,5-dihexyl-6-(thiophen-2-yl)-pyrrolo[3,4-c|pyrrole-1,4-dione
(7¢)

NBS

CHCl3
rt, overnight
49%

C6-DPP

Protected from light, a solution of NBS (178 mg, 1.00 mmol, 1.0 eq) in CHCl; (17 mL) was
added dropwise to a solution of C6-DPP** (469 mg, 1.00 mmol, 1.0 eq) in CHCl; (17 mL) at
0 °C for 1 h. The reaction was stirred at room temperature overnight and the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography
on silica gel (CH,Cly:hexane = 7:3) and then reprecipitation (CH,Cl,/hexane) to give a target
compound 7¢ as a purple solid in 49% yield (270 mg, 0.493 mmol). '"H NMR (400 MHz,
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CDCls, 6): 8.94 (dd, J=4.0, 1.0 Hz, 1H), 8.67 (d, J = 4.0 Hz), 7.66 (dd, J= 5.0, 1.0 Hz), 7.29
(dd, J=5.0,4.0 Hz, 1H), 7.24 (d, J=4.0 Hz, 1H), 4.06 (t, /= 8.0 Hz, 2H), 3.99 (t, /=8.0 Hz,
2H), 1.78-1.68 (m, 4H), 1.45-1.27 (m, 12H), 0.91-0.87 (m, 6H); *C NMR (100 MHz, CDCl,
d): 161.29, 161.12, 140.46, 138.56, 135.54, 135.10, 131.57, 131.20, 130.00, 129.77, 128.70,
118.79, 107.91, 107.55, 42.28, 42.23, 31.40, 31.38, 29.97, 29.90, 26.54, 26.52, 22.56, 22.53,
14.02; HRMS (MALDI): m/z: [M]" caled for Co6H3:N»0,S,Br, 547.1084; found, 547.1083.
(Experimental note-4, page 108—109, reaction No. 4-54)

Bis(3-ethoxycarbonyl-4,7-dihydro-8,8-dimethyl-4,7-ethano-2 H-isoindol-1-yl)methane (2)

2 2 A\
\ methylal, H,SO, S _
\ NH ACOH, CHZC|2 \ NHHN Y,

EtO,C rt,2h EtO,C CO,Et
1 79% )

Methylal (4.24 mL, 48.0 mmol, 0.6 eq) and acetic acid (240 mL) were added to a solution
of compound 1%° (19.63 g, 80.0 mmol, 1.0 eq) in CH>Cl, (120 mL). After the addition of
conc.H>SO;4 (80 drops, 1 drop mmol™"), the resulting mixture was stirred for 1 h at room
temperature. The reaction mixture was poured into water to quench, and extracted with
CH,Cl,. The Organic layer was washed with saturated NaHCOs5 aq, and brine, then dried over
Na;SO4. The solvent was removed under reduced pressure. The residue was purified by
recrystallization in hexane to give a target compound 2 as white powder in 79% yield (15.88 g,
31.6 mmol). '"H NMR (400 MHz, CDCls, 8): 8.43—8.35 (m, 2H, NH), 6.54-6.50 (m, 2H,
olefine), 6.46—6.42 (m, 2H, olefine), 4.37—4.20 (m, 4H, OCH,), 3.96-3.82 (m, 2H, meso),
3.79-3.77 (m, 2H, bridgeheads), 3.51-3.48 (m, 2H, bridgeheads), 1.36-1.32 (m, 8H,
ester-CH;+bridge), 1.18—1.14 (m, 2H, bridge), 1.05 (s, 6H, bridge-CHj3), 0.73—0.72 (m, 6H,
bridge-CH3); BC NMR spectrum (100 MHz, CDCls, 8) was measured, but the number of
peaks were insufficient due to the presence of stereoisomers: 162.10, 137.68, 137.61, 136.04,
135.14, 135.11, 127.21, 127.03, 124.15, 123.94, 114.76, 59.81, 59.79, 46.61, 43.58, 43.58,
37.64, 37.62, 33.64, 30.77, 30.74, 30.31, 30.22, 23.51, 23.46, 14.50; HRMS (ESI): m/z: [M +
Na]+ caled for C31H3gN,NaQy, 525.2729; found, 525.2722.

(Experimental note-4, page 148—149, reaction No. 4-74)

Bis(4,7-dihydro-8,8-dimethyl-4,7-ethano-2 H-isoindol-1-yl)methane (3)

7 A 7 A
NN _ NaOH P
\ MHHN-Z (CHZ0H), s\

EtO,C CO,Et 150°C,2h

0,
2 83% 3

A solution of compound 2 (7.54 g, 15.0 mmol, 1.0 eq.), NaOH (7.34 g, 184 mmol, 12 eq.),
and (CH,OH), (150 mL) was heated at 150 °C for 2 h under argon atmosphere in the dark.
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The reaction mixture was cooled to room temperature by using ice bath, added water, and
extracted with EtOAc. The organic layer was washed with water and brine, dried over Na;SOs,
and concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (CH,Cl,) to give a target compound 3 as a brown solid in 83%
(4.45 g, 12.4 mmol). "H NMR (400 MHz, CDCL, 8): 7.11 (br, 2H), 6.56-6.52 (m, 2H), 6.45—
6.41 (m, 2H), 6.34-6.34 (m, 2H), 3.92-3.78 (m, 2H), 3.47-3.43 (m, 2H), 3.17-3.15 (m, 2H),
1.37-1.34 (m, 2H), 1.20-1.17 (m, 2H), 1.03 (s, 6H), 0.76 (s, 6H); >C NMR spectrum (100
MHz, CDCls, 6) was measured, but the number of peaks were insufficient due to the presence
of stereoisomers: 136.99, 136.89, 135.07, 135.04, 128.46, 128.33, 124.51, 124.28, 118.50,
118.82, 108.82, 108.60, 45.99, 44.05, 37.02, 33.24, 33.20, 30.86, 30.63, 30.54, 23.14, 22.95;
HRMS (ESI): m/z [M + Na]+ calcd for C,sH3zgN,, 381.2307; found, 381.2304.

(Experimental note-4, page 42—43, reaction No. 4-21)

5,15-Bis(triisopropylsilylethynyl)tetrakis(dimethylBCOD)porphyrin (4)

TIPS
1) 3-(triisopropylsilyl)propiolaldehyde, BF 3-OEt, . ‘

S =
\_NHHN /) MeOH

1) rt, overnight

3 2)rt,8h < ~
9% (insoluble isomers) ‘ ‘

34% (soluble isomers)
TIPS

4

A solution of compound 3 (6.21g, 17.1 mmol, 1.0 eq) in methanol (1710 mL) was
deoxygenated by bubbling of argon gas for 20 min. 3-(Triisopropylsilyl)propiolaldehyde!®'"!
(5.0 ml, 13.8 mmol, 1.1 eq) was added to a solution of compound 5 and then the reaction
system was covered with aluminum foil. Boron trifluoride etherate (BF;. OEt,) (0.29 ml, 2.35
mmol, 1.4 mM) was added dropwise to the solution and the resulting mixture was stirred
overnight at room temperature. 2,3-Dichloro-5,6-dicyano-p-benzoquinone (7.76 g, 34.2 mmol,
2.0 eq) was added to the solution and stirred for 8 h at room temperature. Then, the solvent
was removed under reduced pressure. The residue was purified by flash column
chromatography (CH,Cl,) on silica gel and the solvent was removed under reduced pressure.
The resulting solid was washed and filtered with CH,CL, (200 mL) to give poorly soluble
stereoisomers of a target compound 4 as purple powder in 9% yield (0.798 g, 0.729 mmol).
The filtrate was reprecipitated (CH,CL/MeOH) to give soluble stereoisomers of a target
compound 4 as a purple powder in 34% (3.16 g, 3.61 mmol). The soluble stereoisomers of 4
were only used for the next reaction. 'H NMR (400 MHz, CDCls, 8): 10.20-10.17 (m, 2H),
7.21-7.10 (m, 8H), 6.08-6.01 (m, 4H), 5.59-5.54 (m, 4H), 2.05-1.96 (m, 4H), 1.78-1.43 (m,
58H), 0.72-0.57 (m, 12H), —2.62~ —2.72 (m, 2H); >C NMR spectrum (100 MHz, CDCls, &)
was measured, but the number of peaks were insufficient due to the presence of
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stereoisomers: 150.37, 150.35, 150.33, 150.28, 150.21, 149.28, 149.25, 149.19, 149.16,
144.05, 143.94, 143.80, 138.17, 138.11, 138.08, 136.21, 136.12, 136.03, 136.01, 135.27,
135.23, 135.09, 135.05, 109.49, 100.28, 98.84, 98.79, 97.62, 97.42, 50.86, 50.82, 50.80, 50.77,
44.39, 40.54, 40.51, 40.49, 40.46, 40.42, 40.38, 37.58, 31.05, 31.00, 30.94, 30.91, 30.63,
30.54, 30.42, 30.37, 30.22, 19.26, 19.10, 19.08, 12.63, 12.59, 12.34, 12.30, 12.27; UV—vis
(CH2CL): Amax (& % 10%) = 663 (1.79), 605 (0.847), 578 (4.91), 537 (1.20), 423 (23.5); HRMS
(ESI): m/z: [M + H]" caled for C74HosN4Siz, 1095.7095; found, 1095.7090.

(Experimental note-6, page 24-25, reaction No. 6-11)

[5,15-Bis(triisopropylsilylethynyl)tetrakis(dimethylBCOD)porphyrinato]zinc(Il) (5)

TIPS TIPS
Il Il
Zn(OAc),2H,0
CH2C|2, MeOH
i, 2h
Il I
TIPS TIPS
4 5

A solution of Zn(OAc),2H,0 (2.52 g, 11.5 mmol, 5.0 eq) in methanol (25 ml) was added
to a solution of 4 (2.51 g, 2.29 mmol, 1.0 eq) in CH,ClL, (200 ml). After stirring for 2 h at
room temperature, the reaction mixture was washed with saturated NaHCO3 aq. and water.
The mixture was then dried over Na,SO,4, and the solvent was removed under reduced
pressure. The residue was purified by flash column chromatography on silica gel
(CH,Cly:hexane = 1:2, Rg= 0.42, green band, spot-2)* and reprecipitation (CH,Cl,/MeOH) to
give a target compound 5 as purple powder in 49% (1.31 g, 1.13 mmol). *There are other two
spots of target compound 5 during column chromatography (R¢ = 0.55, spot-1 and R¢ = 0.19,
spot-3, green bands), but they showed lower solubility than spot-2 and their amount were
small. Therefore, the target compound 5 of spot-2 was only used for the next reaction. 'H
NMR (400 MHz, CDCl;, 8): 10.18 (s, 2H), 7.24-7.12 (m, 8H), 6.24-6.16 (m, 4H), 5.58-5.52
(m, 4H), 2.03-1.96 (m, 4H), 1.81-1.42 (m, 58H), 0.71-0.48 (m, 12H); *C NMR spectrum
(100 MHz, CDCl;, &) was measured, but the number of peaks were insufficient due to the
presence of stereoisomers: 151.33, 151.21, 151.12, 151.05, 150.61, 150.58, 150.54, 146.71,
146.65, 146.49, 146.46, 140.58, 140.54, 140.52, 138.42, 138.38, 138.33, 135.39, 135.32,
135.07, 135.05, 110.79, 110.25, 102.20, 99.78, 99.51, 99.47, 98.90, 98.48, 51.73, 51.67, 44.55,
44.46, 40.59, 40.51, 40.49, 40.41, 37.56, 37.53, 37.49, 31.09, 31.05, 30.94, 30.88, 30.67,
30.52, 30.50, 30.43, 19.31, 19.11, 12.68, 12.39; UV—vis (CHCL): Amax (&% 10%) = 613 (3.68),
572 (1.52), 438 (39.7); HRMS (ESI): m/z: [M + H]" caled for C74Ho3N4SirZn, 1157.6230;
found, 1157.6229.
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(Experimental note-6, page 5658, reaction No. 6-28)

[5,15-Diethynyltetrakis(dimethylBCOD)porphyrinato]zinc(IT) (6)

TIPS H
I I
TBAF
THF, CH,CI,
reflux, 2 h
I I
TIPS H
5 6

Tetrabutylammonium fluoride (1.0 M in THF, 3.6 mL, 3.6 mmol, 6.0 eq) was added to a
solution of compound S (700 mg, 0.604 mmol, 1.0 eq) in dehydrated CH,Cl, (60 ml) under
argon atmosphere. After refluxing with stirring the reaction mixture for 2 h, the mixture was
washed with saturated NaHCOs aq. and water. Then organic layer was dried over Na;SOy,
and the solvent was removed under reduced pressure. The residue was purified by flash silica
gel column chromatography on silica gel (CH,Cl,) and reprecipitation (CH,Cly/hexane) to
give a target compound 6 as purple powder in 97% (496 mg, 0.586 mmol). '"H NMR (600
MHz, CDCl;, d): 10.23-10.22 (m, 2H, meso), 7.21-7.08 (m, 8H, olefine), 6.14—6.12 (m, 4H,
bridgeheads), 5.60-5.53 (m, 4H, bridgeheads), 4.41-4.40 (m, 2H, acetylene), 2.08-2.05 (m,
4H, bridge), 1.80-1.75 (m, 4H, bridge), 1.52—-1.48 (m, 12H, CH3), 0.83-0.78 (m, 12H, CHs);
3C NMR spectrum (150 MHz, CDCls, 8) was measured, but the number of peaks were
insufficient due to the presence of stereoisomers: 151.24, 151.20, 151.18, 151.15, 150.91,
150.89, 150.87, 150.82, 146.24, 146.22, 146.19, 146.16, 140.95, 140.92, 140.90, 140.88,
138.53, 135.34, 135.29, 99.37, 96.97, 96.89, 88.18, 88.05,. 87.19, 86.90, 52.20, 52.17, 52.10,
52.07, 44.25, 44.20, 40.65, 40.64, 40.62, 37.53, 31.61, 31.57, 30.84, 30.78, 30.74, 30.71,
HRMS (ESI) m/z: [M + H]+ caled for Cs¢Hs3N4Zn, 1157.6230; found, 845.3554.
(Experimental note-6, page 9-10, reaction No. 6-5)

5,15-Bis(2,5-diethyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)tetra
kis(dimethylBCOD)porphyrin (C2-DPP-CP)

- 170 -



Chapter 4

7a

PdClz(PPh3)2, CUl, Et3N TFA
toluene, 70 °C, overnight CH,Cl,
49% t, 1h

C2-DPP-CP

A solution of compound 6 (100 mg, 118 umol, 1.0 eq) and compound 7a (103 mg, 236
pmol, 2.0 eq) in dehydrated toluene (20 mL) and Et;N (10 mL) was deoxygenated by freeze—
pump—thaw (FPT) cycle for three times followed by the addition of PdCl,(PPh;), (16.6 mg,
23.6 umol, 0.2 eq) and Cul (9.0 mg, 47.2 umol, 0.4 eq) under the protection of argon
atmosphere. After stirring and heating at 70 °C for overnight (23 h), the solvent was removed
under reduced pressure. The residue was purified by flash column chromatography on silica
gel (CHCIl;, Ry = 0.23, black band) to give crude product of C2-DPP-ZnCP (127 mg). Since
the crude product of C2-DPP-ZnCP was too poorly soluble to isolate by any purification
methods, the dezincification reaction was conducted directly. Trifluoroacetic acid (1 mL, 13.1
mmol, excess) was added to a solution of crude product of C2-DPP-ZnCP (127 mg) in
CH,Cl,. After stirring at room temperature for 2 h, the mixture was washed with NaHCO3 aq.
(x 2). Then the organic layer was dried over Na,SO4, and the solvent was removed under
reduced pressure. The residue was purified by flash silica gel column chromatography on
silica gel (EtOAc:hexane = 3:7, Ry = 0.17, black band) and reprecipitation (CHCls/hexane) to
give a target compound C2-DPP—CP as black powder in 49% (86.6 mg, 58.0 pmol). 'H NMR
(400 MHz, CDCl;, 8): 10.21 (s, 2H), 9.35-9.34 (m, 2H), 9.00-8.98 (m, 2H), 7.98-7.96 (m,
2H), 7.71-7.69 (m, 2H), 7.36-7.33 (m, 2H), 7.22-7.10 (m, 8H), 5.95-5.93 (m, 4H), 5.60-5.56
(m, 4H), 4.39-4.34 (m, 4H), 4.29-4.23 (m, 4H), 2.13-2.10 (m, 4H), 1.86—1.80 (m, 4H), 1.60—
1.55 (m, 18H), 1.47-1.44 (m, 6H), 0.93-0.91 (m, 12H), —2.50~ —2.52 (m, 2H); *C NMR
spectrum was not available due to low solubility; UV—vis (CHCl3): Amax (& % 10 = 728
(14.6), 649 (10.1), 547 (8.34), 423 (9.14), 303 (4.24); HRMS (ESI) m/z: [M + H]" calcd for
Co2Hg3NgO4S4, 1491.5420; found: 1491.5415.

(Experimental note-6, page 79-80 and 92-93, reaction No. 6-38 and 6-43)

General procedure for Sonogashira coupling reactions for C4-, C6-, C8-, and C10-DPP-
ZnCP
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R
R =% ‘ .

S _— /N

S

7b (R = n-butyl) or R.N | )
7¢ (R = n-hexyl) or (0]
7d (R = n-octyl) or
7e (R = n-decyl)

PdCl,(PPhg),, Cul, Et;N
toluene, 70 °C, overnight

C4-DPP-ZnCP (R = n-butyl)
C6-DPP-ZnCP (R = n-hexyl)
C8-DPP-ZnCP (R = n-octyl)
C10-DPP-ZnCP (R = n-decyl)

A solution of compound 6 (1.0 eq) and compound 7b—e (2.0 eq) in dehydrated toluene:Et;N
= 2:1 was deoxygenated by freeze—pump—thaw (FPT) cycle for three times or bubbling of
argon gas for 20 min followed by the addition of PdCly(PPhs), (0.2 eq) and Cul (0.4 eq) under
the protection of argon atmosphere. After stirring and heating at 70 °C overnight, the solvent
was removed under reduced pressure. The residue was purified by flash column
chromatography on silica gel and reprecipitation (CHCls/hexane) to give target compounds
(C4-, C6-, C8- or C10-DPP-ZnCP).

[5,15-Bis(2,5-dibutyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrinato]zinc(Il) (C4-DPP-ZnCP)

The reaction of compound 6 (180 mg, 213 umol, 1.0 eq), 7b (209 mg, 426 umol, 2.0 eq),
PdCIy(PPhs), (29.9 mg, 42.6 umol, 0.1 eq) and Cul (16.2 mg, 85.2 umol, 0.2 eq) in
dehydrated toluene (36 mL) and Et;N (18 mL) following general procedure and purified by
flash column chromatography on silica gel (CHCls, Rf = 0.16, black band) and reprecipitation
to give a target compound C4-DPP-ZnCP with a small amount of impurities as black solid in
69% yield (244 mg, 146 nmol). Since these impurities could not be removed by flash column
chromatography, GPC and reprecipitation, it was used for the next reaction without further
purification. "H NMR (400 MHz, THF-ds, 8): 10.21 (s, 2H), 9.45-9.43 (m, 2H), 9.17-9.15 (m,
2H), 8.04-8.03 (m, 2H), 7.85-7.82 (m,2H), 7.33-7.30 (m, 2H), 7.24-7.20 (m, 4H), 7.10-7.06
(m, 4H), 6.08-6.07 (m, 4H), 5.61-5.55 (m, 4H), 4.29-4.26 (m, 4H), 4.20-4.15 (m, 4H), 2.07—
2.04 (m, 4H), 1.93-1.86 (m, 4H), 1.75-1.71 (m, 12H), 1.16-1.54 (m, 16H), 1.08-1.02 (m,
6H), 0.99-0.95 (m, 6H), 0.87-0.83 (m, 12H); UV—vis (CHCl3): Amax (¢ x 10%) = 715 (14.4),
562 (11.4), 438 (10.5), 304 (4.18); HRMS (ESI) m/z: [M]" caled for CjooHosNgO4S4Zn,
1664.5729; found, 1664.5700.

(Experimental note-6, page 36-37, reaction No. 6-17)

[5,15-Bis(2,5-dihexyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrinato]zinc(II) (C6-DPP-ZnCP)
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The reaction of compound 6 (200 mg, 236 umol, 1.0 eq), 7¢ (258 mg, 472 pmol, 2.0 eq),
PdClL(PPhs), (16.6 mg, 23.6 umol, 0.1 eq) and Cul (9.0 mg, 47.2 umol, 0.2 eq) in dehydrated
toluene (40 mL) and Et;N (20 mL) following general procedure and purified by flash column
chromatography on silica gel (CH,Cl,:hexane = 2:1, Ry= 0.31, black band) and reprecipitation
to give a target compound C6-DPP-ZnCP with a small amount of impurities as black solid in
67% yield (281 mg, 158 pumol). Since these impurities could not be removed by flash column
chromatography, GPC and reprecipitation, it was used for the next reaction without further
purification. "H NMR (400 MHz, CDCl; (1 drop pyridine), 8): 10.66 (s, 2H), 9.82-9.80 (m,
2H), 9.52-9.50 (m, 2H), 8.28-8.24 (m, 2H), 7.99-7.98 (m, 2H), 7.49-7.41 (m, 4H), 7.40-7.37
(m, 2H), 7.29-7.24 (m, 4H), 6.46—6.40 (m, 4H), 5.76-5.73 (m, 4H), 4.46-4.42 (m, 4H), 4.30-
4.27 (m, 4H), 2.15-2.06 (m, 8H), 1.93-1.78 (m, 8H), 1.73-1.62 (m, 16H), 1.48-1.37 (m,
12H), 1.33-1.26 (m, 8H), 1.09—1.05 (m, 12H), 0.95-0.85 (m, 12H); UV—vis (CHCl3): Amax (&
x 10%) = 712 (14.1), 564 (11.5), 441 (10.4), 304 (4.16); HRMS (ESI) m/z: [M]" caled for
Ci0sH112Ng04S4Zn, 1776.6981; found, 1776.6989.

(Experimental note-5, page 70—71, reaction No. 5-35)

[5,15-Bis(2,5-dioctyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrinato]zinc(Il) (C8-DPP-ZnCP)

The reaction of compound 6 (100 mg, 118 umol, 1.0 eq), 7d (142 mg, 236 umol, 2.0 eq),
PdCly(PPhs),; (16.6 mg, 23.6 umol, 0.1 eq) and Cul (9.0 mg, 47.3 umol, 0.2 eq) in dehydrated
toluene (20 mL) and Et;N (10 mL) purified by flash column chromatography on silica gel
(CH,Cly:hexane = 2:1 to CH,Cly), GPC (CHCIs) and reprecipitation following general
procedure to give a target compound C8-DPP-ZnCP with a small amount of impurities as
black solid in 65% yield (145 mg, 76.4 pmol). Since these impurities could not be removed
by flash column chromatography, GPC and reprecipitation, it was used for the next reaction
without further purification. 'H NMR (600 MHz, THF-ds, 8): 10.21 (s, 2H), 9.45-9.44 (m,
2H), 9.17-9.16 (m, 2H), 8.04 (m, 4H), 7.85-7.83 (m, 2H), 7.32—7.30 (m, 4H), 7.10-7.70 (m,
4H), 6.08-6.07 (m, 4H), 5.59-5.57 (m, 4H), 4.28-4.25 (m, 4H), 4.17—4.15 (m, 4H), 2.06-2.04
(m, 4H), 1.94-1.88 (m, 4H), 1.79-1.72 (m, 8H), 1.58-1.53 (m, 16H), 1.47-1.24 (m, 36H),
0.88-0.82 (m, 24 H); UV—vis (CHCL): Amux (& x 10%) = 716 (14.4), 563 (11.6), 438 (10.4),
304 (4.28); HRMS (ESI) m/z: [M]" caled for C;16H2sNsO4S4sZn, 1888.8233; found,
1888.8175.

(Experimental note-5, page 122—125, reaction No. 5-59)

[5,15-Bis(2,5-didecyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrinato]zinc(II) (C10-DPP-ZnCP)

The reaction of compound 6 (70 mg, 82.7 umol, 1.0 eq), 7e (109 mg, 165 umol, 2.0 eq),
PdClL(PPhs), (11.6 mg, 16.5 umol, 0.1 eq) and Cul (6.3 mg, 33.1 umol, 0.2 eq) in dehydrated
toluene (14 mL) and EtsN (7 mL) purified by flash column chromatography on silica gel
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(CH2Cly:hexane = 2:1, Rf = 0.23, black band to CH,Cl,) and reprecipitation following general
procedure to give a target compound C10-DPP-ZnCP with a small amount of impurities as
black solid in 62% yield (103 mg, 51.4 pumol). Since these impurities could not be removed
by flash column chromatography, GPC and reprecipitation, it was used for the next reaction
without further purification. '"H NMR (400 MHz, THF-ds, 8): 10.21 (s, 2H), 9.46-9.44 (m,
2H), 9.18-9.17 (m, 2H), 8.05-8.04 (m, 2H), 7.85-7.83 (m, 2H) 7.33-7.30 (m, 2H), 7.23-7.20
(m, 4H), 7.10-7.06 (m, 4H), 6.08-6.07 (m, 4H), 5.61-5.55 (m, 4H), 4.29-4.25 (m, 4H), 4.18—
4.15 (m, 4H), 2.07-2.04 (m, 4H), 1.96—1.87 (m, 4H), 1.80-1.70 (m, 8H), 1.61-1.51 (m, 12H),
1.49-1.19 (m, 56H), 0.87-0.79 (m, 24H); HRMS (ESI) m/z: [M + Na]  caled for
C124H144Ng46S4ZnNa, 2023.9383; found, 2023.9432.

(Experimental note-5, page 9697, reaction No. 5-48)

General procedure for dezincification reactions for C4-, C6-, C8-, and C10-DPP-CP

TFA
CH,Cl,
rt, 1h
o
R == ‘ R
C4-DPP-ZnCP (R = n-butyl) S _ N C4-DPP-CP (R = n-butyl)
C6-DPP-ZnCP (R = n-hexyl) N = S C6-DPP-CP (R = n-hexyl)
C8-DPP-ZnCP (R = n-octyl) R | C8-DPP-CP (R = n-octyl)
C10-DPP-ZnCP (R = n-decyl) 0 C10-DPP-CP (R = n-decyl)

Trifluoroacetic acid (excess) was added to a solution of compounds C4-, C6-, C8- or
C10-DPP-ZnCP (1.0 eq) in CH,Cl,. After stirring at room temperature for 1 h, the mixture
was washed with NaHCOs aq. (x 2). Then the organic layer was dried over Na;SO,, and the
solvent was removed under reduced pressure. The residue was purified by flash silica gel
column chromatography on silica gel and reprecipitation (CHCls/hexane) to give a target
compounds C4-, C6-, C8- or C10-DPP-CP.

5,15-Bis(2,5-dibutyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrin (C4-DPP-CP)

The reaction of trifluoroacetic acid (0.5 mL, 6.53 mmol, excess) and compound C4-DPP—
ZnCP (100 mg, 60.0 pumol, 1.0 eq) in CH,CL (20 mL) purified by flash column
chromatography on silica gel (CHCls, Ry = 0.32, black band) and reprecipitation following
general procedure to give a target compound C4-DPP-CP as a black solid in 56% yield (53.5
mg, 33.4 pmol). 'H NMR (400 MHz, CDCl;, 8): 10.21 (s, 2H), 9.40-9.38 (m, 2H), 9.04-9.01
(m, 2H), 7.98-7.97 (m, 2H), 7.70-7.68 (m, 2H), 7.35-7.32 (m, 2H), 7.22-7.11 (m, 8H), 5.93—
5.91 (m, 4H), 5.61-5.55 (m, 4H), 4.29-4.25 (m, 4H), 4.20—4.14 (m, 4H), 2.13-2.09 (m, 4H),
1.98-1.89 (m, 4H), 1.86—1.77 (m, 8H), 1.67-1.47 (m, 20H), 1.10-1.07 (m, 6H), 1.05-1.01 (m,

174 -



Chapter 4

6H), 0.92-0.89 (m, 12H), —2.50~ —2.52 (m, 2H); >C NMR spectrum (150 MHz, CDCl;, &)
was measured, but the number of peaks were insufficient due to the presence of
stereoisomers: 161.45, 161.37, 161.35, 150.81, 150.78, 149.11, 143.01, 140.33, 139.04,
138.01, 136.85, 136.62, 136.59, 135.66, 135.65, 135.39, 135.23, 132.16, 131.08, 130.49,
130.46, 129.81, 129.65, 128.76, 108.77, 107.99, 103.48, 100.11, 92.21, 91.89, 51.56, 51.52,
51.44, 51.42, 43.94, 43.94, 43.90, 43.88, 42.13, 40.72, 40.70, 40.68, 37.56, 32.50, 32.48,
32.08, 31.60, 31.58, 31.55, 31.03, 30.93, 30.90, 20.39, 20.23, 13.93, 13.82; UV—vis (CHCl):
Amax (£ % 10%) = 725 (12.7), 655 (10.4), 551 (9.69), 457 (9.46), 432 (9.01), 303 (4.58); HRMS
(ESI) m/z: [M + H]" caled for C0oHooNgO4S4, 1603.6672; found, 1603.6666.

(Experimental note-6, page 20-21, reaction No. 6-9)

5,15-Bis(2,5-dihexyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrin (C6-DPP—CP)

The reaction of trifluoroacetic acid (1.0 mL, 13.1 mmol, excess) and compound C6-DPP—
ZnCP (150 mg, 84.3 umol, 1.0 eq) in CH»Cl, (50 mL) following general procedure and
purified by flash column chromatography on silica gel (CH,Cl,), GPC (CHCl;) and
reprecipitation to give a target compound C6-DPP-CP as a black solid in 72% yield (105 mg,
61.2 pmol). "H NMR (400 MHz, CDCls, 8): 10.21 (s, 2H), 9.40-9.38 (m, 2H), 9.04-9.01 (m,
2H), 7.98-7.97 (m, 2H), 7.70-7.68 (m, 2H), 7.35-7.32 (m, 2H), 7.22-7.11 (m, 8H), 5.93-5.92
(m, 4H), 5.61-5.55 (m, 4H), 4.28-4.24 (m, 4H), 4.18-4.13 (m, 4H), 2.13-2.10 (m, 4H), 1.98—
1.91 (m, 4H), 1.86—-1.80 (m, 8H), 1.62—1.55 (m, 16H), 1.51-1.36 (m, 20H), 0.95-0.89 (m,
24H), —2.50~ —2.52 (m, 2H); "*C NMR spectrum (100 MHz, CDCls, 8) was measured, but the
number of peaks were insufficient due to the presence of stereoisomers: 161.33, 161.22,
161.12, 161.05, 150.83, 150.76, 150.70, 149, 06, 149.04, 149.02, 149.00, 143.07, 142.98,
140.23, 140.02, 138.93, 138.75, 138.05, 137.97, 137.96, 137.92, 136.84, 136.77, 136.69,
136.59, 136.55, 135.63, 135.52, 135.39, 135.36, 135.27, 135.21, 132.14, 131.03, 130.91,
130.49, 130.43, 129.71, 129.60, 129.55, 128.71, 128.63, 108.70, 108.55, 107.87, 107.68,
103.51, 103.35, 100.12, 96.80, 96.74, 92.24, 91.91, 51.53 51.51, 51.44, 51.42, 43.96, 43.94,
43.91, 42.56, 42.32, 42.19, 40.73, 40.69, 40.67, 37.56, 31.63, 31.58, 31.43, 31.41, 31.16,
31.00, 30.86, 30.45, 30.42, 29.93, 29.86, 26.83, 26.57, 26.53, 22.69, 22.57, 14.10, 14.05;
UV-vis (CHCL): Amax (£ x 10%) = 727 (14.4), 650 (10.6), 549 (8.94), 424 (9.57), 304 (4.53);
HRMS (ESI) m/z: [M + H]" calcd for CiosH;15N304S4, 1715.7924; found, 1715.7910.
(Experimental note-5, page 78—79, reaction No. 5-39)

5,15-Bis(2,5-dioctyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetra
kis(dimethylBCOD)porphyrin (C8-DPP-CP)

The reaction of trifluoroacetic acid (1.0 mL, 13.1 mmol, excess) and compound C8-DPP—
ZnCP (100 mg, 52.9 umol, 1.0 eq) in CH,CL, (20 mL) purified by flash column
chromatography on silica gel (CH,Cly:hexane = 2:1) following general procedure to give a
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target compound C8-DPP—CP as a black solid in 87% yield (83.9 mg,45.9 umol). '"H NMR
(400 MHz, CDCls, 6): 10.21 (s, 2H), 9.40-9.37 (m, 2H), 9.03-8.99 (m, 2H), 7.98-7.97 (m,
2H), 7.70-7.67 (m, 2H), 7.34-7.31 (m, 2H), 7.22-7.11 (m, 8H), 5.93-5.91 (m, 4H), 5.61-5.55
(m, 4H), 4.28-4.23 (m, 4H), 4.18-4.11 (m, 4H), 2.13-2.10 (m, 4H), 1.99—1.88 (m, 4H), 1.88—
1.75 (m, 8H), 1.58-1.29 (m, 52H), 0.93-0.85 (m, 24H), —2.50~ —2.52 (m, 2H); C NMR
spectrum (100 MHz, CDCl3, 8) was measured, but the number of peaks were insufficient due
to the presence of stereoisomers: 161.40, 161.32, 161.23, 150.87, 150.75, 149.12, 149.08,
149.04, 143.09, 142.98, 140.21, 139.01, 138.93, 138.04, 138.01, 137.96, 136.85, 136.79,
136.70, 136.61, 136.58, 135.65, 135.61, 135.39, 135.37, 135.29, 135.22, 132.15, 131.06,
131.01, 130.51, 130.46, 129.78, 129.71, 129.63, 129.62, 128.76, 128.72, 108.75, 108.70,
107.96, 107.89, 103.50, 103.38, 100.12, 96.78, 92.23, 91.91, 51.55, 51.52, 51.44, 51.42, 43.97,
43.94, 43.91, 42.59, 42.38, 42.32, 40.72, 40.70, 40.68, 37.57, 31.86, 31.81, 31.62, 31.60,
31.58, 31.08, 31.02, 30.91, 30.88, 30.51, 30.01, 29.99, 29.47, 29.34, 29.23, 27.18, 26.94,
26.92, 22.67, 14.14, 14.11; UV—vis (CHCL): Amax (¢ x 10%) = 728 (14.6), 649 (10.5), 548
(8.58), 423 (9.45), 304 (4.38); HRMS (ESI) m/z: [M + H]" caled for C;;sH131NgO4S4,
1827.9176; found,1827.9180.

(Experimental note-5, page 126129, reaction No. 5-60)

5,15-Bis(2,5-didecyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetr
akis(dimethylBCOD)porphyrin (C10-DPP-CP)

The reaction of trifluoroacetic acid (0.5 mL, 6.53 mmol, excess) and compound C10-DPP-
ZnCP (40.0 mg, 20.0 umol, 1.0 eq) in CH,Cl, (4 mL) following general procedure to give a
target compound C10-DPP—CP as a black solid in 90% yield (35.0 mg, 18.0 umol). "H NMR
(400 MHz, CDCl;, 8): 10.22 (s, 2H), 9.40-9.37 (m, 2H), 9.03-9.00 (m, 2H), 7.98-7.97 (m,
2H), 7.70-7.68 (m, 2H), 7.35-7.31 (m, 2H), 7.22-7.11 (m, 8H), 5.93-5.92 (m, 4H), 5.61-5.56
(m, 4H), 4.28-4.23 (m, 4H), 4.18-4.12 (m, 4H), 2.13-2.09 (m, 4H), 1.98-1.89 (m, 4H), 1.86—
1.77 (m, 8H), 1.58-1.25 (m, 68H), 0.93-0.92 (m, 24H), —2.44~ —2.59 (m, 2H); *C NMR
spectrum (100 MHz, CDCl3, 8) was measured, but the number of peaks were insufficient due
to the presence of stereoisomers: 161.42, 161.33, 161.29, 161.26, 150.88, 150.78, 150.76,
149.13, 149.10, 149.08, 149.05, 143.09, 143.01, 140.32, 140.23, 139.04, 138.96, 138.05,
138.01, 137.96, 136.86, 136.80, 136.73, 136.61, 136.58, 135.65, 135.62, 135.40, 135.38,
135.29, 135.23, 132.15, 131.06, 131.01, 130.51, 130.48, 129.80, 129.74, 129.65, 129.63,
128.75, 128.73, 108.77, 108.72, 107.98, 107.92, 103.50, 103.39, 100.12, 96.79, 92.23, 91.92,
51.56, 51.52, 51.45, 43.99, 43.96, 43.91, 42.59, 42.39, 42.34, 40.73, 40.68, 37.58, 31.91,
31.88, 31.63, 31.61, 31.59, 31.09, 31.02, 30.92, 30.90, 30.54, 30.51, 30.01, 29.99, 29.69,
29.61, 29.56, 29.51, 29.34, 29.29, 27.19, 26.92, 22.70, 22.66, 14.15, 14.11; UV—vis (CHCl;):
Amax (€ X 10%) = 728 (14.6), 649 (10.5), 548 (8.57), 423 (9.42), 304 (4.36); HRMS (ESI) m/z:
[M + H]" caled for C124H147Ng04S4, 1940.0428; found, 1940.0435.

(Experimental note-6, page 5455, reaction No. 6-27)
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General procedure for retro-Diels—Alder reactions of precursors

200 °C
R
quant.
o)
R =% ‘ R

C4-DPP-CP (R = n-butyl) SN N C4-DPP-BP (R = n-butyl)
C6-DPP—CP (R = n-hexyl) N NS C6-DPP-BP (R = n-hexyl)
C8-DPP-CP (R = n-octyl) R | Y C8-DPP-BP (R = n-octyl)
C10-DPP-CP (R = n-decyl) 0 C10-DPP-BP (R = n-decyl)

Precursors (C2-, C4-, C6-, C8-, and C10-DPP—CP) were heated at 200 °C for 1 h in
sample tubes under reduced pressure to give corresponding products (C2-, C4-, C6-, C8-, and
C10-DPP-BP) quantitatively as black solids.

5,15-Bis(2,5-diethyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetra
benzoporphyrin (C2-DPP-BP)

'H and "*C NMR spectra were not available due to low solubility; HRMS (MALDI) m/z:
[M + H]" caled for C76HsoNgO4S4, 1266.2832; found, 1266.2832.

5,15-Bis(2,5-dibutyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetr
abenzoporphyrin (C4-DPP-BP)

'H and "*C NMR spectra were not available due to low solubility; HRMS (MALDI) m/z:
[M + H]" caled for CgqHgsNgO4S4, 1378.4084; found, 1378.4089.

5,15-Bis(2,5-dihexyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5’-yl-ethynyl)tetr
abenzoporphyrin (C6-DPP-BP)

'H and C NMR spectra were not available due to low solubility; HRMS (MALDI) m/z:
M+ H]+ caled for CopHgoNgO4S4, 1490.5336; found, 1490.5331.

5,15-Bis(2,5-dioctyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetra
benzoporphyrin (C8-DPP-BP)

'H and "*C NMR spectra were not available due to low solubility; HRMS (MALDI) m/z:
M+ H]+ calcd for C190HogNgO4S4, 1602.6588; found, 1602.6586.

5,15-Bis(2,5-didecyl-3,6-dithienyl-2-yl-pyrrolo[3,4-c|pyrrole-1,4-dione-5’-yl-ethynyl)tetr
abenzoporphyrin (C10-DPP-BP)

'H and >C NMR spectra were not available due to low solubility; HRMS (MALDI) m/z:
[M + H]" caled for CogH;14NgO4S4, 1714.7840; found, 1714.7830.
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4-10-4. NMR Spectra
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Figure S4-12. °C NMR spectrum of C2-DPP in CDCl;.
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Figure S4-16. °C NMR spectrum of 7b in CDCl;.
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Figure $4-36. "H NMR spectrum of C6-DPP-CP in CDCl;.
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Figure S4-37. °C NMR spectrum of C6-DPP-CP in CDCl;.

T™MS

= oMY OMNOMNT N M @ Mo MO QLN ®a MW o~
N FTModh daREMMdAN A oo ©n AN HAE R ®E NN O 0 010
=1 AR RD NN NN~ T AT T o o AN A A A OO ol
& [%2]
5] b
Q
N
I
m™m
=~
~
-
C8-DPP-CP [
b
b
g
N
- r
=
w
—
- o~
. =
o ~ o~ o )= [ta e co]
o o @~ m o o t=] =) o
[ ) a o o MM oA ot a
- - - - o~ -
; H [ i /

b i UL

|IIII]IIII|IIIIIIIII|II]IIIIHIIH\\\\\\‘\IHIIIIIlIIIIIIIIIII\H\\\\\‘\\H\IIIIIIHI\HH‘HHIIHIIIIIIIIIIIlIIIIIIIIIIIHI\HH‘\[H]IPIF:brll
11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 -2.0 -3.0

Figure $4-38. "H NMR spectrum of C8-DPP-CP in CDCl;.
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General Conclusion

This dissertation focused on the development of new BP derivatives toward efficient
organic semiconductor devices. The relationship between chemical structures and bulk
properties such as thin-film absorptions, crystal packings, energy levels, morphologies,
molecular orientations as well as device performances of new BP derivatives were
investigated.

As general conclusions of this dissertation, introduction of substituents through
ethynyl-spacers at 5,15-positons of a BP framework are effective for the extension of
n-conjugation as well as absorption rage. Free-base BP derivatives are suitable for both OFET
and OPV applications compared with that of metal complexes. When the thin-films based on
BP derivatives deposited by the precursor approach, introduced substituents should be as
small as possible to reduce the formation of cracks and large aggregation and domains. Direct
solution-deposition methods using soluble BP derivatives are effective to improve the x4, of
OFET. From the systematical investigation of the molecular structure and orientation of BP
derivatives, it is suggested that the aspect ratio of molecular structures is one of the key factor
to decide molecular orientations. This suggestion would be applicable not only for BP
derivatives but also the solution-processable small molecular materials. These comprehensive
findings and knowledges of this study suggest that a basis for the molecular engineering of BP
derivatives, and pave the way to achieve BP-based high-performance organic semiconductor

devices.
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